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DEVICES AND METHODS FOR
PERFORMING MEDICAL PROCEDURES IN
TREE-LIKE LUMINAL STRUCTURES

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The present patent application is a continuation of
U.S. Ser. No. 12/527,508 filed Sep. 18, 2009 to Tolkowsky
(published as US 2010/0041949), which is a U.S. national
phase of PCT Application No. PCT/IL2008/000344 to
Tolkowsky (published as WO 08/111070), filed Mar. 12,
2008, which is incorporated herein by reference, and which
claims the benefit of (a) U.S. Provisional Patent Application
No. 60/906,210, filed Mar. 12, 2007, named “Apparatuses
And Methods For Registering An Image To A Body Lumen,
Tract Or Cavity,” (b) U.S. Provisional Patent Application No.
60/906,199, filed Mar. 12, 2007, named “Maneuverable And
Localizable Sheath Devices And Methods For Use Thereof,”
and (c) U.S. Provisional Patent Application No. 60/924,431,
filed May 15, 2007, named “Devices and Methods for Per-
forming Medical Procedures in Tree-like Luminal Struc-
tures,” all to Tolkowsky, and all of which applications are
incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention generally relates to medical
apparatus. Specifically, the present invention relates to per-
forming medical procedures in tree-like luminal structures.

BACKGROUND TO THE INVENTION

[0003] In the course of image-guided navigation, a probe
typically comprising one or more location sensors can be
navigated along desired paths and/or to desired destinations
within a body organ while its updated location is being super-
imposed on an image of that organ.

[0004] Image-guided navigation systems utilizing a probe
comprising one or more location sensors are generally known
in prior art.

[0005] U.S. Pat. No. 6,711,429 to Gilboa et al., which is
incorporated herein by reference, describes a system and
method for displaying at least one point-of-interest of a body
during an intra-body medical procedure. The method is
effected by (a) establishing a location of the body; (b) estab-
lishing a location of an imaging instrument being for imaging
at least a portion of the body; (¢) defining at least one projec-
tion plane being in relation to a projection plane of the imag-
ing instrument; (d) acquiring at least one point-of-interest of
the body; and (c) projecting said at least one point-of-interest
on said at least one projection plane; such that, in the course
of the procedure, the locations of the body and the imaging
instrument are known, thereby the at least one point-of-inter-
est is projectable on the at least one projection plane even in
cases whereby a relative location of the body and the imaging
instrument are changed.

[0006] U.S. Pat. No. 6,226,543 to Gilboa et al., which is
incorporated herein by reference, describes a method of
recording and displaying in the context of an image a location
of at least one point-of-interest in a body during an intra-body
medical procedure. The method is effected by (a) establishing
a location of the body; (b) inserting at least one catheter into
aportion of the body, the at least one catheter including a first
location implement; (c) using an imaging instrument for
imaging the portion of the body; (d) establishing a location of
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the imaging instrument; (e) advancing the at least one catheter
to at least one point-of-interest in the portion of the body and
via a locating implement recording a location of the at least
one point-of-interest; and (f) displaying and highlighting the
at least one point-of-interest in the context of an image of the
portion ofthe body, the image being generated by the imaging
instrument; such that, in the course of the procedure, the
locations of the body, the at least one catheter and the imaging
instrument are known, thereby the at least one point-of-inter-
est is projectable and displayable in the context of the image,
even in cases where a relative location of the body and the
imaging instrument are changed.

[0007] U.S. Pat. No. 5,558,091 to Acker et al. which is
incorporated herein by reference, describes a magnetic posi-
tion and orientation determining system, with which a repre-
sentation of a probe can be superposed on a separately
acquired image of a subject to show the position and orienta-
tion of the probe with respect to the subject.

[0008] U.S. Pat. No. 6,233,476 to Strommer et al., which is
incorporated herein by reference, describes a medical device
comprising a housing, a magnetic detection probe for detect-
ing a plurality of magnetic fields, a biometric unit and a
controller, connected to the magnetic detection probe, the
biometric unit and the storage unit, wherein the controller
receives magnetic field detection information from the mag-
netic detection probe, and wherein the controller operates the
biometric unit in association with the magnetic field detection
information.

[0009] U.S. Pat. No. 6,593,884 to Gilboa et al., which is
incorporated herein by reference, describes a system and
method for tracking the position and orientation of a probe,
such as a catheter. Three at least partly overlapping planar
antennas are used to transmit electromagnetic radiation
simultaneously, with the radiation transmitted by each
antenna having its own spectrum. A receiver inside the probe
includes sensors of the three components of the transmitted
field, with sensors for at least two of the three components
being pairs of sensors, such as coils, on opposite sides of a
common reference point. In one variant of the receiver, the
coils are collinear and are wound about cores that are
mounted in pairs of diametrically opposed apertures in the
housing of the probe. Each member of a pair of coils that
sense the same component of the transmitted field is con-
nected to a different input of a differential amplifier. The
position and orientation of the receiver relative to the anten-
nas are determined noniteratively.

[0010] US Patent Application 2007/0055128 Al to Glos-
sop, which is incorporated herein by reference, describes a
method and system for performing an image-guided endo-
scopic medical procedure. The method is described as includ-
ing registering image-space coordinates of a path ofa medical
instrument within the anatomy of a patient to patient-space
coordinates of the path of the medical instrument within the
anatomy of the patient. In some embodiments, the image
space coordinates of the path of the medical instrument are
described as predicted coordinates such as, for example, a
calculated centerline through a conduit-like organ, or a cal-
culated “most likely path” of the medical instrument within
the anatomy of the patient. In other embodiments, the path of
the medical instrument is described as being an actual path
determined using intra-operative images of the patient’s
anatomy with the medical instrument inserted therein. The
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registered instrument is described as then being navigated to
one or more items of interest for performance of the endo-
scopic medical procedure.

[0011] U.S. Pat. No. 5,553,611 to Budd et al., which is
incorporated herein by reference, describes a method includ-
ing the collection of measurements that are taken from a set of
measurement electrodes to determine the position of a cath-
eter in a heart chamber.

[0012] U.S.Pat. No. 6,994,094 to Schwartz, which is incor-
porated herein by reference, describes a method for perform-
ing a procedure at the fossa ovalis in the septal wall of the
heart, which includes the steps of providing a sheath having a
body wherein the body has a lumen extending therethrough
and an open end at the distal end of the body. The body also
has at least one electrode and a position sensor at the distal
end of the body. The position sensor generates signals indica-
tive of the location of the distal end of the body. The sheath is
navigated to the septal wall using the position sensor, and the
fossa ovalis in the septal wall is identified using the at least
one electrode of the sheath.

[0013] U.S. Pat. No. 6,253,770 to Acker et al., which is
incorporated herein by reference, describes a catheter with a
lumen wherein the lumen is obstructed by a portion of the
catheter. The catheter includes a position detector at the tip of
the catheter.

[0014] US Patent Application 2005/0171508 to Gilboa,
which is incorporated herein by reference, describes a method
for guiding an apparatus to a location within the body. The
method includes providing a sheath having a lumen and
inserting along the lumen a position sensor such that said
position sensor is located within, or adjacent to, a distal por-
tion of the sheath. Position information generated using the
position sensor is then employed during guiding of the distal
portion of the sheath to the location within the body. Once the
sheath is in place, the position sensor is withdrawn along the
lumen to free the lumen for guiding an apparatus to the
location within the body. The position sensor is described as
preferably being part of a six-degrees-of-freedom position
sensing system. A corresponding catheter system is described
as typically including at least one, and preferably two, steer-
ing mechanisms. At least one of the steering mechanisms is
described as being deployed in a separate center-support dis-
tally with respect to the position sensor.

[0015] US Patent Application 2006/0184016 to Glossop,
which is incorporated herein by reference, describes methods
and apparatus for navigating a medical instrument to a target
in the lung. In one embodiment, the method includes inserting
abronchoscope into the lung, inserting a catheter into the lung
through the working channel of the bronchoscope, inserting a
tracked navigation instrument wire into the lung through the
catheter, navigating the tracked navigation instrument
through the lung to the target, advancing the catheter over the
tracked navigation instrument to the target, removing the
tracked navigation instrument from the catheter, and inserting
amedical instrument into the catheter, thus bringing the medi-
cal instrument in proximity to the target.

[0016] The use of images generated by multiple sources
may in many cases provide clinical value that is greater than
the one provided by any of these images alone.

[0017] While some image-guided medical procedures
make use of a single source of imaging, others combine
imaging generated by multiple sources of imaging.

[0018] U.S. Pat. No. 6,019,724 to Gronningsaeter et al.,
which is incorporated herein by reference, describes a method
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for ultrasound guidance during medical procedures, wherein
the location of a surgical tool, therapeutic radiation field or a
diagnostic energy field is related to the coordinate system of
an intra-operative 2D and/or 3D ultrasound imaging system
and, optionally, to pre-operative MR/CT/X-ray data.

[0019] U.S. Pat. No. 6,996,430 to Gilboa et al., which is
incorporated herein by reference, describes a method of dis-
playing cross-sectional images of a body so as to render the
cross-sectional images more interpretable.

[0020] US Patent Application 2005/0033149 to Strommer
et al., which is incorporated herein by reference, describes a
method and system for registering a first image with a second
image, the system including a first medical positioning sys-
tem for detecting a first position and orientation of the body of
apatient, a second medical positioning system for detecting a
second position and orientation of the body, and a registering
module coupled with a second imager and with the second
medical positioning system, the first medical positioning sys-
tem being associated with and coupled with a first imager, the
first imager acquiring the first image from the body, the first
imager producing the first image by associating the first
image with the first position and orientation, the second medi-
cal positioning system being associated with and coupled
with the second imager, the second imager acquiring the
second image and associating the second image with the
second position and orientation, the registering module reg-
istering the first image with the second image, according to
the first position and orientation and the second position and
orientation.

[0021] Typically, an early step in an image-guided proce-
dure is the registration of images to the patient’s body. After
registration a probe comprising one or more location sensors
can be navigated along desired paths and/or to desired desti-
nations in the body organ while its updated location is being
superimposed on the image.

[0022] The process of registration is aimed at bringing the
image and the body organ into the same reference frame of
coordinates. It is typically performed by correlating known
marked points (also known as markers, or fiducials) in the
image with the corresponding observable points in the actual
body organ. The locations of the fiducials in the actual organ
are typically recorded by physically arriving at them with a
probe equipped with one or more location sensors.

[0023] Fiducials or markers that are generally known in
prior art in the context of image-to-body registration are
typically categorized as either ‘artificial’ or ‘natural.” The
latter are also known as ‘anatomical.’

[0024] An article entitled “Real-time Bronchoscope Tip
Localization Enables Three-dimensional CT Image Guid-
ance for Transbronchial Needle Aspiration in Swine” by
Solomon et al. (CHEST, November 1998), which is incorpo-
rated herein by reference, describes a study to determine the
feasibility of using real-time bronchoscope position technol-
ogy coupled with previously acquired three-dimensional CT
data to enhance transbronchial needle aspiration (TBNA).
Eight swine were given percutaneously created target lesions
for TBNA. A miniature position sensor was placed at the tip
of'a bronchoscope, and real-time position information during
bronchoscopy was presented on a monitor simultaneously
displaying previously acquired three-dimensional CT data.
Ten to twenty metallic nipple markers, 1 mm wide, were
secured on the animals’ anterior chest wall for later image
registration. The position sensor was touched to approxi-
mately four metallic nipple markers to register the animal’s
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chest with the CT images. The authors conclude that real-time
bronchoscope position technology coupled with previously
acquired CT images may aid with TBNA of nonvisible extra-
bronchial lesions.

[0025] U.S. Pat. No. 5,636,255 to Ellis, which is incorpo-
rated herein by reference, describes a method and system for
correlating accuracy of computer tomography (CT) image
resolution. Small radio-opaque markers having a diameter
less than one slice width of a CT scan are embedded in the
object, such as a bony skeletal member, to be measured, and
the object is then CT scanned so that the radio-opaque mark-
ers appear in at least two slices of the scan. The markers are
also physically located by detecting them with a sensor, such
as a positioning pointer. Also described is one form of marker
comprising a tantalum sphere mounted in a ceramic, prefer-
ably alumina, pin.

[0026] U.S. Pat. No. 5,729,129 to Acker, which is incorpo-
rated herein by reference, describes a system for locating
objects in space, such as medical instruments within the body
of'a patient, based upon transmission of magnetic fields from
coils in a fixed frame of reference to sensors on the object or
vice versa. The current supplied to the coils is described as
being adjusted to assure that the sensors receive fields within
a preselected range of magnitudes regardless of the location
of the object in space. This is described as assuring that the
sensor operates within its optimum range, and permits use of
compact transmitters and sensors.

[0027] U.S. Pat. No. 5,873,822 to Ferre et al., which is
incorporated herein by reference, describes a system for
monitoring the position of a medical instrument with respect
to a patient’s body and for displaying at least one of a plurality
of'prerecorded images of said body responsive to the position
of said medical instrument.

[0028] U.S.Pat. No. 5,902,239 to Buurman, which is incor-
porated herein by reference, describes an image guided sur-
gery system including a position detection system which has
a camera unit and which measures positions of markers on the
patient and of a surgical instrument. The image guided sur-
gery system also includes a transformation unit which auto-
matically derives the mapping associated with imaging of the
patient. The imaging is described as being performed, for
example, by way of x-ray computed tomography or magnetic
resonance imaging. The transformation unit is described as
being arranged to match positions on the patient to positions
in the image. To that end, the transformation unit is described
as computing the minimum of a cost function.

[0029] Separately, the use of natural markers for registra-
tion purposes is described in an article entitled “3D CT-
Guided Bronchoscopy with Real-Time Electromagnetic
Position Sensor” by Solomon et al. (CHEST, December
2000), which is incorporated herein by reference. The article
describes a study to compare two different image registration
methods for accurately displaying the position of a flexible
bronchoscope on a previously acquired three-dimensional
CT scan during bronchoscopy. A miniature electromagnetic
position sensor was placed at the tip of a flexible broncho-
scope. Previously acquired three-dimensional CT scans were
registered with the patient in the bronchoscopy suite. Regis-
tration method 1 used multiple skin fiducial markers. Regis-
tration method 2 used the inner surface of the trachea itself for
registration. Method 1 was objectively assessed by measuring
the error in distance between the real skin marker position and
the computer display position. Methods 1 and 2 were assessed
by the bronchoscopist correlating visual bronchoscopic ana-
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tomic location with the computer display position on the CT
image. In accordance with method 2, a sensor at the scope tip
was brought to the origin of the right upper lobe bronchus,
then to the carina, and finally to the origin of the left upper
lobe bronchus. At each of these anatomic points, the corre-
sponding CT position was indicated to the computer. After
these anatomic approximations, the sensor was dragged
along the anterior and lateral walls of the trachea. The com-
puter accepted approximately 30 of these wall points to form
an approximation of the trachea position.

[0030] superDimension, Ltd. (Herzliya, Israel) has pre-
sented its superDimension/Bronchus system which uses the
main bifurcations in the bronchial tree as natural anatomical
landmarks for point-by-point image registration. Those bifur-
cations are marked in the CT data and later touched under
endoscopic vision by a probe comprising an electromagnetic
location sensor.

[0031] U.S. Pat. No. 6,782,287 to Grzeszczuk et al., which
is incorporated herein by reference, describes a method and
apparatus for tracking a medical instrument, as it is moved in
an operating space to a patient target site in the space, by
constructing a composite, 3-D rendition of at least a part of the
operating space based on an algorithm that registers pre-
operative 3-D diagnostic scans of the operating space with
real-time, stereo x-ray or radiograph images of the operating
space.

[0032] U.S. Pat. No. 6,892,090 to Verard et al., which is
incorporated herein by reference, describes a surgical instru-
ment navigation system that visually simulates a virtual volu-
metric scene of a body cavity of a patient from a point of view
of a surgical instrument residing in the cavity of the patient.
The surgical instrument navigation system includes: a surgi-
cal instrument; an imaging device which is operable to cap-
ture scan data representative of an internal region of interest
within a given patient; a tracking subsystem that employs
electro-magnetic sensing to capture in real-time position data
indicative of the position of the surgical instrument; a data
processor which is operable to render a volumetric, perspec-
tive image of the internal region of interest from a point of
view of the surgical instrument; and a display which is oper-
able to display the volumetric perspective image of the
patient.

[0033] An article entitled “Computed Tomographic Colog-
raphy and Virtual Colonoscopy” by Ahlquist et al., (Gas-
trointestinal Endoscopy Clinics of North America, July 1997,
pp 439-452), which is incorporated herein by reference,
describes CT colography (CTC) as being a powerful new
approach for imaging the colorectum, and a promising
screening tool for the detection of colorectal neoplasia. From
data generated by a helical CT scan, CTC uses virtual reality
technology to produce highly discriminant two- and three-
dimensional images that permit a thorough and minimally
invasive evaluation of the entire colorectum. A dynamic CTC
display technique from the endoluminal perspective, called
“virtual colonoscopy,” simulates colonoscopy by “flying”
through the three-dimensional colon image. CTC is described
as offering potential advantages in diagnostic performance,
safety, and patient acceptance over current screening
approaches. The authors state that although early data suggest
excellent colorectal polyp detection rates, this nascent tech-
nology will require rigorous clinical investigation and further
refinements to assess adequately its place in the endoscopist’s
armamentarium.
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[0034] U.S. Pat. No. 5,920,319 to Vining et al., which is
incorporated herein by reference, describes a computer sys-
tem and a computer-implemented method for interactively
displaying a three-dimensional rendering of a structure hav-
ing a lumen and for indicating regions of abnormal wall
structure.

[0035] An article entitled “A Virtual Bronchoscopic Navi-
gation System for Pulmonary Peripheral Lesions™ by Asano
et al. (CHEST, 2006, 130:559-556), which is incorporated
herein by reference, describes a study in which ultrathin
bronchoscopy was performed for pulmonary peripheral
lesions using a system that displays virtual bronchoscopy
(VB) images ofthe lesion simultaneously with actual images,
and navigates the bronchoscope to the target bronchus.
[0036] Software packages enabling the construction from
CT data, and the subsequent viewing, of virtual endoscopy
are available from multiple vendors. Such packages include,
among others, the OsiriX Advanced Open-Source PACS
Workstation DICOM Viewer which is a freeware, the General
Electric Navigator (GE Medical Systems, Milwaukee, Wis.,
USA), the Vital Images Voxel View (Vital Images, Fairfield,
Conn., USA), and the Voyager software (Phillips Medical
Systems, Andover, Mass., USA).

[0037] U.S. Pat. No. 6,016,439 to Acker, which is incorpo-
rated herein by reference, describes a method and apparatus
for synthetic view point imaging, the apparatus including an
instrument insertable into the body of a patient. Using tissue
image information defining an image of the patient’s body,
and defining the position of the distal end of the instrument
within the body, synthetic images of the patient’s body are
synthesized having a viewpoint with a defined spatial rela-
tionship to the distal end of the instrument based on the image
information and the determined position of the instrument.
[0038] US Patent Application Publication 2007/0015997 to
Higgins et al., which is incorporated herein by reference,
describes a method for providing guidance to the physician
during a live bronchoscopy or other endoscopic procedures.
The 3D motion of the bronchoscope is estimated using a fast
coarse tracking step followed by a fine registration step. The
tracking is based on finding a set of corresponding feature
points across a plurality of consecutive bronchoscopic video
frames, then estimating the new pose of the bronchoscope. A
preferred embodiment is described in which the pose estima-
tion is based on linearization of a rotation matrix. By giving a
set of corresponding points across the current bronchoscopic
video image, and the CT-based virtual image as an input, the
same method is described as also being used for manual
registration. The fine registration step is preferably a gradient-
based Gauss-Newton method that maximizes the correlation
between the bronchoscopic video image and the CT-based
virtual image. The continuous guidance is described as being
provided by estimating the 3D motion of the bronchoscope in
a loop. Since depth-map information is available, tracking is
described as being done by solving a 3D-2D pose estimation
problem.

[0039] US Patent Application Publication 2007/0293721 to
Gilboa, which is incorporated herein by reference, describes
systems and methods employing a small gauge steerable
catheter including a locatable guide with a sheath, particu-
larly as an enhancement to a bronchoscope. A typical proce-
dure is described as follows: The location of a target in a
reference coordinate system is detected or imported. The
catheter is navigated to the target which tracking the distal tip
of the guide in the reference coordinate system. Insertion of
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the catheter is typically via a working channel of a conven-
tional bronchoscope. Once the tip of the catheter is positioned
at the target, the guide is withdrawn, leaving the sheath
secured in place. The sheath is then used as a guide channel to
direct a medical tool to the target.

[0040] US Patent Application Publication 2007/0276180 to
Greenburg et al., which is incorporated herein by reference,
describes a clip or flexible handle extension which facilitate
simultaneous retention and operation of a bronchoscope and
associated bronchoscopic tools held in one hand to allow
operation by a single practitioner. Also described is an adapter
for the connection port of the working channel of a broncho-
scope, which performs both sealing and tool-locking func-
tions. Also described is a guide sheath arrangement with a
reduced-flexibility proximal portion, to facilitate insertion of
tools into the guide sheath.

[0041] US Patent Application Publication 2007/0225559 to
Clerc et al., which is incorporated herein by reference,
describes a visualization system including a small gauge
vision catheter that is designed to be stand-alone or received
within an instrument channel of a larger endoscope. The
vision catheter has imaging means disposable within an
imaging channel, a working channel, and an electromagnetic
sensor element insertable into the working channel of the
catheter to provide position tracking. The working channel of
the catheter also provides access for therapeutic and diagnos-
tic tools.

[0042] US Patent Application 2006/0076023 to Rapacki et
al., which is incorporated herein by reference, describes a
flow control device which includes a sealing component that
can be positioned within a bronchial lumen. The sealing com-
ponent can comprise two or more overlapping segments that
are movable relative to one another such that the segments
collectively form a seal that can expand and contract in size to
fit within and seal bronchial lumens of various sizes.

[0043] U.S. Pat. No. 6,592,520 to Peszynski et al., which is
incorporated herein by reference, describes an intravascular
ultrasound imaging apparatus and method. The ultrasound
system includes an intravascular catheter with an ultrasound
transducer array, a transmit beamformer, a receive beam-
former, and an image generator. The intravascular catheter
has an elongated body made for insertion into a blood vessel
and connected to a catheter handle. The catheter includes a
catheter core located inside a steerable guide sheath, both
having a proximal part and a distal part. The catheter includes
an articulation region connected to a positioning device for
positioning the transducer array to have a selected orientation
relative to an examined tissue region.

[0044] An article entitled “Multimodality Bronchoscopic
Diagnosis of Peripheral Lung Lesions: A Randomized Con-
trolled Trial,” by Eberhardt et al. (American Journal of Res-
piratory and Critical Care Medicine Vol 176. pp. 36-41,
2007), which is incorporated herein by reference, describes a
trial in which endobronchial ultrasound (EBUS) and electro-
magnetic navigation bronchoscopy (ENB), and a combina-
tion of these modalities, were used for bronchoscopic diag-
nosis of peripheral lung lesions. The authors conclude that the
combined EBUS and ENB improves the diagnostic yield of
flexible bronchoscopy in peripheral lung lesions without
compromising safety.

[0045] An article entitled, “Electromagnetic Navigation
during Flexible Bronchoscopy,” by Schwartz et al. (Respira-
tion 2003; 70:516-522), which is incorporated herein by ref-
erence, describes a study to determine the practicality, accu-
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racy and safety of real-time electromagnetic navigation,
coupled with previously acquired 3D CT images, in locating
artificially created peripheral lung lesions in a swine model.
The authors conclude that real-time electromagnetic posi-
tioning technology coupled with previously acquired CT
images is an accurate technology added to standard broncho-
scopy to assist in reaching peripheral lung lesions and per-
forming biopsies.

[0046] An article entitled “Electromagnetic Catheter Navi-
gation During Bronchoscopy,” by Hautmann et al. (Chest.
2005; 128:382-387), which is incorporated herein by refer-
ence, describes a study to assess the usability, accuracy, and
safety of electromagnetic navigation during flexible broncho-
scopy in a clinical setting. The article describes the navigation
as having been performed using an electromagnetic tracking
system with a position sensor encapsulated in the tip of a
flexible catheter that was pushed through the working channel
of the bronchoscope. Real-time, multiplanar reconstruction
of a previously acquired CT data set provided three-dimen-
sional views for localization of the catheter. To match the
position of the sensor with the CT scan, four anatomic land-
marks were used for registration.

[0047] The sensor position generated in the navigation sys-
tem was controlled by fluoroscopy, and the corresponding
error distances were measured. This was performed with all
solitary pulmonary nodules and at two different peripheral
locations of the right upper lobe (RUL).

[0048] The following patents and patent applications,
which may be of interest, are incorporated herein by refer-
ence:

[0049] U.S. Pat. No. 6,836,745 to Seiler et al

[0050] U.S. Pat. No. 5,744,953 to Hansen

[0051] U.S. Pat. No. 4,849,692 to Blood

[0052] U.S. Pat. No. 6,445,943 to Ferre et al.

[0053] U.S. Pat. No. 6,784,660 to Ashe

[0054] U.S. Pat. No. 6,990,427 to Kirsch et al.

[0055] U.S. Pat. No. 6,783,536 to Vilsmeier et al.

[0056] U.S. Pat. No. 6,947,788 to Gilboa et al.

[0057] U.S. Pat. No. 4,017,858 to Kuypers

[0058] U.S. Pat. No. 6,636,757 to Jascob et al.

[0059] U.S. Pat. No. 5,697,377 to Wittkampf

[0060] U.S. Pat. No. 6,490,474 to Willis et al.

[0061] U.S. Pat. No. 3,470,876 to Barchilon

[0062] US Patent Application Publication 2006/0173291 to
Glossop
[0063] US Patent Application Publication 2007/0055090 to

Neustadter et al.

[0064] US Patent Application Publication 2007/0205373 to
Kornblau et al.
[0065] The following companies manufacture location sen-

sors and/or image-guided navigation systems that comprise
magnetic technologies:

[0066] MediGuide Ltd. (Haifa, Israel);

[0067] Biosense Webster Inc. (Diamond Bar, Calif,,
USA),

[0068] Northern Digital Inc. (Waterloo, Canada);

[0069] BrainLAB AG (Kirchheim/Heimstetten, Ger-
many);

[0070] Ascension Technology Corporation (Burlington,
Vt., USA)

[0071] The following companies manufacture location sen-

sors and/or image-guided navigation systems that comprise
electromagnetic technologies:
[0072] superDimension Ltd. (Herzliya, Israel);
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[0073] Polhemus Navigation Sciences, Inc. (Burlington,
Vt., USA);
[0074] Surgical Navigation Technologies, Inc. (Louis-

ville, Colo., USA);

[0075] Medtronic Navigation (Louisville, Colo., USA);
[0076] Traxtal Technologies (Toronto, Canada);
[0077] The following company manufactures location sen-

sors and/or image-guided navigation systems that comprise
radiation-sensing technologies:

[0078] NavoTek, Ltd., also known as VasTrack, Ltd.,
(Yokne’am, Israel)

[0079] The following company manufactures magneti-
cally-maneuverable medical tools:

[0080] Sterotaxis, Inc. of St. Louis. (MO, USA)

[0081] Location sensors comprising a longitudinal coil and
having an outer diameter of approximately 0.25 mm to 0.3
mm were presented by:

[0082] MediGuide, Ltd. (Haifa, Israel) at the Innovations
in Cardiovascular Interventions meeting held in Tel
Aviv, Israel on Dec. 37 and 47, 2006, and

[0083] Ascension Technologies, Inc., (Burlington, Vt.,
USA) atthe Trans Catheter Therapeutics conference and
exhibition held in Washington D.C., USA on Oct. 22"-
24% 2007

[0084] Olympus America, Inc. manufactures an endo-
bronchial ultrasound probe (EBUS)

[0085] Boston Scientific and Volcano manufacture intra-
vascular ultrasound probes (IVUS)

[0086] TopSpin Medical (Lod, Israel) manufactures an
intra-vascular MRI probe (IVMRI)

[0087] Vida Diagnostics (Iowa City, lowa, USA) manu-
factures the Emphysema Profiler and the Pulmonary
Workstation.

[0088] DeepBreeze, Ltd. (Or Akiva, Israel) manufac-
tures a Vibration Response Imaging system.

[0089] All of the above-listed references are incorporated
herein by reference.

[0090] SUMMARY OF THE CURRENT INVENTION

[0091] In some embodiments of the present invention,
devices and methods are used for performing medical proce-
dures in tree-like luminal structures within a subject’s body,
typically using an image-guided navigation system. In some
embodiments, such procedures comprise at least some of the
following elements:

[0092] (i) Acquiring images from one or more sources.
Typically, but not always, the images are pre-procedure.

[0093] (ii) Observing and interpreting the images. In
some cases, also making note of desired locations to
diagnose and/or treat.

[0094] (iii) Registering the images to the current position
of the patient’s body via a “tree-to-tree” registration
process. Typically the images are registered to the
body’s current position by registering (a) lines along two
or more branching lines of the tree-like luminal structure
as viewed within the pre-procedure image, with (b) the
intra-procedure location of the two or more branching
lines of the tree-like luminal structure within the sub-
ject’s body. Typically, two or more branching lines that
are spaced from each other are selected as the two or
more branching lines. The inventor hypothesizes that the
described tree-to-tree registration, when performed in a
multi-lumen structure, typically provides higher accu-
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racy compared with traditional registration methods
which typically rely on discrete fiducials and/or a single
line or path.

[0095] (iv) Co-registering intra-procedure images with
the aforementioned pre-procedure images, such that
image frames ofthe intra-procedure images are matched
with locations within the intra-procedure images.

[0096] (v) Inserting a maneuverable and localizable
sheath into the luminal structure. In some embodiments,
the sheath is inserted through an endoscope, and typi-
cally beyond the endoscope’s own reach.

[0097] (vi) Inserting medical tools through one or more
lumens of that sheath.

[0098] (vii) Navigating the medical tools to desired loca-
tions concurrently with the localizable sheath, and with
their current location being superimposed on the regis-
tered pre-procedure images.

[0099] (viii) Co-utilizing intra-procedure imaging
together with the aforementioned registered pre-proce-
dure images for performing ongoing corrections to the
initial registration of those images to the patient’s body.
Such ongoing corrections are of particular use in moving
luminal structures, and typically contribute to higher
navigational accuracy.

[0100] (ix) Co-utilizing intra-procedure imaging
together with the aforementioned pre-procedure images
for providing additional clinical information at the cur-
rent locations of the navigated medical tools.

[0101] (x) Determining the arrival of navigated tools at
desired locations when superimposed on the previously-
registered pre-procedure images.

[0102] (xi) Utilizing the intra-procedure imaging for
verifying the arrival of navigated tools at the desired
locations. In some embodiments, verification contrib-
utes to higher navigational accuracy.

[0103] (xii) Utilizing the tools at the desired locations.
[0104] In some embodiments, some of the aforementioned
elements are repeated, combined and/or performed in a
sequence that differs from the above.

[0105] There is therefore provided, in accordance with an
embodiment of the present invention, registration apparatus
for use with an imaging device configured to acquire a pre-
procedure image of a portion of a body of a subject while the
portion is at a pre-procedure position, and a display config-
ured to display the pre-procedure image, the apparatus
including:

[0106] aninputunit configured to receive, as an input from
a user, an indication of two or more lines within the pre-
procedure image of the portion that correspond to respective
branches of a multi-branch luminal structure;

[0107] a probe configured to move within the portion along
two or more lines in the multi-branch luminal structure that
respectively correspond to the two or more lines within the
pre-procedure image;

[0108] a location sensor coupled to the probe and config-
ured to sense location coordinates along the two or more lines
along which the probe moves, while the portion is at a current
position; and

[0109] a control unit configured to register the pre-proce-
dure image of the portion with the current position of the
portion by registering (a) the two or more lines within the
pre-procedure image, with (b) the location coordinates along
the two or more lines.

Nov. 20, 2014

[0110] In an embodiment, the control unit is configured to
receive the input from the user via use by the user of virtual
endoscopy.

[0111] In an embodiment, the control unit is configured to
register (a) with (b) according to a best-fit algorithm.

[0112] In an embodiment, the two or more lines along
which the probe moves include two or more lines in a location
selected from the group consisting of: a bronchial tract of the
subject, a biliary tract of the subject, and coronary vessels of
the subject, and the location sensor is configured to sense
location coordinates along the two or more lines in the
selected location.

[0113] In an embodiment, the two or more lines along
which the probe moves directly branch from a common bifur-
cation point of the multi-branch luminal structure, and the
location sensor is configured to sense location coordinates
along the two or more lines that branch from the common
bifurcation point.

[0114] In an embodiment, in registering (a) with (b), the
controlunit is configured to assign a first relative weighting to
a first one of the two or more lines along which the probe
moves, and a second relative weighting to a second one of the
two or more lines along which the probe moves.

[0115] In an embodiment, in registering (a) with (b), the
controlunit is configured to assign a first relative weighting to
respective first portions of respective lines of the two or more
lines along which the probe moves, and a second relative
weighting to respective second portions of the respective lines
of the two or more lines along which the probe moves.
[0116] Inanembodiment, the location sensor is configured
to gate the sensing of the location coordinates to a given phase
of'a cyclic physiological cycle that the portion of the subject’s
body undergoes.

[0117] In an embodiment, the pre-procedure image is
acquired during the given phase, and the control unit is con-
figured to register (a) with (b) by registering (a) the two or
more lines within the pre-procedure image acquired during
the given phase, with (b) the location coordinates along the
two or more lines.

[0118] In an embodiment, the control unit is configured to
register (¢) a region within the pre-procedure image that cor-
responds to a region of the subject’s body that is distal to the
two or more lines along which the probe moves, with (d) the
region of the subject’s body, by registering (a) with (b).
[0119] In an embodiment, the region includes a region of
the subject’s body that is distal to an occlusion, and the
control unit is configured to register (c) with (d) by register-
ing:

[0120] (e) two or more lines within the pre-procedure
image that correspond to two or more lines along which the
probe moves that are proximal to the occlusion, with

[0121] (f) location coordinates along the two or more lines
along which the probe moves that are proximal to the occlu-
sion.

[0122] In an embodiment,

[0123] the region includes a region of a respiratory tract of
the subject that is distal to major airways of the subject’s
respiratory tract,

[0124] the two or more lines along which the probe moves
include two or more major airways of the subject’s respira-
tory tract, and

[0125] the control unit is configured to register (¢) with (d)
by registering (e) two or more lines within the image of the



US 2014/0343408 Al

portion of the subject’s body that correspond to the two or
more major airways, with (f) location coordinates along the
tWo or more major airways.

[0126] There is additionally provided, in accordance with
an embodiment of the invention, apparatus for use with a
medical tool, and a first location sensor configured to detect a
location of the tool, the apparatus including:

[0127] a first imaging device configured to acquire an
image of a portion of a body of a subject;

[0128] a second imaging device configured to acquire an
image of a region within the portion, while the second imag-
ing device is disposed at a location within the portion; and
[0129] a control unit configured:

[0130] to identify a correspondence between (a) the
image of the region acquired by the second imaging
device, and (b) a derived location within the image
acquired by the first imaging device that corresponds to
the location of the second imaging device,

[0131] tostore (a) the image ofthe region acquired by the
second imaging device and (b) the derived location
within the image acquired by the first imaging device,
based on the identified correspondence,

[0132] to receive from the first location sensor an indi-
cation that the medical tool is in a vicinity of the derived
location,

[0133] to retrieve from storage the image of the region
acquired by the second device, at a time when the second
imaging device is not at the derived location, and

[0134] when the second imaging device is not at the
derived location and the medical tool is in the vicinity of
the derived location, to display (a) the image acquired by
the first imaging device with an indication of the derived
location, and (b) the retrieved image of the region
acquired by the second imaging device.

[0135] In an embodiment, the control unit is configured to
display the image acquired by the first imaging device and the
retrieved image of the region acquired by the second imaging
device in a virtual endoscopy format.

[0136] Inanembodiment, in displaying the image acquired
by the first imaging device and the retrieved image of the
region acquired by the second imaging device, the control
unit is configured to fuse the image acquired by the first
imaging device and the retrieved image of the region acquired
by the second imaging device.

[0137] In an embodiment,

[0138] the apparatus further includes a second location sen-
sor coupled to the second imaging device and configured to
detect location coordinates of the second imaging device,
while the second imaging device is disposed at the location
within the portion,

[0139] the first imaging device is configured to acquire the
image of the portion before the second imaging device
acquires the image of the region, and

[0140] the control unit is configured to identify the corre-
spondence between (a) and (b) by registering the derived
location within the image acquired by the first imaging device
that corresponds to the location of the second imaging device,
with the location coordinates of the second imaging device.

[0141] In an embodiment,

[0142] the controlunit is configured to receive an indication
of location coordinates of the second imaging device, while
the second imaging device is disposed at the location within
the portion,
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[0143] the first imaging device is configured to acquire the
image of the portion before the second imaging device
acquires the image of the region, and

[0144] the control unit is configured to register the corre-
spondence between (a) and (b) by registering the derived
location within the image acquired by the first imaging device
that corresponds to the location of the second imaging device,
with the location coordinates of the second imaging device.
[0145] In an embodiment,

[0146] the first imaging device is configured to acquire the
image of the portion at a time that the second imaging device
acquires the image of the region, and

[0147] the control unit is configured to identify the corre-
spondence between (a) and (b) by image processing the
image of the portion acquired by the first imaging device to
determine the location of the second imaging device.

[0148] Inanembodiment, the first imaging device includes
animaging device selected from the group consisting of: aCT
scanner and a fluoroscope.

[0149] In an embodiment, the second imaging device
includes an intraluminal imaging device selected from the
group consisting of: an intraluminal ultrasound probe, an
intraluminal optical-coherence-tomography probe, and an
intraluminal MRI probe.

[0150] There is additionally provided, in accordance with
an embodiment of the invention, apparatus for use with a first
imaging device configured to acquire a pre-procedure image
of a portion of a body of a subject while the portion is at a
pre-procedure position, and a display configured to display
the acquired image, the apparatus including:

[0151] a probe configured to move to a plurality of loca-
tions within the portion;

[0152] a location sensor coupled to the probe and config-
ured to sense location coordinates of respective locations of
the location sensor when the location sensor is at the plurality
of locations, while the portion is at a current position;
[0153] a second imaging device coupled to the probe and
configured to acquire a set of images of regions within the
portion, respective images of the set being acquired while the
probe is disposed at the respective locations; and

[0154] a control unit configured to:

[0155] register the pre-procedure image of the portion
with the current position of the portion, by registering (a)
respective locations within the pre-procedure image that
correspond to the respective locations of the location
sensor, with (b) the respective locations of the location
sensor, and

[0156] register (a) respective locations within the pre-
procedure image that correspond to the respective loca-
tions of the location sensor, with (b) respective images
from the set of images that were acquired by the second
imaging device while the location sensor was disposed
at the respective locations of the location sensor.

[0157] In an embodiment,

[0158] the apparatus further includes a medical tool con-
figured to perform a function with respect to the portion,
[0159] the probe includes a sheath, the sheath shaped to
define a sheath channel, and

[0160] the tool is configured to be inserted into the portion
via the sheath channel.

[0161] In an embodiment,

[0162] the probe includes a sheath, the sheath shaped to
define a sheath channel, and
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[0163] the second imaging device is configured to be
inserted into the portion via the sheath channel.

[0164] There is further provided, in accordance with an
embodiment of the invention, apparatus for use with (a) an
airway of a subject, the airway leading to a region suffering
from pulmonary disease, (b) an imaging device configured to
acquire a pre-procedure image of a portion of the subject’s
body that includes at least a portion of the region, and (c) a
display configured to display the acquired image, the appa-
ratus including:

[0165] aplugconfigured to be placed in the airway, the plug
defining an opening therethrough that is in an open state
thereof when something is inserted through the opening and
is in a closed state thereof when nothing is inserted through
the opening;

[0166] a tool having a distal portion configured to be
inserted through the opening to a site distal to the plug and to
facilitate suctioning therethrough of fluid, the fluid being
disposed within the region and distal to the plug; and

[0167] alocation sensor coupled to the distal portion of the
tool, configured (a) to sense a location of the distal portion of
the tool when the distal portion of the tool is at the site distal
to the plug and (b) to facilitate location of the distal portion of
the tool in the acquired image.

[0168] Inanembodiment, the tool includes a sheath and the
location sensor is attached to the sheath.

[0169] Inanembodiment, the apparatus further includes an
endoscope configured to be inserted into the airway, the endo-
scope being unable to be inserted through the opening, and
the tool is configured to be inserted through the opening by
protruding from a distal end of the endoscope.

[0170] In an embodiment, the apparatus further includes a
sheath, and the tool is configured to be inserted through the
sheath.

[0171] Inanembodiment, the location sensor is attached to
the distal portion of the tool.

[0172] Inan embodiment, the location sensor is coupled to
the distal portion of the tool via the sheath.

[0173] Inanembodiment, the location sensor is attached to
the sheath.
[0174] Inan embodiment, the apparatus includes a control

unit configured to:
[0175] register the pre-procedure image of the portion
with a current position of the portion, and
[0176] generate an indication of the distal portion of the
tool at a location within the registered image that corre-
sponds to the sensed location of the distal portion of the

tool.
[0177] In an embodiment,
[0178] the tool is configured to be moved along a plurality

of lines within the portion,

[0179] the location sensor is configured to sense location
coordinates along two or more lines along which the tool
moves, while the portion is at a current position, and

[0180] the control unit is configured:

[0181] to register the pre-procedure image of the portion
with the current position of the portion,

[0182] by registering (c) two or more lines within the
pre-procedure image that correspond to the two or more
lines along which the tool moves, with (d) the location
coordinates along the two or more lines along which the
tool moves.
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[0183] In an embodiment, the tool is configured to be
directed toward respective single bullae of the region, and to
facilitate suctioning through the tool of fluid from within the
respective single bullae.

[0184] In an embodiment, the apparatus further includes:
[0185] a sheath, the tool being configured to be inserted
through the sheath; and

[0186] an endoluminal imaging probe configured to be
inserted through the sheath and to facilitate verification of a
location of the sheath with respect to the respective bullae.
[0187] Inan embodiment, the tool is configured to suction
fluid from within each of the single bullae a plurality of times.
[0188] There is additionally provided, in accordance with
an embodiment of the invention, apparatus for use with a first
imaging device configured to acquire a pre-procedure image
of'a portion of a body of a subject, and a display configured to
display the acquired image, the apparatus including:

[0189] asheath configured to be inserted into the portion of
the subject’s body, the sheath having a body that defines a
main channel therethrough;

[0190] a tool configured to be inserted into the portion of
the subject’s body via the main channel;

[0191] a location sensor disposed within the body of the
sheath and configured to sense a location of a distal portion of
the sheath; and

[0192] acontrol unit configured to generate an indication of
the location of the distal portion of the sheath with respect to
the acquired image of the portion of the subject’s body.
[0193] Inanembodiment, the location sensor includes one
or more particles of a radiating substance coupled to the
sheath.

[0194] In an embodiment, the location sensor includes a
plurality of location sensors disposed along the distal portion
of the sheath, within the body of the sheath.

[0195] Inanembodiment, the portion includes a lung of the
subject, and the tool is configured to facilitate a procedure
selected from the group consisting of: diagnosing a lesion of
the lung and treating a lesion of the lung.

[0196] Inan embodiment, the portion includes a bronchial
tract of the subject, and the tool is configured to facilitate a
trans-bronchial lymph node aspiration procedure.

[0197] Inanembodiment, the portionincludes a heart of the
subject, and the tool is configured to facilitate a left side lead
placement procedure with respect to the subject’s heart.
[0198] In an embodiment, the portion includes a biliary
tract of the subject, and the tool is configured to facilitate a
procedure with respect to the subject’s biliary tract.

[0199] Inanembodiment, the apparatus further includes an
imaging device configured to:

[0200] be inserted into the portion via the main channel of
the sheath, and
[0201] acquire images of regions within the portion while

the imaging device is disposed within the portion.

[0202] Inanembodiment, an outer diameter of the sheath is
less than 2.8 mm.

[0203] In an embodiment, an inner diameter of the main
channel of the sheath is greater than 1.2 mm.

[0204] In an embodiment, the inner diameter of the main
channel of the sheath is greater than 1.8 mm.

[0205] Inanembodiment, the location sensor includes one
or more coils oriented in a single direction.

[0206] In an embodiment, an outer diameter of each of the
one or more coils is less than 0.3 mm.
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[0207] In an embodiment, the control unit is configured to
generate an indication, on the display of the acquired image,
of a location of a distal portion of the tool.

[0208] In an embodiment, the control unit is configured to
determine the location of the distal portion of the tool based
on an offset from the location of the distal portion of the
sheath.

[0209] In an embodiment, the distal portion of the tool is
configured to protrude from a distal end of the sheath by a
fixed amount, and the control unit is configured to determine
the location of the distal portion of the tool based on the fixed
amount.

[0210] In an embodiment, the distal portion of the tool is
configured to protrude from a distal end of the sheath by a
measurable variable amount, and the control unit is config-
ured to calculate the offset based on a measurement of the
variable amount.

[0211] In an embodiment, the sheath includes a maneuver-
able sheath.
[0212] In an embodiment, the apparatus further includes

steering wires disposed within the body of the sheath, and the
sheath is configured to be maneuvered using the steering
wires.

[0213] Inan embodiment, the control unit is configured to:

[0214] register the pre-procedure image of the portion
with a current position of the portion, and

[0215] generate an indication of the distal portion of the
sheath at a location within the registered image that
corresponds to the sensed location of the distal portion
of the sheath.

[0216] In an embodiment,

[0217] the sheath is configured to be moved along a plural-
ity of lines within the portion;

[0218] the location sensor is configured to sense location
coordinates along two or more lines along which the sheath
moves, while the portion is at the current position, and
[0219] the control unit is configured:

[0220] to register the pre-procedure image of the portion
with the current position of the portion,

[0221] by registering (a) two or more lines within the
pre-procedure image that correspond to the two or more
lines along which the sheath moves, with (b) the location
coordinates along the two or more lines.

[0222] In an embodiment,

[0223] the apparatus further includes an endoscope defin-
ing an endoscope channel therethrough and configured to be
inserted toward the portion of the subject’s body,

[0224] and at least a distal portion of the sheath is config-
ured to be inserted, via the endoscope channel, (a) distal to a
distal end of the endoscope and (b) into the portion of the
subject’s body.

[0225] Inanembodiment, the distal portion of the sheath is
configured to be advanced distal to a position beyond which
the endoscope is unable to be advanced.

[0226] Inanembodiment, the distal portion of the sheath is
configured to be inserted into an airway of the subject having
an inner diameter that is less than an outer diameter of the
endoscope.

[0227] Inanembodiment, the distal portion of the sheath is
configured to be inserted into a duct of a biliary tract of the
subject having a diameter that is less than an outer diameter of
the endoscope.
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[0228] Inanembodiment, the distal portion of the sheath is
configured to be inserted into a nasal passage of the subject
having a diameter that is less than an outer diameter of the
endoscope.

[0229] There is further provided, in accordance with an
embodiment of the invention, a method for registering a pre-
procedure image of a portion of a body of a subject with a
current position of the portion and subsequently adjusting the
registration, the method including:

[0230] identifying two or more image-fiducials within the
pre-procedure image that correspond to respective body-fi-
ducials within the portion;

[0231] detecting location coordinates of the respective
body-fiducials within the portion;

[0232] registering the pre-procedure image with the current
position of the portion by registering (a) respective image-
fiducials that correspond to respective body-fiducials within
the portion, with (b) the location coordinates of respective
body-fiducials within the portion;

[0233] subsequent to the registering, acquiring, with an
imaging device that is disposed at an imaging-location within
the portion, an image of at least one landmark within the

portion;

[0234] identifying the landmark within the pre-procedure
image;

[0235] detecting location coordinates of the imaging device

while the imaging device is disposed at the imaging-location;
and

[0236] adjusting the registration of the pre-procedure
image of the portion with the current position of the portion,
in response to the detected location coordinates of the imag-
ing device.

[0237] In an embodiment, the at least one landmark
includes at least one of the body-fiducials, and acquiring the
image of the at least one landmark includes acquiring an
image of the at least one of the body-fiducials.

[0238] In an embodiment, the at least one landmark
includes at least one landmark that is not one of the body-
fiducials, and acquiring the image of the at least one landmark
includes acquiring an image of the at least one landmark that
is not one of the body-fiducials.

[0239] The present invention will be more fully understood
from the following detailed description of embodiments
thereof, taken together with the drawings, in which:

BRIEF DESCRIPTIONS OF THE FIGURES

[0240] FIGS. 1A-B are schematic illustrations of tree-like
luminal structures designated for imaging with a pre-proce-
dure imaging device, in accordance with an embodiment of
the present invention;

[0241] FIG. 2 is a schematic illustration of a maneuverable,
localizable sheath inserted through the working channel of an
endoscope, a tool being inserted through the main channel of
the sheath, in accordance with an embodiment of the present
invention;

[0242] FIGS.3A-C are schematic illustrations of respective
views of the maneuverable, localizable sheath of FIG. 2, in
accordance with an embodiment of the present invention;
[0243] FIGS. 4-6 are schematic illustrations of respective
embodiments of steering actuators for maneuverable sheaths,
in accordance with respective embodiments of the present
invention; and

[0244] FIG. 7 is a schematic illustration of a maneuverable
sheath being inserted through a plug and toward a region
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suffering from pulmonary disease, in accordance with an
embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE CURRENT INVENTION

[0245] In some embodiments of the present invention,
devices and methods are used for performing medical proce-
dures in tree-like luminal structures by means of an image-
guided navigation system. Although embodiments are
described with respect to the tracheobronchial airways, the
scope of the invention includes applying the described appa-
ratus and methods to other tree-like luminal structures, such
as the biliary tract and the duodenum, the coronary arteries
and/or veins, the arterial and/or venous structures in the liver,
and/or other arterial and/or venous structures. The scope of
the invention additionally includes applying, as appropriate,
some of the described apparatus and methods to other com-
plex, multi-lumen tracts such as the nasal sinuses and the
urinary tract.

A. TERMINOLOGY

[0246] As used herein:

[0247] The terms ‘tool,” ‘probe, ‘medical tool,” and
‘medical probe’ all refer to any tool or probe that may be
inserted into a body lumen. It may be any type of a
diagnostic or therapeutic or other functional tool includ-
ing, but not limited to, biopsy forceps, a biopsy brush, a
biopsy needle, an aspiration needle, a “cork-screw-like”
biopsy “excavator” device, a navigational probe, a local-
ization probe, a probe comprising a location sensor, a
tissue characterization probe, a leading tool, a guiding
tool, a guide wire, a sheath, a tool for widening/penetrat-
ing/opening an occlusion, a tool for the analysis of the
composition of fluid, a measurement probe, an electro-
physiological probe, a stimulation tool, an electrocau-
tery tool, an RF ablation tool, a cryoablation tool, an
ultrasound ablation tool, a steam ablation tool, any other
type of an ablation tool, a cryo biopsy tool, a drug or
substance delivery tool, a chemotherapy tool, a photo-
dynamic therapy tool, a brachytherapy tool, a local irra-
diation tool, a laser tool, a tool for delivering markers or
biomarkers, a tool for delivering biological glue, a tool
for delivering/placing/removing an endoluminal plug, a
tool for delivering/placing/removing a stent, a tissue-
contracting tool, a tool for delivering/placing/removing
a balloon, a sensor, a tool for delivering/placing/remov-
ing a valve, a tool for delivering/placing/removing a
graft, a tool for delivering/placing/removing a stent
graft, a tool for delivering/placing/removing an inhaler
or exhaler, an irrigation tool, a suction tool, a ventilation
tool, a lavage tool, a surgical tool, a tool for delivering/
placing/removing, a lead of an electrophysiological
device, an electrophysiological mapping and/or sensing
tool, a light source, an optical fiber, an imaging tool, or
any combination thereof.

[0248] The terms ‘image’ or ‘imaging’ refer to imaging
modalities and imaging devices utilized in medical pro-
cedures and comprising, among others: ionizing radia-
tion, non-ionizing radiation, video, optical fiber, video
endoscopy, fiber endoscopy, X-ray, fluoroscopy, angiog-
raphy, ultrasound, Gamma camera imaging, CT, PET,
PET-CT, CT angiography, SPECT, MRI, Optical Imag-
ing, Optical Coherence Tomography (OCT), Vibration
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Response Imaging (VRI), electrical mapping imaging,
infra-red imaging, other forms of functional imaging, or
any combination or fusion thereof. Examples of ultra-
sound imaging devices include Endo-Bronchial Ultra-
sound (EBUS), Trans-Thoracic Echo (TTE), Trans-
Esophageal Echo (TEE), Intra-Vascular Ultrasound
(IVUS), Intra-Cardiac Ultrasound (ICE).

[0249] The terms ‘proximal’ or ‘proximally’ mean

towards the point of entry of a medical tool into the body
lumen, tract or cavity, while the terms ‘distal’ and ‘dis-
tally’ mean further away from the point of entry into the
body lumen, tract or cavity.

[0250] The terms ‘location,” ‘localized,” and ‘localiz-

able,” where used in the context of determining the loca-
tion of a tool or probe (or specifically of its distal tip),
mean position along the X axis of a reference frame of
coordinates, position along the Y axis of a reference
frame of coordinates, position along the Z axis of a
reference frame of coordinates, orientation in the roll
angle, orientation in pitch angle, orientation in the yaw
angle, or any combination thereof.

[0251] The term ‘location sensor’ refers to sensors pro-

ducing information pertaining to the location of a tool, or
specifically of the distal tip thereof, within a patient’s
body and typically while not requiring a direct line of
sight to the outside of the patient’s body. Such location
sensors are typically part of an image-guided navigation
system.

[0252] Theterms ‘navigation system’ and ‘image guided

navigation system’ refer to a navigation system which
typically comprises at least some of the following ele-
ments: one or more location sensor(s) coupled to a tool
being navigated; one or more reference sensors attached
to the patient’s body in cases where the patient is likely
to move to a material extent during the procedure, with
the sensors being location sensors and used for identi-
fying the patient motion so that it may be accounted and
compensated for; one or more out-of-body transmitters,
receivers, antennae, detectors, field generators, proces-
sors, or any combination thereof, interacting with these
location sensor(s) to derive location information; and a
computerized display comprising a depiction or an
image of the body organ in which the procedure is per-
formed and on which the location of the tool being
navigated (or particularly of its distal tip) is superim-
posed and updated; or any combination thereof.

[0253] Apparatus comprising location sensors and/or

image-guided navigation systems include, but are not
limited to: Those comprising magnetic technologies
(e.g., as described in the following US patents which are
incorporated by herein reference: U.S. Pat. No. 5,558,
091 to Acker etal., U.S. Pat. No. 6,233,476 to Strommer
et al., U.S. Pat. No. 6,836,745 to Seiler et al., U.S. Pat.
No. 5,744,953 to Hansen, U.S. Pat. No. 4,849,692 to
Blood, U.S. Pat. No. 6,445,943 to Ferre et al., U.S. Pat.
No. 6,784,660 to Ashe, U.S. Pat. No. 6,990,427 to Kir-
sch et al., U.S. Pat. No. 6,783,536 to Vilsmeier et al.,
U.S. Pat. No. 6,690,963 to Ben-Haim et al., or as devel-
oped by MediGuide Ltd. of Haifa, Israel, or by Biosense
Webster Inc. of Diamond Bar, Calif., USA, or by North-
ern Digital inc. of Waterloo, Canada, or by BrainL.AB
AG of Kirchheim/Heimstetten, Germany, or by Ascen-
sion Technology Corporation of Burlington, Vt., USA).
They additionally include location sensors comprising
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electromagnetic technologies (e.g., as described in the
following US patents and patent applications which are
incorporated herein by reference: U.S. Pat. No. 6,593,
884 to Gilboaet al., U.S. Pat. No. 6,947,788 to Gilboa et
al., U.S. Pat. No. 4,017,858 to Kuypers, U.S. Pat. No.
6,445,943 to Ferre et al., U.S. Pat. No. 6,636,757 to
Jascob et al., US Patent Application 20060173291 to
Glossop, or as developed by superDimension [td. (Her-
zliya, Israel), or by Polhemus Navigation Sciences, Inc.
(Burlington, Vt., USA), or by Surgical Navigation Tech-
nologies, Inc. (Louisville, Colo., USA), or by Medtronic
Navigation (Louisville, Colo., USA), or by Traxtal
Technologies (Toronto, Canada)). They further include
location sensors comprising electrical-impedance based
technologies (e.g., as described by U.S. Pat. No. 5,553,
611 to Budd et al., incorporated by reference herein).
They additionally include location sensors comprising
optical technologies, and those comprising voltage-
sensing technologies (e.g., as described by U.S. Pat. No.
5,697,377 to Wittkampf, incorporated by reference
herein). They further include location sensors compris-
ing radiation-sensing technologies, wherein one or more
very-low-dose irradiating elements is sensed and local-
ized (e.g., triangulated) by out-of-body detectors (e.g.,
as described by US Patent Application 2007/0205373 to
Kornblau et al., or by US Patent Application 2007/
0055090 to Neustadter et al., both of which applications
are incorporated by reference herein, or as developed by
NavoTek, Ltd., also known as VasTrack, Ltd.,
(Yokne’am, Israel)). They additionally include location
sensors comprising ultrasonic or acoustic technologies
(e.g., asdescribed by U.S. Pat. No. 6,490,474 to Willis et
al., or by U.S. Pat. No. 6,445,943 to Ferre et al., both of
which patents are incorporated by reference herein).
They further include location sensors comprising elec-
trical-potential based technologies, or any combination
of location sensors described herein.

[0254] The terms ‘registration’ and ‘co-registration,’
when used in the context of registering an image to a
body organ (or to a portion thereof) such as the lungs of
a patient, refer to the process of bringing the image and
the organ (or portion thereof) into the same reference
frame of coordinates. It is typically performed by corre-
lating known marked features (also known as markers,
or fiducials) observable in the image with the corre-
sponding observable features in the actual body organ.
The locations of the corresponding features in the actual
organ are typically recorded by physically arriving at
them with a tool equipped with one or more location
sensors.

[0255] The terms ‘registration’ and ‘co-registration,’
when used in the context of registering two images (or
sets of images) to one another, refer to the process of
matching the images (or sets of images) to one another at
one or more locations.

[0256] The terms ‘maneuver’ and ‘maneuverability’ (ofa
probe, atool, a sheath, etc.) refer to the ability to deflect,
tilt or steer the distal tip in one or more desired directions
(such as the up/down and/or left/right directions). In the
context of the present application and in the claims
‘maneuverability’ is defined as maneuverability that
goes beyond pushing, pulling and/or rotating the distal
section by applying a corresponding motion (i.e., push,
pull or rotate) to the proximal section. In some embodi-
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ments, the mechanism supporting the maneuverability
comprises steering wires such as those disclosed by U.S.
Pat. No. 3,470,876 to Barchilon, which is incorporated
by reference herein. In some embodiments, the mecha-
nism supporting the maneuverability uses magnetic
fields, such as with the Stereotaxis Magnetic Navigation
System of Stereotaxis, Inc. (St. Louis, Mo., USA).

[0257] The term “direct,” where used in the context of
determining the location of a tool, means determining
the location of the tool (or specifically of its distal tip) by
means of location sensor(s) coupled to the tool.

[0258] The term ‘indirect,” when used in the context of
determining the location of a tool, means determining
the location of the tool by determining the location of the
sheath (or specifically of its distal tip) into which the tool
is inserted and at the same time that the tool is inserted.
The location of the sheath is determined by means of
location sensor(s) coupled to the sheath. Typically, the
location sensor(s) do not obstruct or block the tool from
being inserted through the sheath’s main channel at any
phase of the sheath’s insertion into the patient’s body.

[0259] The term ‘fluid’ means gasses, liquids, and com-
binations of gasses and liquids. In the case of fluids
flowing in the airways, those are mostly gasses; however
they may also comprise liquids such as secretions and
blood.

[0260] Theterm ‘pre-procedure,” when used in reference
to acquiring an image, describes acquisition of the image
prior to the current medical procedure or prior to perfor-
mance of the main portion of the medical procedure. For
example, pre-procedure images may be acquired min-
utes, hours, or longer before a procedure is performed.
For some applications, images are acquired while a
patient is on a table in a treatment room, optionally
anesthetized, optionally with medicals tools already in
the patient’s body, but before the main portion of the
actual procedure in question is performed. In the context
of the present patent application and in the claims, such
images are also called “pre-procedure images.”

B. ACQUIRING IMAGES AND INTERPRETING
IMAGES

[0261] Typically, images are acquired of the body organ (or
portion of an organ) containing the luminal structure and to
which the procedure is intended to be applied. In some
embodiments, images are acquired prior to the procedure
(i.e., “pre-procedure images”). Alternatively or additionally,
images are acquired intermittently throughout the procedure.
For some applications, the acquired images are observed and
interpreted prior to the procedure that follows. In some
embodiments, the observation and interpretation includes
identifying desired locations for observation, diagnosis or
treatment in the course of the procedure. Typically, the obser-
vation includes identifying paths leading to the locations.
Further typically, the identification is performed manually by
the operator of a computerized display on which the images
are presented. In some embodiments, the identification is
performed in a semi-automatic or automatic manner by soft-
ware that runs on the computerized unit.

[0262] In the case of the lungs, the images typically com-
prise those produced by a pre-procedure CT chest scan. The
images, once produced, are typically observed with viewing
software (also known as a CT viewer) that typically provides
an axial view, a sagittal view, a coronal view, and in most
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cases also a virtual endoscopy view. In some embodiments,
intra-procedural endobronchial images (such as IVUS, or
OCT, or MRI) are acquired. The use of such images in com-
bination with the out-of-body (e.g., CT) images is described
in further detail hereinbelow.

[0263] In the case of the coronary blood vessels, such
images typically comprise those produced by CT, CT-angiog-
raphy, Gamma Camera, ultrasound, MRI, OCT, or a combi-
nation thereof. Such modalities typically provide three-di-
mensional imaging data of the coronary tree.

[0264] Inthe case ofthe biliary tract, such images typically
comprise those produced by CT, CT-angiography, ultra-
sound, 3D angiography performed by Endoscopic Retro-
grade Cholangiopancreatography (ERCP), or from any com-
bination thereof.

C. REGISTERING ACQUIRED IMAGES TO THE
PATIENT’S BODY, AND CO-REGISTERING
IMAGES TO ONE ANOTHER

[0265] Embodiments of the current invention include the
registration of an image to a tree-like luminal structure using
atree-to-tree registration method. FIGS. 1A and 1B are sche-
matic illustrations of tree-like luminal structures typically
identified by a human operator as being suitable for use with
the tree-to-tree registration method, in accordance with
respective embodiments of the present invention. Examples
of such branches 30 are highlighted in the figures. FIG. 1A
relates to the tracheobronchial tree, and FIG. 1B relates to the
biliary tract. It should be noted that the branches used for
registration do not need to intersect.

[0266] In other embodiments, a point-to-point registration
technique is used, such as the one described by Solomon et al.
in the article entitled “3D CT-Guided Bronchoscopy with
Real-Time Electromagnetic Position Sensor,” which is incor-
porated by reference herein.

[0267] Phases of the aforementioned tree-to-tree registra-
tion process typically comprise the following:

[0268] 1. Constructing a virtual endoscopy image of the
lumen or tree-like tract from three-dimensional imaging
data. The data may be derived from any three-dimen-
sional data (or multiple sets of two-dimensional data)
generated by an imaging modality.

[0269] 2. Presenting the virtual endoscopy data on a
computerized display.

[0270] 3. Traveling interactively within the virtual endo-
scopy while recording one or more Virtual Branch Lines
in the tree-like tract. In some embodiments, the Virtual
Branch Lines are recorded while traveling “forward”
(e.g., from proximal to distal). Alternatively or addition-
ally, the Virtual Branch Lines are recorded while travel-
ing “backwards” (e.g., from distal to proximal). The
Virtual Branch Lines typically stretch between one or
more starting points and one or more ending points. An
example of a starting point is the entry point to the tree or
to a branch of the tree. An example of an ending point is
the most distal point, along a branch of the tree-like
luminal structure, which can be discerned in the pre-
procedure images. In some embodiments, the user
manually manipulates an input device (e.g., a joystick or
acomputer mouse) to travel along the center lines of two
or more of the lumens in the tree-like luminal structure,
and, by doing so, defines two or more Virtual Branch
Lines. In some embodiments, a smoothing algorithm is
applied to the two or more Virtual Branch Lines by
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suitable software. For some applications, the user aims
to travel along portions of the walls (instead of along the
center lines) of the luminal structure in two or more
branches to produce two or more Virtual Branch Lines.
In some embodiments, the user manually travels along
the luminal structure while the software automatically
computes and records a center line (or a wall line) along
the travel for two or more branches of the luminal struc-
ture to produce, two corresponding Virtual Branch
Lines. Alternatively or additionally, the user defines
starting and ending points, and also one or more inter-
mediate points, and the software travels in a virtual
endoscopy mode along these points and defines two or
more Virtual Branch Lines. For some applications, the
Virtual Branch Lines are not only recorded but also
marked interactively on the display. In some embodi-
ments, the software can automatically repeat virtual
travel along the Virtual Branch Lines, in any direction
and as many times as are requested, once those Virtual
Branch Lines were recorded. In some embodiments, the
length of each Virtual Branch Line is computed and
optionally is also displayed.

[0271] 4. Physically entering the luminal structure with
an endoscope, wherein a probe comprising one or more
location sensors (typically at or towards its distal tip) is
inserted through the endoscope’s channel and typically
protrudes from the endoscope’s distal tip. Alternatively,
the probe comprising the location sensor(s) is inserted
into the luminal structure, not through an endoscope. In
some embodiments, the probe comprises multiple loca-
tion sensors along it. In some embodiments, the probe
comprising the location sensor(s) is inserted into the
luminal structure under some non-endoscopic form of
intra-operative imaging. In some embodiments, the
probe comprising the location sensor(s) is inserted
through a sheath which also comprises one or more
location sensors at or towards its distal section. In some
embodiments, the probe comprising the location sensor
(s) is inserted on its own, without a sheath. In some
embodiments, the probe comprising the location sensor
(s) is maneuverable. Typically, the probe comprising the
location sensor(s) is a maneuverable sheath, such as the
maneuverable sheath disclosed hereinbelow. For
example, the probe comprising the location sensor(s)
may be maneuverable by a robot, and/or the probe may
be maneuverable from a remote location via tele-opera-
tion. Alternatively or additionally, the probe comprising
the location sensor(s) is maneuverable by the applica-
tion of magnetic fields. In some embodiments, the probe
comprises an imaging capability in addition to the loca-
tion sensor(s). In some embodiments, images produced
by the imaging capability are co-registered and co-used
together with images that were previously used for cre-
ating the virtual endoscopy. In some embodiments, the
location sensor(s) is coupled directly to the endoscope
itself so that the endoscope and the probe are one body.

[0272] 5. Repeating with the aforementioned probe, in
the course of'its aforementioned progress and to the best
of the operator’s ability, Actual Branch Lines that are
identical or similar to the Virtual Branch Lines created
beforehand in the virtual endoscopy, and recording the
lines. In some embodiments, the lines are recorded while
pushing the probe forward (e.g., from proximal to dis-
tal). In some embodiments, the lines are recorded while
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pulling the probe backwards (e.g., from distal to proxi-
mal). The naturally elongated and narrow geometry of
many body luminal structures typically facilitates the
task. The location of the probe (typically the location of
its distal tip) during the making of the Actual Branch
Lines is recorded. The location of the probe is typically
recorded by a location sensor which is coupled to the
probe. In some embodiments, an imaging device
acquires image frames of the probe within the subject’s
body, during the making of the Actual Branch lines. The
location of the probe is determined during the making of
the Actual Branch Lines by processing the image frames
of'the probe within the subject’s body. In some embodi-
ments, the recording of the location of the probe is gated
to one or more cyclical physiological signals or pro-
cesses in the patient’s body including, but not limited to,
ECG, blood pressure (e.g., systolic and diastolic), EEG,
respiration, or any combination thereof. In some
embodiments, the location sensor records respective
locations of the probe at a same selected phase of the
physiological cyclical process or signal. In some
embodiments, the pre-procedure image is acquired at a
given phase, and the recordings of the respective loca-
tions of the probe are gated to the same given phase. In
some embodiments, the pre-procedure image is gener-
ated using image frames over multiple cycles, the acqui-
sition of the image frames being gated to a given phase,
and the recordings of the respective locations of the
probe are gated to the same given phase. In some
embodiments, algorithms that filter out or neutralize the
effect of undesirable probe motion are applied when
recording the Actual Branch Lines. For example, noise
reduction algorithms and/or smoothing algorithms may
be applied.

[0273] 6. Overlaying the Virtual Branch Lines created in
Step 3 with the Actual Branch Lines created in Step 5. In
some embodiments, the overlaying is performed inter-
actively by the user on a display. Alternatively or addi-
tionally, the overlaying is computed and performed by
software running on a processor. In some embodiments,
the overlaying is performed according to a best-fit algo-
rithm. For some applications, the overlaying is per-
formed while giving different relative weights to differ-
ent parts of the Branch Lines, such as by giving more
weight to the more distal portions than to the more
proximal portions, and/or by giving more weight to the
distal and proximal portions than to the middle portions,
and/or by giving more weight to the starting and ending
points (and optionally one or more easily-recognized
points therebetween) than to the Branch Lines in
between the points. In some embodiments, the overlay-
ing is performed while giving different relative weights
to different Branch Lines, such as while giving more
weight to branches in a region or in an organ which is of
clinical interest. Initial image-to-body registration is
achieved at the end of Step 6. In some embodiments,
certain of the above phases are repeated once or more in
the course of the medical procedure, in order to retain or
improve the accuracy of registration.

[0274] In some embodiments, the aforementioned tree-to-
tree registration is performed in combination with point-by-
point registration of some fiducials. In some embodiments,
the discrete fiducials are artificial ones, in which case the
point-by-point portion of the registration is typically per-
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formed according to the general principles taught by
Solomon et al., in the article entitled “Real-time Broncho-
scope Tip Localization Enables Three-dimensional CT Image
Guidance for Transbronchial Needle Aspiration in Swine,”
which is incorporated herein by reference. In some embodi-
ments, the discrete fiducials are natural ones, in which case
the point-by-point portion of the registration is typically per-
formed on anatomical landmarks according to the general
principles taught by Solomon et al. in the article entitled “3D
CT-Guided Bronchoscopy with Real-Time Electromagnetic
Position Sensor,” which is incorporated herein by reference).
[0275] The inventor hypothesizes that the tree-to-tree
image-to-body registration method typically produces higher
accuracy than conventional point-to-point registration meth-
ods, as it is less susceptible to an error in marking one or more
specific points distorting significantly the outcome of the
entire registration. For example, in the case of the bronchial
tree, an error in marking any single fiducial point in the course
of point-to-point registration as described by Solomon et al.
and/or as presented by the superDimension/Bronchus sys-
tem, and especially given that all such points are situated in
the central areas of the lungs, may result in a more significant
registration error with respect to target locations in the more
peripheral areas of the lungs. In particular, a positional error
in marking one or more central fiducial points may lead to a
substantial angular error in the registration of the lungs as a
whole and thus to a more substantial positional error when
navigating to a target lesion situated in the periphery of the
lungs (which is where most lesions are situated).

[0276] Furthermore, the inventor hypothesizes that the
tree-to-tree image-to-body registration method also produces
higher accuracy than the registration of a single path within
the tree-like luminal structure. As noted previously, the tree-
to-tree registration method calls for using two or more Branch
Lines. Typically, the more the Branch Lines are spread apart
and/or the larger the number of the Branch Lines is, the less
susceptible would the outcome be to the negative effect of an
error in marking any segment of a single line. For example in
the bronchial tree, using Branch Lines from both the left and
right lungs is typically useful for achieving higher accuracy in
registration, and the same typically applies to using Branch
Lines from both the upper and the lower lobes. Otherwise,
registration may be distorted in a manner that could compro-
mise its overall accuracy.

[0277] Typically, Branch Lines need not correspond to any
specific path that a tool is anticipated to follow, or actually
follows, during the procedure (following the tree-to-tree
image-to-body registration). Rather, the primary consider-
ation for their layout is typically to cumulatively achieve the
best technically-possible coverage of the applicable luminal
structure as a whole.

[0278] It should also be noted that tree-to-tree registration
of an image to a luminal structure, as provided by embodi-
ments of the current invention, is typically effective for a
major portion of the luminal structure (or even to its entirety),
including those parts of it that are situated beyond the Branch
Lines. For example, in a coronary artery, the Branch Lines
may be ones that are proximal to an occlusion (also known as
an “obstruction”) while the resulting registration may be
effective for the continuation of that coronary artery at the
distal side of the occlusion. Similarly, in the lungs, the Branch
Lines may all be in major airways, which are typically dis-
posed centrally, while the resulting registration may be effec-
tive for the entire respiratory tract, including peripheral
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regions of the airways of the lungs. It should also be noted that
Lines used for registration need not necessarily be lines that
are of clinical significance.

[0279] Some of the aforementioned embodiments of the
tree-to-tree registration method are demonstrated in the fol-
lowing example for registering an image to the bronchial tree.
The registration may, for example, be performed as a first step
in the image-guided navigation of a tool to a target location
that is beyond the reach (and vision) of the bronchoscope,
such as a peripheral lesion that needs to be biopsied or
ablated, or a lymph node that needs to be aspirated.

[0280] 1. Generating a virtual bronchoscopy image of
the respiratory tract from pre-procedure CT images,
using imaging device 31 (e.g., as shown in FIGS. 1A and
1B).

[0281] 2. Presenting the virtual bronchoscopy data on a
computerized display 32 (e.g., as shown in FIGS. 1A and
1B).

[0282] 3. Traveling interactively within the virtual bron-
choscopy while recording two or more Virtual Branch
Lines along the center lines of branches in the bronchial
tree. The Virtual Branch Lines are typically recorded via
an input unit in or coupled to a control unit such as a
processor 34. Typically, in the bronchial tree, center
lines are selected as the Virtual Branch Lines as they are
the least affected by the natural expansion and contrac-
tion of the bronchial airways in the course of the respi-
ratory cycle. Typically, the Virtual Branch Lines being
traveled and recorded comprise several of the following,
as can also be observed in FIG. 1A: from the trachea to
the Left Upper Lobe (LUL) main bifurcation (or “junc-
tion”) and potentially further into the LUL; from the
trachea to the Left Lower Lobe (LLL) junction and
potentially further into the LLL; from the trachea to the
Right Upper Lobe (RUL) junction and potentially fur-
ther into the RUL; from the trachea to the Right Middle
Lobe (RML) junction and potentially further into the
RML; from the trachea to the Right Lower Lobe (RLL)
junction and potentially further into the RLL; and from
the trachea to any other junction that is visible in the
virtual endoscopy. Typically, the more Virtual Branch
Lines are recorded and the more spread apart those lines
are, the more accurate the registration will eventually be.
Using Branch Lines from both the left and right lungs is
typically useful for achieving high accuracy in registra-
tion, and the same typically applies to using Branch
Lines from both the upper and the lower/middle lobes.
The scope of the present invention includes using non-
intersecting branches of tree-like luminal structure for
performing tree-to-tree registration using the techniques
described herein.

[0283] 4. Entering the bronchial airways with a broncho-
scope, while a probe comprising one or more location
sensors is inserted through the bronchoscope’s channel.
The location sensors are typically situated at or towards
the distal tip of the probe. In some embodiments, the
probe is a maneuverable and localizable sheath as
described hereinbelow. In some embodiments, a tool is
already inserted through the maneuverable and localiz-
able sheath. For as far as the bronchoscope can physi-
cally proceed within the airways, the probe is inserted
together with the bronchoscope, typically slightly pro-
truding out of the bronchoscope’s distal tip. Once the
bronchoscope has reached a point in its travel where it is
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too large in its diameter to proceed further, and should
the Virtual Branch Lines marked beforehand in the vir-
tual bronchoscopy continue ahead of that point, the
probe may be pushed ahead without the bronchoscope
(typically, while the operator is using a technique such as
intra-operative fluoroscopy to avoid approaching the
pleura and risk causing a pneumothorax).

[0284] 5. Traversing with the aforementioned probe, in
the course of the aforementioned progress of the (bron-
choscope and the) probe and to the best of the operator’s
ability, two or more Actual Branch Lines that are iden-
tical or similar to the corresponding Virtual Branch
Lines created beforehand in the virtual endoscopy. Typi-
cally, in order to avoid irritation of the patient by touch-
ing the bronchial walls (and unless the patient is anes-
thetized or very heavily sedated), the Actual Branch
Lines are typically designated to be center lines. In some
embodiments, gating to respiration is applied when
recording the locations of the probe along the Actual
Branch Lines, such that movement of the bronchial tree
in the course of the respiratory cycle is accounted for. In
some embodiments, respective locations of the probe are
recorded at the same selected phase in the patient’s
respiratory cycle, the phase typically being identified by
a respiration sensor, a displacement sensor, and/or a
vibration sensor. In some embodiments, the recordings
of the respective locations of the probe are gated to a
phase during which the pre-procedure CT image was
acquired.

[0285] 6. Overlaying the Virtual Branch Lines created in
Step 3 with the Actual Branch Lines created in Step 5.
The overlaying is typically performed by processor 34
(e.g., as shown in FIGS. 1A and 1B). In some embodi-
ments, greater weight is given to the well-defined bifur-
cation points at the ends of, or along, the Branch Lines
than to the segments of the Branch Lines in between the
points. Alternatively or additionally, greater weight is
given to the Branch Lines in the more distal and nar-
rower airways (where the center line is easier to identify
and travel along with greater accuracy) than those along
the more proximal and wider airways.

[0286] In some embodiments, and for example in the res-
piratory tract, the aforementioned probe comprising one or
more location sensors and applied for CT-to-body registration
also comprises, or is coupled to, an endoluminal imaging
probe (in the case of the lungs, an endobronchial probe), such
as EBUS, OCT or MRI, such that the position of the endolu-
minal imaging source relative to the location sensor(s) is
known. In some embodiments, the probe comprising one or
more location sensors is a sheath, and the endoluminal imag-
ing probe is inserted through a channel of that sheath such that
the position of the endobronchial imaging source relative to
the location sensor(s) is known. In some embodiments, when
recording the Actual Tree Branches, the intra-operative
images generated by the endoluminal imaging probe inserted
within the sheath are therefore coupled with location coordi-
nates generated by the location sensor(s) in the sheath at each
location along the Actual Tree Branches. Later on in the
registration process, when the Actual Tree Branches are co-
registered with the Virtual Tree Branches to achieve registra-
tion of the pre-procedure images to the patient’s body as
currently situated on the procedure bed, the location coordi-
nates of the aforementioned intra-operative endoluminal
images go through a similar transformation such that indi-
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vidual intra-operative endoluminal images remain matched
with a specific location along a Branch. Consequently, once
registration of the aforementioned pre-procedure CT images
to the patient’s lungs is achieved, images produced by the
endoluminal imaging probe are also co-registered with the
CT images such that locations on the CT images are matched
together with corresponding endoluminal images. In some
embodiments, the endoluminal images are stored, and
retrieved at a later time by pointing at the corresponding
location on the CT images.

[0287] It should be noted that the co-registration among the
CT images and the endobronchial images is achieved regard-
less of whether the CT-to-body registration was performed
point to point, tree-to-tree, or any combination thereof.
[0288] Separately, some of the aforementioned embodi-
ments of the tree-to-tree registration method are demon-
strated in the following example for registering an image to
the biliary tract and the duodenum. The registration may, for
example, be performed as a first step in an image-guided
insertion of an endoscopic tool to retrieve a stone that is
situated beyond the reach (and vision) of the duodenoscope,
such as in the bile duct.

[0289] 1. Generating a virtual endoscopy image of the
biliary tract (e.g., the duodenum, the bile duct, the pan-
creatic duct, the gallbladder) from CT images, or from
ultrasound images, or from 3D angiography performed
in an Endoscopic Retrograde Cholangiopancreatogra-
phy (ERCP), or from any combination thereof. The
images are acquired with an imaging device 31, the
device being as shown in FIG. 1B.

[0290] 2. Presenting the virtual endoscopy data on a
computerized display 32, as shown in FIG. 1B.

[0291] 3. Traveling interactively within the virtual endo-
scopy while recording two or more Virtual Branch
Lines. For example, one Virtual Branch Line may be
recorded along the center line (or the walls) of a portion
of the duodenum until the Papilla of Vater, with two
additional Virtual Branch Lines (as can also be observed
in FIG. 1B) then recorded within the ducts (i.e., from the
Papilla of Vater and onwards into the ducts).

[0292] 4. Entering the duodenum with a duodenoscope,
while a probe comprising one or more location sensors
(typically situated at or towards its distal tip) is inserted
through the duodenoscope’s working channel. Until the
Papilla of Vater, the probe is inserted together with the
duodenoscope, typically protruding slightly out of the
duodenoscope’s distal tip. Once the lumen is too narrow
in its diameter in order to allow the duodenoscope to
proceed further, which is typically from the Papilla of
Vater and onwards, the probe is pushed ahead without
the duodenoscope (but potentially under the guidance of
some other form of imaging such as angiography or
fluoroscopy) through the ducts. In the aforementioned
embodiment wherein the probe comprises an imaging
probe, the images acquired by that probe may be co-
registered with the angiographic or fluoroscopic image.
In some embodiments, the co-registration is achieved by
means of identifying a location of the imaging probe
within the angiographic or fluoroscopic image while the
probe is acquiring the images.

[0293] 5. Guiding the aforementioned probe, in the
course of its aforementioned progress and to the best of
the operator’s ability, along two or more Actual Branch
Lines that are identical or similar to those created

Nov. 20, 2014

beforehand in the virtual endoscopy. (Due to the rela-
tively small diameter of the ducts, the Actual Branch
Lines typically tend to be center lines in the ducts.)

[0294] 6. Overlaying the Virtual Branch Lines created in
Step 3 with the Actual Branch Lines created in Step 5,
the overlaying typically being performed by processor
34, the processor as shown in FIG. 1B.

[0295] Separately, some of the aforementioned embodi-
ments of the tree-to-tree registration method are demon-
strated in the following example for registering an image to
coronary blood vessels. The registration may, for example, be
performed as a first step in an image-guided placement of the
left-side leads of an implantable cardiac rhythm management
device in a coronary sinus branch.

[0296] 1. Generating a virtual endoscopy image of the
coronary sinus from MRI images, or from ultrasound
images, or from 3D angiography, or from CT angiogra-
phy, or from a combination thereof.

[0297] 2. Presenting the virtual endoscopy data on a
computerized display.

[0298] 3. Traveling interactively within the virtual endo-
scopy while recording two or more Virtual Branch Lines
along the center line of the coronary sinus and of its
branches such as the branch leading to the designated
location(s) for placing the lead(s).

[0299] 4. Entering the coronary sinus with a sheath or a
steerable sheath, and wherein a probe comprising one or
more location sensors (typically positioned at or towards
its distal tip) is inserted through the sheath so that the
location sensor is aligned with the distal tip of the sheath.
In some embodiments, the probe comprising the one or
more location sensors is a lead placement probe. In some
embodiments, the probe comprising the one or more
locations sensors is the lead itself. In some embodi-
ments, the steerable sheath is constructed according to
the principles described by U.S. Pat. No. 3,470,876 to
Barchilon, which is incorporated herein by reference. In
some embodiments, insertion of the sheath or steerable
sheath is performed under some form of intra-operative
imaging including, but not limited to, fluoroscopy,
angiography, CT, or any combination thereof.

[0300] 5. Guiding the aforementioned sheath and probe,
along the coronary sinus and to the best of the operator’s
ability, along two or more Actual Branch Lines that are
identical or similar to the Virtual Branch Lines created
beforehand in the virtual endoscopy. (Due to the rela-
tively small diameter of the coronary sinus and its
branches, the Branch Lines will typically tend to be
center lines.)

[0301] 6. Overlaying the Virtual Branch Lines created in
Step 3 with the Actual Branch Lines created in Step 5.

D. INSERTING TOOLS, SUCH AS VIA A
MANEUVERABLE AND LOCALIZABLE
SHEATH, NAVIGATING THE TOOLS WITHIN
THE LUMINAL STRUCTURE AND UTILIZING
THEM AT DESIRED LOCATIONS

[0302] Insomeembodiments, subsequent to the aforemen-
tioned registration of images to the luminal structure, tools
are inserted into the luminal structure and navigated to their
targets while using an image-guided navigation system. The
current locations of the tools, superimposed on the aforemen-
tioned registered images that now serve as a roadmap, are
typically presented on a computerized display.
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[0303] Insomeembodiments, inthe case of performing the
procedure via the bronchial tree, the roadmap typically com-
prises the aforementioned pre-procedure CT images that
were registered to the patient’s body, such as via the afore-
mentioned tree-to-tree and/or point-to-point methods.
[0304] In some embodiments, wherein images generated
by an endobronchial probe were already co-registered with
the CT images at the time CT-to-body registration was per-
formed, the endobronchial images are already associated
with locations on the aforementioned CT roadmap. The
images generated by an endobronchial probe may comprise
EBUS, OCT, MRI, or any combination thereof.

[0305] Insomeembodiments, inthe case of performing the
procedure via the bronchial tree, the computerized display
comprises one or more of the following views at the current
location of the tool: sagittal CT images, coronary CT images,
axial CT images, virtual endoscopy images, a stack of axial
CT images from the distal tip of the tool and forwards, a
three-dimensional reconstruction from CT of both lungs or
only of the lung in which the procedure is due to take place,
the aforementioned images generated by an endobronchial
probe presented in two-dimensional slices, and a three-di-
mensional reconstruction of the aforementioned images gen-
erated by an endobronchial probe.

[0306] Theviews aretypically updated to reflect the current
location of the tool, as the location is updated in the course of
navigating the tool. In some embodiments, the current loca-
tion of the tool is displayed relative to the target location at
which the tool is desired to arrive.

[0307] In some embodiments, tools are inserted through a
maneuverable and localizable sheath. Embodiments of the
sheath are disclosed below. The maneuverable and localiz-
able sheath typically provides standard, off-the-shelf tools
with added maneuverability and localizability which they
typically lack. The maneuverability and localizability are
typically useful for navigating these tools to their target loca-
tions through the luminal structure when the target locations
are outside the reach and vision of an endoscope through
which the tools may be inserted.

[0308] Insome embodiments, the maneuverable and local-
izable sheath is inserted at first with its main channel being
empty, while a tool is inserted through that sheath only in a
later phase. In some embodiments, the maneuverable and
localizable sheath is inserted together with a tool inserted
through its main channel, with the tool typically acting as a
center support that may provide the sheath with improved
pushability and/or maneuverability.

[0309] FIG. 2 is a schematic illustration of a maneuverable
and localizable sheath 1, with a tool 4 inserted through the
sheath. In some embodiments, maneuverable and localizable
sheath 1 is inserted into the body through a channel 2 of an
endoscope 3. Tool 4 is inserted through a main inner channel
5 of sheath 1. Typically, the distal tip of the endoscope is
maneuverable such that it can be tilted in two (e.g., up/down),
or sometimes four (e.g., up/down and left/right), directions.
Typically, tool 4 lacks any built-in maneuverability.

[0310] In the context of the bronchial tree, the endoscope
being used is typically a bronchoscope. The bronchoscope is
typically flexible, though in some cases it may also berigid. In
another embodiment, a flexible bronchoscope is inserted
through a rigid bronchoscope.

[0311] Typically, sheath 1 provides tool 4 with maneuver-
ability when tool 4 is pushed through and further ahead of
endoscope 3, such that the maneuverability provided to tool 4
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by endoscope 3, by means of the endoscope’s own maneu-
verable tip, is no longer applicable or sufficient. The target
location at which tool 4 is due to arrive is, in such cases,
typically outside the reach of endoscope 3 due to reasons such
as endoscope 3 being too short to reach the target location, or
the diameter of endoscope 3 being too large compared with
the diameter of a body lumen leading to the target location, or
the maneuverability of endoscope 3 being insufficient to
negotiate all of the turns in the path leading to the target
location, etc.

[0312] Specifically with respect to the bronchial tree, the
maneuverability of the aforementioned sheath is typically
useful in the situations such as the following:

[0313] Where the path leading to a target location com-
prises turns that the bronchoscope cannot fully negoti-
ate;

[0314] Where an airway leading to a target location is
obstructed and thus too narrow for the bronchoscope to
traverse;

[0315] Where a target location is situated outside the

bronchi in the surrounding tissue, which is often the case
with suspected lung masses;

[0316] Where the target location is a lymph node adja-
cent to the bronchi, and wherein the specific procedure
may be Trans Bronchial Needle Aspiration (TBNA) of
the lymph node;

[0317] Wherethe target location is situated in the periph-
eral areas of the lung where the bronchial airways are
typically narrower than the shaft of the bronchoscope. In
this case, the bronchoscope is typically insertable until
the third- or fourth-level junction (out of typically
twenty or more) in the bronchial tree, while the tool is
pushed ahead farther, and negotiates further turns with-
out the bronchoscope, until it can reach the target in the
periphery.

[0318] Other examples, outside the bronchial tree, where
maneuverability of the sheath is useful for negotiating lumi-
nal structures include the following:

[0319] In the biliary tract where the target location is
within one of the narrow ducts beyond the Papilla of
Vater such that the diameter of the endoscope is too large
to reach it. In such cases, the endoscope typically
reaches only until the Papilla of Vater, while the endo-
scopic tool is pushed ahead further through the Papilla
and into the ducts without the endoscope. However the
tool still negotiates the junction leading to the desired
specific duct.

[0320] Inthenasal sinuses where the passages leading to
the target are very narrow and/or obstructed compared
with the endoscope’s diameter.

[0321] Thus, in accordance with some embodiments,
sheath 1, with tool 4, is often pushed considerably beyond and
ahead of the distal tip of endoscope 3. In such embodiments,
tool 4 which typically lacks built-in maneuverability can no
longer rely on the maneuverability of endoscope 3, and
instead relies on the maneuverability of sheath 1.

[0322] In another embodiment, maneuverable sheath 1 is
inserted into the body not via an endoscope. Examples of
medical procedures for which it may be useful to operate the
maneuverable sheath 1 without an endoscope include using
the sheath for the placement of the leads of electrophysiologi-
cal devices in the heart or in the coronary blood vessels. One
such procedure is known specifically as Left Side Lead Place-
ment, in which alead is inserted from within the heart through
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the coronary sinus and placed on the outside of the left side of
the heart. A second example for the type of procedures where
the sheath would typically be used without an endoscope is
for the insertion of a wire or probe that penetrates through a
partial of total occlusion in coronary or peripheral arteries. A
third example of a procedure in which the sheath would
typically be used without an endoscope is for constructing a
bypass around a total occlusion in a coronary artery.

[0323] FIGS.3A-Care schematic illustrations of respective
views of a shaft of'a maneuverable, and typically localizable,
sheath, in accordance with an embodiment of the present
invention. FIG. 3A is a view from the distal side, FIG. 3B is a
view from the proximal side, and FIG. 3C is a longitudinal
cross section.

[0324] Insome embodiments, sheath 1 comprises a sheath
body 7 which defines a main inner channel 5. In the context of
the present patent application and in the claims, the sheath
body is defined as the portion of the sheath which is between
the outer circumference of main channel 5 and the outer
circumference of the sheath. In some embodiments, sheath
body 7 defines an additional channel 6. It is noted that in the
context of the present patent application and in the claims,
anything disposed within additional channel 6 is defined as
being disposed within sheath body 7. It is further noted, that
in the context of this application and in the claims, anything
that is disposed within main channel 5 is not defined as being
disposed within sheath body 7.

[0325] In some embodiments, main channel 5 is used for
tool insertion. In some embodiments, channel 6 is used for
insertion and placement of one or more location sensor(s) 18.
In some embodiments, by being placed within channel 6, the
location sensors become effectively embedded in the body of
the sheath. In some embodiments, the location sensor(s) are
actually embedded in a solid portion of sheath body 7. In
some embodiments, channel 6 does not exist, in which case
main channel 5 may be generally concentric with the shaft of
sheath 1. In some embodiments, sheath 1 comprises addi-
tional channels for the insertions of tools and/or location
sensors. In some embodiments, sheath 1 comprises additional
channels for tool insertion.

[0326] In some embodiments, the outer surface of sheath
body 7 is coated with a smooth material such as silicone or
Teflon to facilitate the insertion of sheath 1 through an endo-
scope. In some embodiments, sheath body 7 of sheath 1
comprises a braid of wires in order to make it further resistant
to kinks and punctures. In some embodiments, sheath body 7
comprises see-through section(s) so that the progress of tools
through its channel(s) can be observed more easily, such as by
an endoscope.

[0327] In some embodiments, a ring 8 is attached to the
distal tip of sheath 1. In some embodiments, ring 8 is radio-
paque, so that it can be easily seen in fluoroscopy. In some
embodiments, radiopaque marker(s) are situated at or
towards the distal tip of sheath 1.

[0328] Typically, steering wires 10 and 11 join sheath 1 at
its proximal end and connect to distal ring 8. Steering wires
10 and 11 control tilting of the distal section of sheath 1 in the
up and down directions. In some embodiments, steering wires
10 and 11 are attached longitudinally to the wall of main
channel 5. In some embodiments, steering wires 10 and 11 are
inserted along channels 12 and 13, the channels being defined
by sheath body 7 of sheath 1.

[0329] Further typically, steering wires 14 and 15 join
sheath 1 at its proximal end and connect to distal ring 8.
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Steering wires 14 and 15 control tilting of the distal section of
sheath 1 in the left and right directions. In some embodiments,
steering wires 14 and 15 are attached longitudinally to the
wall of main channel 5. In some embodiments, steering wires
14 and 15 are inserted along channels 16 and 17, the channels
being defined by sheath body 7 of sheath 1.

[0330] In some embodiments, only one pair of steering
wires exists, controlling tilting in only two directions (e.g.,
up/down or left/right).

[0331] All steering wires are typically connected at their
proximal ends to a steering actuator which causes the tilting
of'the distal tip of sheath 1 by pulling one or more wires while
not pulling, or releasing the tension on, one or more other
wires. For example, pulling wire 10 (while not pulling, or
releasing the tension on, wire 11) causes the distal tip of
sheath 1 to tilt in the up direction. Also, for example, pulling
wires 10 and 14 at the same time (while not pulling, or
releasing the tension on, wires 11 and 15) causes the distal tip
of'sheath 1 to tilt in an intermediate direction between up and
left.

[0332] Sheath 1 typically comprises one or more location
sensor(s) 18, the sensor(s) typically being situated at or
towards the distal tip of the sheath. In some embodiments,
multiple location sensor(s) 18 are situated at several positions
along the length of sheath 1. In some embodiments, location
sensor(s) 18 are situated within channel 6. In some embodi-
ments, location sensor(s) 18 are wired, and the wire(s) 19
leading to them are positioned within channel 6 as well.

[0333] Insomeembodiments, location sensor(s) 18, as well
as wire(s) 19 if applicable, are embedded within a solid por-
tion of sheath body 7 of sheath 1. Alternatively or addition-
ally, location sensor(s) 18, as well as wire(s) 19 if applicable,
are positioned within a groove in the outer surface of the
sheath body of sheath 1. In accordance with such embodi-
ments, the sheath may define a single channel 5.

[0334] In some embodiments, location sensor(s) 18 are
removable. In another embodiment, location sensor(s) 18 are
both removable and reusable. Such reusability typically low-
ers the cost per each use. If location sensor(s) 18 are remov-
able and wired, then the wire(s) 19 leading to them are typi-
cally also removable.

[0335] FIGS. 4-6 are schematic illustrations of respective
embodiments of steering actuators and handles for maneu-
verable sheaths. In some embodiments, as illustrated in FIG.
4, steering actuator 20 comprises two knobs 21 and 22, one to
which wires 10 and 11 of FIGS. 3B and 3C are connected and
which controls the up-down tilt by its rotation, and the second
to which wires 14 and 15 of FIGS. 3B and 3C are connected
and which controls the left-right tilt by its rotation. Typically,
the knobs are situated either perpendicularly or in parallel to
one another. Each knob may also be locked once a certain tilt
is to be fixed, and subsequently unlocked when the tilt no
longer is to be fixed.

[0336] In some embodiments, as illustrated in FIG. 5,
actuator 20 comprises two levers 23 and 24, one to which
wires 10 and 11 of FIGS. 3B and 3C are connected and which
controls the up-down tilt by its pulling, and the second to
which wires 14 and 15 of FIGS. 3B and 3C are connected and
which controls the left-right tilt by its pulling. Typically, the
levers are situated either perpendicularly or in parallel to one
another. Each lever may also be locked once a certain tilt is to
be fixed, and subsequently unlocked when the tilt no longer is
to be fixed.
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[0337] In some embodiments, as illustrated in FIG. 6,
actuator 20 comprises a joystick 25 to which all steering wires
are connected and which controls tilting in any of the avail-
able directions by its manipulation in a direction correspond-
ing to the desired direction of tilting. The joystick may also be
locked once a certain tilt is to be fixed, and subsequently
unlocked when the tilt no longer is to be fixed.

[0338] The ability to lock the tilt of sheath 1 is typically
useful in a number of cases. One such case is where the
physician or nurse operating sheath 1 tires of holding actuator
20 and yet wishes to keep tool 4 in place and/or in the desired
tilting angle. A second such case is where the operator of
sheath 1 no longer has a hand available for operating actuator
20 and yet wishes to keep tool 4 in place and/or in the desired
tilting angle. A third such case is where tool 4 needs to be
retrieved and reinserted multiple times in the course of the
procedure (such as when taking and depositing multiple biop-
sies, for example), in which case sheath 1 remains in place
(and/or in the desired tilting angle) which facilitates the repeat
insertion of'tool 4 to its target location. A fourth such case is
when, in the course of the same medical procedure, multiple
different tools need to be inserted one after the other through
sheath 1 to the same target location or to nearby target loca-
tions.

[0339] In the case of the bronchial tree, locking the tilt of
the sheath may be of particular importance where the sheath
is within an airway, but the target location for the utilization of
the tool inserted through the sheath is within the tissue sur-
rounding the airway. In fact, a considerable proportion of
suspected lung masses are positioned not within an airway but
rather in a tissue next to the airway. In such a case, preserving
the desired tilt typically helps in increasing the probability of
the tool indeed reaching its desired location. The same applies
where the procedure being performed is Trans Bronchial
Needle Aspiration and the target location is a lymph node
which is situated outside the airway.

[0340] In some embodiments, such as upon arriving at a
desired location, the distal tip of sheath 1 is further securable
to the tissue adjacentto it so that its location is generally fixed,
by means of one or more inflatable (and subsequently deflat-
able) balloons that are inserted though one or more of chan-
nels 5 and 6. In some embodiments, the balloons are inflatable
with air and/or saline. In some embodiments, the balloons are
coupled to sheath body 7.

[0341] Steering actuator 20 is typically part of handle 26.
Handle 26 is typically coupled (such as by a fastener or a
clamp) to the proximal port of channel 2 of endoscope 3 (of
FIG. 2) or to the gripping handle of endoscope 3. The cou-
pling of handle 26 to endoscope 3 is typically reversible. In
some embodiments, the detachable coupling is implemented
using a clip.

[0342] Insomeembodiments, handle 26 is detachable from
the shaft of sheath 1. In such a case steering wires 10, 11, 14
and 15 of FIGS. 3B and 3C are plugged into handle 26 by
means of a detachable connection. The detachable connection
of steering wires 10, 11, 14 and 15 of FIGS. 3B and 3C to
handle 26 comprises connecting elements of any detachable
type such as screws, nuts, bolts, clips, pips, magnets, plugs,
hooks, threads, clasps, clamps, or any combination thereof.
Compared with a non-detachable handle, a detachable handle
lends itself more easily to reusability and thus lowers the cost
per each use.

[0343] Inthe course of a medical procedure wherein sheath
1 is inserted through an endoscope, the sheath is typically
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secured to the proximal port of channel 2 by a luer, fastener,
adapter, or any combination thereof.

[0344] Insome embodiments, sheath 1, comprising one or
more location sensor(s) 18, is localizable but not maneuver-
able. In such cases, the sheath does not comprise steering
wires 10,11, 14 and 15, nor does it comprise steering actuator
20. In some embodiments, in such cases sheath 1 also does not
comprise handle 26.

[0345] At the beginning of the medical procedure in which
sheath 1 is inserted through an endoscope, the sheath is typi-
cally aligned inside endoscope 3 such that the steering direc-
tions (e.g., up, down, left, right) of the distal tip of sheath 1, as
set by actuator 20, correspond to those of the distal tip of
endoscope 3. The alignment is typically performed manually
by the physician or nurse responsible for the endoscope.
[0346] Asaresult of the described alignment, the operation
of sheath 1 is more intuitive to the operator of endoscope 3.
For example, when navigating in the bronchial tree, it would
typically be easier for the operator of the bronchoscope if
sheath 1 is already aligned with the bronchoscope such that
the up/down and left/right directions of the two are typically
the same (precisely or closely). In such cases, negotiating
bifurcations in the bronchial tree with the sheath, where the
bifurcations are situated beyond the bronchoscope’s own
reach, would typically resemble, from the operator’s point of
view, negotiating the bifurcations as was done with the bron-
choscope earlier in the procedure for bifurcations that were
still within its reach.

[0347] In some embodiments, once the alignment is
achieved it is then secured by the aforementioned luer, fas-
tener, adapter, or a combination thereof.

[0348] In some embodiments, the distal tip of tool 4
remains located at the distal tip of sheath 1 or right ahead of'it
following its insertion into the sheath, and does not shift
uncontrollably forwards or backwards relative to sheath 1. In
some embodiments, that is achieved by securing tool 4 after
its insertion to the proximal port of channel 2, or to the section
of sheath 1 that extends proximally out of that port. The
securing is typically achieved by a luer, fastener, adapter, or
any combination thereof. In a second embodiment, that is
achieved by putting a mark (such as with a color marker or
crayon) that needs to be visually kept in its relative place. In
a third embodiment, that is achieved by placing a clip on the
section of tool 4 that extends proximally from the proximal
segment of sheath 1 and verifying that the mark or clip
remains in place during the use of tool 4.

[0349] With respect to any of the aforementioned figures,
location sensor(s) 18 typically facilitates the use of the
maneuverable sheath in conjunction with the navigation sys-
tem, when (a) the target location at which sheath 1 and tool 4
are due to arrive is outside the range of the vision of an
endoscope through which sheath 1 is inserted, (b) the endo-
scope’s vision capability is dysfunctional or malfunctioning,
or (¢) an endoscope is not being used at all in conjunction with
maneuverable sheath 1. For example, in the case of navigating
through the bronchial tree, then (for any of the situations
listed previously wherein the target location is outside the
bronchoscope’s own vision) the distal tip of the maneuver-
able and localizable sheath is superimposed on the pre-pro-
cedure CT images that were previously registered to the lungs
and serve as a roadmap.

[0350] The location of tool 4 is typically deduced indi-
rectly, i.e., it is deduced from the location of sheath 1 to which
location sensor(s) 18 is coupled, while tool 4 is situated in
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sheath 1. The same applies to determining the location of
additional tool(s) or probe(s) inserted through one or more of
the available channels of sheath 1. In such cases, multiple
tools inserted through sheath 1 are localized concurrently.

[0351] Typically, tools being inserted through the sheath
protrude through its distal tip (e.g., by about 0.5 cm to 1.5
cm). Therefore in some embodiments, for calculating the
location of the tool(s), a matching offset equal to the extent of
protrusion of the tool(s) from the sheath is added to the
location coordinates provided by the location sensor. In some
embodiments, the tool protrudes from the distal tip of the
sheath by a fixed amount. Alternatively, the tool protrudes
from the distal tip of the sheath by a measurable variable
amount. For example, the sheath may be of a known length
and the tool may have markings at its proximal end indicating
the length of a portion of the tool that has been inserted into
the sheath. Based on the indication of the markings at the
proximal end of the tool, as well as the known length of the
sheath, the length of the distal portion of the tool that pro-
trudes from the distal end of the sheath can be determined.

[0352] Embodiments of the current invention typically
allow an off-the-shelf tool that can physically fit through a
channel of the sheath to be localized and navigated, typically
without any adaptations (such as incorporating a location
sensor) made to the tool itself. In other words, it typically
turns non-localizable tools into localizable tools, without
needing to reconfigure the non-localizable tools.

[0353] Among the aforementioned magnetic and electro-
magnetic technologies listed under the definitions of a loca-
tion sensor and a navigation system, of notable applicability
are implementations where the location sensor(s) comprise
only longitudinal coil(s). In such cases, the outer diameter of
the location sensor is particularly small, when compared to
magnetic or electromagnetic location sensors that comprise
coils situated in multiple directions.

[0354] An example of a location sensor comprising only
longitudinal coil(s) and offering a relatively small outer diam-
eter is one with an outer diameter of approximately 0.25 mm.
Such location sensors have been presented by MediGuide,
Ltd. (Haifa, Israel) and by Ascension Technologies, Inc.,
(Burlington, Vt., USA) as described hereinabove in the Back-
ground.

[0355] Compared with location sensors comprising coils
disposed in multiple directions, the location sensors compris-
ing only longitudinal coil(s) typically do not provide any
location information on the roll. However, they typically do
provide location information in most or all of X, Y, Z, pitch
and yaw.

[0356] For some embodiments of the current invention, the
information on the roll is typically not necessary, and particu-
larly so if the directionality of the sheath is already aligned
with the directionality of the endoscope through which it is
inserted as described previously. Therefore, according to
some embodiments of the current invention, a location sensor
(in cooperation with a sheath and other apparatus as described
hereinabove) comprising only longitudinal coil(s), and hav-
ing a small outer diameter is used despite the fact that the
sensor cannot be used to detect information regarding the roll.
The small outer diameter of the location sensor typically
facilitates incorporation of the sensor within the sheath or
insertion through a channel in the sheath without blocking or
obstructing the insertion of a tool through the main channel of
the sheath, as described hereinabove.
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[0357] For example, when using location sensor(s) com-
prising only longitudinal coil(s), a maneuverable sheath can
fit into the 2.8 mm channel of a common bronchoscope (for
example, the outer diameter of the sheath may be 2.5 mm to
2.7 mm, while its main channel accommodates a 1.2 mm to
1.8 mm tool (which are typically standard diameters for oft-
the-shelf bronchoscopic tools) and a location sensor of up to
0.3 mm in diameter. In some embodiments, both tool and
sensor(s) are inserted concurrently through the sheath’s main
channel. Alternatively or additionally, the location sensor(s)
are inserted via the sheath’s secondary channel. Further alter-
natively or additionally, the location sensor(s) are effectively
embedded within the wall of the sheath as the wall is defined
by the sheath’s main channel. In such configurations, the
location sensor and the tool typically do not block or obstruct
one another at any time that the sheath is inserted into the
patient’s body and the tool is inserted through the main chan-
nel of the sheath.

[0358] Separately, among the aforementioned radiation-
sensing technologies listed under the definitions of a location
sensor and a navigation system, the location sensor may com-
prise one or more particles or specks of very-low-dose radi-
ating elements overlaid on, or adhered to, or coating, or
embedded within, sheath 1 (or particularly its distal tip). In
such cases, a single inner channel may suffice for the tools
inserted through the sheath to still be localizable.

[0359] Itshould be noted that, in any of the embodiments of
the sheath disclosed herein and during any phase in the inser-
tion of the sheath into the patient’s body:

[0360] The location sensor(s) typically do not block or
obstruct the main channel of the sheath.

[0361] The effective inner diameter (i.e., the diameter
available for tool insertion) of the main channel of the
sheath at a section of the sheath at which location sensor
(s) are positioned is typically not substantially smaller
than the inner diameter of neighboring sections of that
channel.

[0362] The outer diameter ofthe sheath at a section of the
sheath at which location sensor(s) are positioned is typi-
cally not substantially larger than the outer diameter of
neighboring sections of the sheath.

[0363] The position of the location sensor(s) relative to
the rest of the sheath typically does not change.

[0364] In embodiments in which the location sensor(s)
are magnetic or electromagnetic coils, they typically do
not loop around a channel used for tool insertion, rather
the coils are disposed within the body of the sheath as
described hereinabove. The use of magnetic or electro-
magnetic coils as the location sensor(s) typically does
not place a large constraint on achieving the smallest
possible outer diameter for the sheath, as the coils are
typically less than 0.3 mm in diameter.

[0365] In some embodiments, once the maneuverable and
localizable sheath is navigated to the target location such that
its distal tip is at or near the target location, then one or more
tools that are inserted through the sheath, in parallel or
sequentially, are applied to the target location.

E. CO-UTILIZING INTRA-OPERATIVE
IMAGING

[0366] In some embodiments, when navigating within the
luminal structure, a form of intra-operative imaging is co-
utilized together with the aforementioned pre-procedure
imaging. In some embodiments, the co-utilization is per-
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formed after the time the intra-operative images where gen-
erated. In some embodiments, the pre-procedure imaging is
generated by an imaging source situated outside the body
portion, such as a CT in the case of the lungs, while the
intra-operative imaging is generated from within the body
portion, such as via an endoluminal imaging probe.

[0367] Embodiments of such endoluminal imaging probes
include, but are not limited to, an endoluminal ultrasound
probe (such as the EBUS from Olympus America, Inc. in the
case of the lungs, or the IVUS from Boston Scientific or
Volcano in the case of the coronary blood vessels), an MRI
probe (such as those developed by TopSpin Medical of Lod,
Israel, including the IVMRI), an optical fiber, an Optical
Imaging probe, an infra-red imaging probe, and an Optical
Coherence Tomography probe.

[0368] In some embodiments, images generated by the
endoluminal probe are co-registered at the beginning of a
procedure with images generated by an imaging source from
outside the body portion. An example, in the case of the lungs,
is the co-registration of intra-operative EBUS images with
pre-procedure CT images, concurrently with the registration
of'those CT images to the patient’s lungs, as described here-
inabove in the Registration section of this application. As a
result, in addition to the CT images serving as a roadmap for
navigation, locations on that CT roadmap are matched
together with individual endoluminal image frames from the
EBUS.

[0369] Inanother embodiment, the image-to-body registra-
tion and the image-to-image co-registration are performed
separately. In the example of the lungs, CT-to-body registra-
tion is performed at the beginning of the procedure to create
aCT roadmap. (The registration may be tree-to-tree, or point-
to-point, or any combination thereof.) Subsequently, the
endoluminal imaging probe is inserted into a channel of the
aforementioned maneuverable and localizable sheath, such
that the position of the imaging source in the probe relative to
the location sensor(s) in the sheath is known. For example,
tool 4 of FIG. 2 may comprises an endoluminal imaging
device. The imaging probe is navigated together with the
sheath to a desired location. Images captured by the imaging
probe along the path are coupled, by means of the location
sensor(s) in the sheath, to location coordinates along the path.
Those location coordinates are already identifiable on the CT
roadmap. Consequently, those endoluminal images also
become matched to corresponding locations on the CT road-
map.

[0370] Insome embodiments, when subsequently navigat-
ing a tool inserted within (and together with) the aforemen-
tioned maneuverable and localizable sheath to a desired loca-
tion, the computerized display comprises not only the
superposition of the tool upon the pre-procedure images
(such as CT inthe example of the lungs) serving as a roadmap,
but also the corresponding intra-operative endoluminal
images as recorded in a preceding step at each same (or
similar) set of location coordinates. In some embodiments,
the corresponding intra-operative image is presented simul-
taneously, but on a separate display.

[0371] In some embodiments, the images previously
acquired by the endoluminal probe are presented as a virtual
endoscopy view through which the localizable sheath
progresses. In some embodiments, the same applies to the
pre-procedure images, such that the localizable sheath is dis-
played as progressing through the two forms of virtual endo-
scopy concurrently. In some embodiments, the localizable
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sheath is displayed as progressing through a virtual endos-
copy image that is a combination (such as an overlay or a
fusion) of the two virtual endoscopy views, i.e., the one from
the pre-procedure imaging (such as CT) and the one from the
intra-operative endoluminal imaging (such as the EBUS).

[0372] Insomeembodiments, presenting images from both
sources with respect to a current location is of greater clinical
value than that provided by each of the imaging sources
separately. In some embodiments, a user receives a form of
intra-operative, near-real-time imaging from the endoluminal
images in addition to the typical pre-procedure imaging,
which typically enhances the real-time nature of the image-
guided procedure.

[0373] In some embodiments, the aforementioned intra-
operative imaging is also utilized to make intra-procedural
corrections to the prior registration of the pre-procedure
images to the luminal structures. In some embodiments, the
imaging probe is inserted within the localizable sheath when
navigated within the luminal tree. Whenever an anatomical
landmark (such as a bifurcation) is identified by the intra-
operative imaging probe as it traverses the landmark, the
operator observes whether the location of the tip of the local-
izable sheath is superimposed at the corresponding landmark
on the pre-procedure images. Should there be a discrepancy,
then the pre-procedure images are adjusted such that the tool
is now superimposed at the landmark. In some embodiments,
the adjustment is performed manually by the operator. In
some embodiments, the adjustment is performed automati-
cally by the navigation system. In some embodiments, the
adjustment is performed in a semi-automatic manner—for
example, the operator points at, or marks, on the pre-proce-
dure images, the correct location (as indicated by the intra-
operative imaging) of the distal tip, and the system then
transforms the pre-procedure images so that the distal tip now
appears superimposed upon them at the correct current loca-
tion. As a result of the intra-procedural adjustment, the accu-
racy in navigating tools to desired locations is typically
increased.

[0374] In some embodiments, once navigation upon the
pre-procedure images indicates that the navigated tool has
arrived at its target, the tool is retrieved from the main channel
of the maneuverable and localizable sheath while the sheath
remains in place. An intra-operative imaging probe is then
inserted through the sheath to provide additional verification
that its distal tip is indeed positioned at the desired location.
The verification is typically desirable prior to performing a
treatment. Verification by an intra-operative endoluminal
imaging probe such as ultrasound, OCT or MRI is particu-
larly useful because the probe is typically able to see through
and beyond the walls of the lumen.

[0375] Inthe case of the lungs, many target locations (such
as suspected lung masses and, separately, lymph nodes) are
situated not within the airways but rather beyond their walls.
Once the location of the distal tip of the sheath is verified by
the imaging probe as pointing towards the target location,
then the tools being applied at the target location may include
ones that penetrate the bronchial wall. In the case of biopsy-
ing a suspected lung mass outside the bronchi, the tool may be
(among others) a biopsy needle, or a “cork-screw” like “exca-
vator” device that first penetrates the tissue and then extracts
a sample of it. In the case of a lymph node, the tool being
applied is typically a trans-bronchial aspiration needle.
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[0376] Insomeembodiments, the aforementioned tool and
imaging probe are employed simultaneously through a multi-
channel sheath, should their outer diameters allow that.

F. APPLYING AFOREMENTIONED
EMBODIMENTS TO TREATING CHRONIC
OBSTRUCTIVE PULMONARY DISEASE (COPD)

[0377] Reference is now made to FIG. 7, which is a sche-
matic illustration of a maneuverable sheath 76 being inserted
through a plug 71 and toward a region 74 suffering from
pulmonary disease, in accordance with an embodiment of the
present invention.

[0378] Insome embodiments, some of the aforementioned
devices and methods are applied within the bronchial tree
when treating COPD in general, and emphysema in particu-
lar.

[0379] Inthe artificially-induced suction of fluid trapped in
an emphysematous lung region, it is typically preferable that
the force of exhalation is applied within or close to the pocket
(s) of trapped fluid. (Such pockets are also known as bulla in
the singular and as bullae in the plural.) If exhalation is
applied at a bronchial segment that is significantly proximal
to the pocket(s), then it may in some cases cause the endo-
bronchial walls in the airway leading to the pocket (i.e., bulla)
to collapse, which will typically prevent the fluid already
trapped in the pocket from being exhaled.

[0380] However, the pockets (i.e., bullae) are often large in
their number and relatively small in their sizes (with the
smaller ones that are still considered material typically being
1 cm in diameter). Therefore, arriving at each of them locally
in order to exhale trapped fluid is typically difficult.

[0381] Insomeembodiments, the following steps are taken
to effectively suction trapped fluid from one or more bullae
situated in an emphysematous lung region 74 such as a lobe or
a segment of a lobe:

[0382] 1. Animage of the patient’s lungs in general, and
of the emphysematous region(s) in particular, is pro-
duced by an imaging modality in which emphysematous
regions 74 may be identified. Typically, the image is a
CT image. In some embodiments, the image is produced
via Vibration Response Imaging, for example using sys-
tems produced by DeepBreeze, Ltd. (Or Akiva, Israel).
In some embodiments, the images are subsequently
viewed on a computerized display. In some embodi-
ments, the emphysematous region(s) is identified by a
physician observing the images. Alternatively or addi-
tionally, specialized software (such as, for example, the
Emphysema Profiler or the Pulmonary Workstation,
both from Vida Diagnostics (Iowa City, lowa, USA)) is
used in identifying the emphysematous region(s). Sub-
sequently, the emphysematous region(s) are marked or
highlighted, manually by the physician or automatically
by software, on the images. In some embodiments, an
endobronchial path leading towards or to the emphyse-
matous regions, and possibly to specific bullae within
the region, is identified. In some embodiments, the path
is marked or highlighted, manually by the physician or
automatically by software, on the images.

[0383] 2. The aforementioned images are registered to
the lungs of the patient. In some embodiments, registra-
tion is performed using natural anatomical landmarks
(also known as fiducials), for example as described by
Solomon et al. in the article entitled “3D CT-Guided
Bronchoscopy with Real-Time Electromagnetic Posi-
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tion Sensor,” which is incorporated herein by reference.
In some embodiments, registration is performed via the
aforementioned tree-to-tree method. In some embodi-
ments, images generated by an endobronchial imaging
probe are co-registered with the CT images, with the
co-registration performed in the manner described here-
inabove.

[0384] 3. An endobronchial plug 71 is placed via an
endoscope 72 within an airway 73 leading to the emphy-
sematous region. In some embodiments, the plug is
placed under endoscopic vision. In some embodiments,
the plug is placed at an airway leading to a lobe, a lobe
segment, and/or a lobule. The plugis typically structured
so that it attaches (e.g., viaa stent or a spring-like mecha-
nism, or via a balloon) to the inner walls of the airway in
which it is placed, such that it prevents or hinders the
flow of fluid between its distal and proximal sides. The
plug typically has an opening 75 (e.g., a lid, a membrane,
etc.), which is typically open when something is inserted
therethrough, and which is typically closed (e.g., sealed)
when nothing is inserted therethrough. Typically, the
plug is penetrated and traversed by sheath 76, as
described in step 4 below. In some embodiments, the
plug is radiopaque in whole or in part so that it may be
easily observed under fluoroscopy during the procedure.

[0385] 4. Sheath 76 (which is typically maneuverable
and localizable as described hereinabove) is inserted
towards the emphysematous lung region 74. In some
embodiments, an inner tube (not shown) is inserted
through the main channel of the sheath to add to the
sheath’s pushability. In some embodiments, the sheath is
inserted through an endoscope. Typically, the sheath is
able to advance through the airway beyond a point
beyond which the endoscope is unable to be inserted,
either because of (a) the relative diameters of the endo-
scope and the opening in the plug, or (b) the relative
diameters of the endoscope and the airway. The sheath
traverses the plug, typically by protruding from a distal
end of the endoscope, and further typically via opening
75 in the plug. The plug around the sheath typically
remains sealed, such that it hinders or prevents the pas-
sage of fluid from its proximal side to its distal side and
towards the emphysematous lung region. Once the
sheath traverses the plug, its distal tip is typically no
longer imaged by the bronchoscope. From that point and
onwards, the sheath is typically maneuvered with the
help of an image-guided navigation system so that it
enters the targeted bullae one by one. Typically, the
navigation of the sheath is facilitated by a location sen-
sor 77 coupled to the distal end of the sheath. During the
maneuvering, the distal tip of the sheath is presented
overlaid on the aforementioned images generated by the
CT. In some embodiments, images previously acquired
by an endobronchial imaging probe are displayed at the
current location of the sheath. In some embodiments, an
endobronchial imaging probe is inserted through the
sheath prior to activating suction, or in between activa-
tions of suction, or immediately after the activation of
suction, or during the activation of suction, and the loca-
tion of the distal portion of the sheath relative to a bulla
is verified using images acquired by the imaging probe.
In some embodiments, the sheath is observed during the
procedure via fluoroscopy. In some embodiments, the
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sheath is also navigated under fluoroscopy, and not using
an image-guided navigation system.

[0386] 5. Atits proximal side, the main channel of sheath
76 is connected to a fluid suction apparatus. In some
embodiments, a second tool used for suction is inserted
through the channel of the sheath. In some embodi-
ments, the suction tool is of the type commonly used in
diagnostic bronchoscopic procedures (i.e., not proce-
dures for treating COPD). In some embodiments, the
suction apparatus applies suction that is considerably
weaker than suction typically applied in bronchoscopic
procedures, in order to reduce the likelihood of undesir-
able clinical phenomena. Subsequent to the sheath being
navigated to and then entering a targeted bulla in the
emphysematous region, the suction apparatus is acti-
vated, typically momentarily, such that fluid is suctioned
from the bulla. In some embodiments, the location of the
distal tip of the sheath is verified to be within the bulla by
co-utilization of an intra-operative imaging probe as
disclosed hereinabove. In some embodiments, the suc-
tion process is repeated multiple times, one or more time
per bulla. In some embodiments, the most distal bullae
are suctioned first, followed by the more proximal bul-
lae, so that the sequence may in some cases reduce the
likelihood of the sheath causing pneumothorax by punc-
turing the pleura of the subject’s lungs. In some embodi-
ments, suction is also applied not within bullae. As a
result of suction as in the aforementioned embodiments,
typically fluid is gradually suctioned from the emphy-
sematous lung region. Consequently, the emphysema-
tous lung region may partially or fully collapse. That
typically leads to a smaller residual volume to the lungs,
which is a desirable effect as it leaves more room within
the rib cage for the healthier section of the lungs to
expand and contract during the respiratory cycle.

[0387] 6. Sheath 76 is retrieved from emphysematous
lung region 74. As the sheath crosses, from distal to
proximal, the aforementioned endobronchial plug, the
opening in the plug closes so that entrance of fluid into
the emphysematous lung region is hindered or pre-
vented.

[0388] 7. Optionally, the above steps are repeated after a
certain period (e.g., a few months) to allow for the exha-
lation of fluid that in the meanwhile may have accumu-
lated in the emphysematous lung region. Such an accu-
mulation may occur due to collateral ventilation from
neighboring lung regions. In another embodiment, the
above steps are repeated several times in the course of a
single procedure, each time for a different emphysema-
tous region within the lungs.

[0389] U.S. patent application Ser. No. 12/006,950, to
Tolkowsky (granted as U.S. Pat. No. 7,985,254), filed Jan. 8,
2008, entitled “Endobronchial fluid exhaler devices and
methods for use thereof,” is incorporated herein by reference.
In some embodiments, the apparatus and methods described
therein are used in conjunction with the apparatus and meth-
ods described hereinabove.

[0390] It will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present invention includes both combinations
and sub-combinations of the various features described here-
inabove, as well as variations and modifications thereof that
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are not in the prior art, which would occur to persons skilled
in the art upon reading the foregoing description.

1. (canceled)

2. Apparatus for use with an imaging device configured to
acquire an image of a multi-lumen structure within a body of
a subject from outside of the structure, the apparatus com-
prising:

a tool configured to move along branches of the multi-

lumen structure;

at least one location sensor coupled to the tool, the location

sensor being configured to facilitate sensing of location
coordinates of the tool; and

a computer processor configured to:

register the multi-lumen structure with the image of the

multi-lumen structure, such that the multi-lumen struc-
ture and the image of the multi-lumen structure have a
common frame of coordinates, by:

using the location sensor, sensing location coordinates of

the tool while the tool moves along a plurality of branch
lines within the multi-lumen structure, each of the
branch lines passing through at least a portion of at least
one branch of the multi-lumen structure, the branch lines
defining a plurality of paths within the multi-lumen
structure;

identifying the plurality of branch lines within the image;

and

determining a correspondence between the sensed location

coordinates of the tool and the plurality of branch lines
within the image of the multi-lumen structure; and
generate an output in response thereto.

3. The apparatus according to claim 2, wherein the com-
puter processor is configured to identify the plurality of
branch lines within the image, prior to sensing location coor-
dinates of the tool while the tool moves along a plurality of
branch lines within the multi-lumen structure.

4. The apparatus according to claim 2, wherein the com-
puter processor is configured to sense location coordinates of
the tool while the tool moves along the plurality of branch
lines within the multi-lumen structure, at least one of the
branch lines not meeting any other one of the branch lines.

5. The apparatus according to claim 2, wherein the com-
puter processor is configured to determine the correspon-
dence between the plurality of branch lines along which the
tool moves and the plurality of branch lines within the image,
by assigning respective, different weights to respective por-
tions of at least one of the branch lines.

6. The apparatus according to claim 2, wherein the com-
puter processor is configured to determine the correspon-
dence between the plurality of branch lines along which the
tool moves and the plurality of branch lines within the image,
by assigning respective, different weights to respective
branch lines.

7. The apparatus according to claim 2, wherein, subsequent
to registering the multi-lumen structure with the image of the
multi-lumen structure, the computer processor is configured
to:

receive an image acquired from within the multi-lumen

structure, and

in response thereto, modify registration of the multi-lumen

structure with the image of the multi-lumen structure.

8. The apparatus according to claim 2, wherein the com-
puter processor is configured to sense location coordinates of
the tool while the tool moves along the plurality of branch
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lines within the multi-lumen structure, at least two of the
branch lines meeting with one another.

9. The apparatus according to claim 8, wherein the com-
puter processor is configured to sense location coordinates of
the tool while the tool moves along the plurality of branch
lines within the multi-lumen structure, the at least two of the
branch lines branching from a common bifurcation point.

10. The apparatus according to claim 2, wherein:

the multi-lumen structure includes at least a portion of a

bronchial tree of the subject;

the image includes an image of the portion of the subject’s

bronchial tree; and

the computer processor is configured to sense location

coordinates of the tool while the tool moves along a
plurality of branch lines within the portion of the sub-
ject’s bronchial tree.

11. The apparatus according to claim 10, wherein the com-
puter processor is configured to sense location coordinates of
the tool while the tool moves along the plurality of branch
lines within the portion of the subject’s bronchial tree, at least
one of the branch lines being at least partially within a left
lung of the subject, and at least one of the branch lines being
at least partially within a right lung of the subject.

12. The apparatus according to claim 10, wherein the com-
puter processor is configured to sense location coordinates of
the tool while the tool moves along the plurality of branch
lines within the portion of the subject’s bronchial tree, at least
one of the branch lines being at least partially within an upper
lobe of Tungs of the subject, and at least one of the branch lines
being at least partially within a lower lobe of the subject’s
lungs.

13. The apparatus according to claim 10, wherein the com-
puter processor is configured to:

sense location coordinates of the tool while the tool moves

along a plurality of branch lines that are disposed along
central airways of the subject’s bronchial tree, and

in response thereto, register even peripheral airways of the

subject’s bronchial tree with the image of the portion of
the subject’s bronchial tree.

14. The apparatus according to claim 2, wherein the com-
puter processor is configured to determine the correspon-
dence between the sensed location coordinates of the tool
with the plurality of branch lines within the image of the
multi-lumen structure, by:

based upon the sensed location coordinates of the tool,

determining locations of lines that are representative of
the branch lines; and

determining locations of lines within the image that corre-

spond to the lines that are representative of the branch
lines.

15. The apparatus according to claim 14, wherein the com-
puter processor is configured to determine locations of lines
that are representative of the branch lines by determining
locations of center lines of branches through which the
branch lines pass.

16. A method for use with an imaging device configured to
acquire an image of a multi-lumen structure within a body of
a subject from outside of the structure, the method compris-
ing:

moving a tool along branches of the multi-lumen structure,

at least one location sensor coupled to the tool, the
location sensor being configured to facilitate sensing of
location coordinates of the tool;
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using a computer processor, registering the multi-lumen
structure with the image of the multi-lumen structure,
such that the multi-lumen structure and the image of the
multi-lumen structure have a common frame of coordi-
nates, by:
sensing the location coordinates of the tool while the tool
moves along a plurality of branch lines within the multi-
lumen structure, each of the branch lines passing
through at least a portion of at least one branch of the
multi-lumen structure, the branch lines defining a plu-
rality of paths within the multi-lumen structure;

identifying the plurality of branch lines within the image;
and
determining a correspondence between the sensed location
coordinates of the tool and the plurality of branch lines
within the image of the multi-lumen structure; and

using the computer processor, generating an output in
response to the registering.

17. The method according to claim 16, wherein identifying
the plurality of branch lines within the image comprises iden-
tifying the plurality of branch lines prior to sensing location
coordinates of the tool while the tool moves along a plurality
of branch lines within the multi-lumen structure.

18. The method according to claim 16, wherein sensing
location coordinates of the tool comprises sensing location
coordinates of the tool while the tool moves along the plural-
ity of branch lines within the multi-lumen structure, at least
one of the branch lines not meeting any other one of the
branch lines.

19. The method according to claim 16, wherein the multi-
lumen structure includes a structure selected from the group
consisting of: a coronary structure of the subject, a biliary
structure of the subject, and a duodenum of the subject, and
wherein sensing location coordinates of the tool comprises
sensing location coordinates of the tool while the tool moves
along a plurality of branch lines within the selected structure.

20. The method according to claim 16, wherein determin-
ing the correspondence between the plurality of branch lines
along which the tool moves and the plurality of branch lines
within the image comprises assigning respective, different
weights to respective portions of at least one of the branch
lines.

21. The method according to claim 16, wherein determin-
ing the correspondence between the plurality of branch lines
along which the tool moves and the plurality of branch lines
within the image comprises assigning respective, different
weights to respective branch lines.

22. The method according to claim 16, further comprising
subsequent to registering the multi-lumen structure with the
image of the multi-lumen structure:

using the computer processor, receiving an image acquired

from within the multi-lumen structure, and

in response thereto, using the computer processor, modi-

fying registration of the multi-lumen structure with the
image of the multi-lumen structure.

23. The method according to claim 16, wherein sensing
location coordinates of the tool comprises sensing location
coordinates of the tool while the tool moves along the plural-
ity of branch lines within the multi-lumen structure, at least
two of the branch lines meeting with one another.

24. The method according to claim 23, wherein sensing
location coordinates of the tool comprises sensing location
coordinates of the tool while the tool moves along the plural-
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ity of branch lines within the multi-lumen structure, the at
least two of the branch lines branching from a common bifur-
cation point.

25. The method according to claim 16, wherein:

the multi-lumen structure includes at least a portion of a

bronchial tree of the subject;

the image includes an image of the portion of the subject’s

bronchial tree; and

sensing location coordinates of the tool comprises sensing

location coordinates of the tool while the tool moves
along the plurality of branch lines within the portion of
the subject’s bronchial tree.

26. The method according to claim 25, wherein sensing
location coordinates of the tool comprises sensing location
coordinates of the tool while the tool moves along the plural-
ity of branch lines within the portion of the subject’s bron-
chial tree, at least one of the branch lines being at least
partially within a left lung of the subject, and at least one of
the branch lines being at least partially within a right lung of
the subject.

27. The method according to claim 25, wherein sensing
location coordinates of the tool comprises sensing location
coordinates of the tool while the tool moves along the plural-
ity of branch lines within the portion of the subject’s bron-
chial tree, at least one of the branch lines being at least
partially within an upper lobe of lungs of the subject, and at
least one of the branch lines being at least partially within a
lower lobe of the subject’s lungs.

28. The method according to claim 25, wherein:

sensing location coordinates of the tool comprises sensing

location coordinates of the tool while the tool moves
along a plurality of branch lines that are disposed along
central airways of the subject’s bronchial tree; and
registering the multi-lumen structure with the image of the
multi-lumen structure comprises registering even
peripheral airways of the subject’s bronchial tree with
the image of the portion of the subject’s bronchial tree.

29. The method according to claim 16, wherein determin-

ing the correspondence between the sensed location coordi-
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nates of the tool and the plurality of branch lines within the
image of the multi-lumen structure comprises:

based upon the sensed location coordinates of the tool,
determining locations of lines that are representative of
the branch lines; and

determining locations of lines within the image that corre-
spond to the lines that are representative of the branch
lines.

30. The method according to claim 29, wherein determin-
ing the locations of lines that are representative of the branch
lines comprises determining locations of center lines of
branches through which the branch lines pass.

31. A computer software product, for use with an imaging
device configured to acquire an image of a multi-lumen struc-
ture within a body of a subject from outside of the structure,
and a tool configured to be moved along branches of the
multi-lumen structure, at least one location sensor coupled to
the tool, the location sensor being configured to facilitate
sensing of location coordinates of the tool, the computer
software product comprising a non-transitory computer-read-
able medium in which program instructions are stored, which
instructions, when read by a computer cause the computer to
perform the steps of registering the multi-lumen structure
with the image of the multi-lumen structure, such that the
multi-lumen structure and the image of the multi-lumen
structure have a common frame of coordinates, by (a) sensing
the location coordinates of the tool while the tool moves along
a plurality of branch lines within the multi-lumen structure,
each of the branch lines passing through at least a portion of
at least one branch of the multi-lumen structure, the branch
lines defining a plurality of paths within the multi-lumen
structure, (b) identifying the plurality of branch lines within
the image, and (¢) determining a correspondence between the
sensed location coordinates of the tool and the plurality of
branch lines within the image of the multi-lumen structure,
and generating an output in response to the registering.
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