(12) (19) (CA) Demande-Application

A .\0.“ + \ .!; - (]
:{ x.‘ :‘“‘:‘-\':\\. ‘: .::::'
h C L} 0 ] L) -
Y. ": {..o'o::.\ \“a‘\‘\.( l:l
‘c ‘0‘\ 1 ] ('\ l‘ N .\ O.I.l_\ ‘o.l 'N
Ny PV
L) ’ " Ko s by B
- N : 'l:'-. X ‘:'a :"‘;"‘ N ':'\\/ . &‘; TR
WL -
)

(OFFICE DE LA PROPRIETE : LN . CANADIAN INTELLECTUAL
INTELLECTUELLE DU CANADA "1\ PROPERTY OFFICE (21) (Al) 2,3 2 1 ,3 5 5
(22)2000/09/28
(72) REISFELD, DANIEL, IL (43)2001/04/01
(71) BIOSENSE, INC., US
1) Int.C1.” A61M 25/00

(30) 1999/10/01 (09/411,154) US
534) RECONSTRUCTION VASCULAIRE
(54) VASCULAR RECONSTRUCTION

30 25

(57) A method for vascular reconstruction comprises the steps of advancing a catheter having a position sensor 1nto the
vessel, acquiring position information from the sensor at a plurality of points 1n the vessel, calculating a center-line of
the vessel based on said position information, and calculating the inner surface of the vessel. The method of the
invention preferably further comprises displaying the vessel reconstruction. The mnvention 1s also directed to apparatus
for reconstructing vessels which comprises a catheter having a position sensor contained theremn, means for acquiring
position information from said sensor at a plurality of points 1n said vessel, means for calculating a centerline of the
vessel based on said position mnformation, and means for calculating the mmner surface of the vessel.

I*I Industrie Canada  Industry Canada



CA 02321355 2000-09-28

VASCULAR RECONSTRUCTION

ABSTRACT
A method for vascular reconstruction comprises the steps of advancing a
catheter having a position sensor into the vessel. acquiring position information from

the sensor at a plurality of points in the vessel. calculating a center-line of the vessel

(A

based on said position information. and calculating the inner surface of the vessel.

The method of the invention preferably further comprises displaying the vessel
reconstruction. The invention is also directed to apparatus for reconstructing vessels
which comprises a catheter having a position sensor contained therein. means for
acquiring position information from said sensor at a plurality of points in said vessel.

10 means tor calculating a centerline of the vessel based on said position information,

and means for calculating the inner surface of the vessel.
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VASCULAR RECONSTRUCTION

FIELD OF THE INVENTION

The invention relates generally to methods and apparatus for reconstructing

blood vessels, and particularly to methods and apparatus for three-dimensional

reconstructions.

BACKGROUND OF THE INVENTION

The present invention relates to methods for reconstructing blood vessels

based on position information acquired from a position sensor contained in a

catheter that traverses the vessel.

Blood vessels are visualized today principally by angiography, in which a
contrast medium 1s 1njected into the bloodstream and the vasculature is imaged using
lonizing radiation imaging modalities. Such imaging must be limited however. due
to the adverse effects of cumulative radiation on patients. Furthermore, some
patients react adversely to the contrast media used in angiography. Accordingly, it
would be desirable to have a visualization method that does not depend on ionizing
radiation imaging modalities or on the use of contrast agents. -

U.S. patent 5,546,951 and U.S. patent application 08/793,371, which are
incorporated herein in their entirety by reference. disclose methods for sensing an
electrical property of the heart tissue, for example, local activation time, as a
function of the precise location within the heart. The data are acquired with one or

more catheters that are advanced into the heart. the catheters having electrical and

location sensors in their distal tips. Methods of creating a map of the electrical
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activity of the heart based on these data are disclosed in commonly assigned U.S.
patent applications 09/122,137 and 09/ 357,559 filed on July 24, 1998 and July 22,
1999, respectively. which are also incorporated herein in their entirety by reference.

As 1ndicated in these applications. location and electrical activity is preferably

initially measured on about 10 to about 20 points on the interior surface of the heart.

These data points are then generally sufficient to generate a preliminary
reconstruction or map of the cardiac surface to a satisfactory quality. The
preliminary map is formed by defining an initial, closed 3-dimensional curved
surface, preferably of an ellipsoid. in a reconstruction space in the volume of the
sample points. The closed curve is roughly adjusted to a shape which resembles a
reconstruction of the sample points. Thereafter, a flexible matching stage is

repeatedly performed one or more times to bring the closed curve to resemble the

shape of the actual volume being reconstructed. While the above-described methods

provide satisfactory reconstructions of organs, the algorithms employed therein do

not provide accurate reconstructions of blood vessels. particularly when the vessels

are convoluted or tortuous in shape.

Reconstruction of blood vessels in Images or reconstructions of the heart are
beneficial because the blood vessels provide confirmatory landmarks that assist in
navigation to specific regions in the heart. Accordingly, it would be desirable to
have a method of realistically reconstructing blood vessels that complements
existing methods for recqflitructing chambers of the heart.

Cardiologists are increasingly attributing atrial fibrillation to defects in the

electrical pathways of the heart that originate in the pulmonary vein. Diagnosis and

-9 .




7

10

CA 02321355 2000-09-28

treatment of this condition requires assessing the electrical activity in the pulmonary
veln and subsequently ablating defects in or around the vein. Methods for
reconstructing the veins with data that may be accumulated with catheters bearing
diagnostic or therapeutic components would facilitate the use and outcomes of these
procedures.

Certain interventional and diagnostic procedures such as catheterization of
the brain are preceded by the generation of images of the vasculature by modalities
such as magnetic resonance imaging (MRI). A reconstruction of the vessels effected
during the catheterization that could be registered with a previously acquired image

would allow the physician to identify the catheter tip location during the procedure

with respect to the previously acquired image.

SUMMARY OF THE INVENTION

The present invention is directed to a method for reconstructing the inner
surface of a blood vessel using a catheter having a position sensor contained therein.
The method of the invention comprises the following steps:

a) advancing the catheter into the vessel:

b) acquiring position information from the sensor at a plurality of points in the
‘vessel;

¢) calculating a center-line of the vessel based on said position information: and

d) calculating the inner surface of the vessel.

In a preferred embodiment. the method of the invention further comprises the

step of displaying the reconstructed vessel surface.
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The invention is also directed to apparatus for reconstructing the inner surface of

vessels. which comprises:

a) a catheter having a position sensor contained therein;

b) means for acquiring position information from said sensor at a plurality of

pornts in said vessel:

¢) means for calculating a centerline of the vessel based on said position

information: and

d) means for calculating the inner surface of the vessel.

In a preferred embodiment, the apparatus of the invention further comprises
means for displaying the vessel reconstruction.
[t 1s an object of the invention to provide a method and apparatus for

reconstructing blood vessels without the use of imaging modalities or contrast

agents.

It 1s another object of the invention to provide a method of reconstructing blood
vessels that is complementary to methods and apparatus tor reconstructing the heart.

[t 1s another object of the invention to provide a method of vessel reconstruction
that could provide reconstructions that could be registered with previously acquired

images of the vasculature.

These and other objects, features and advantages of the present invention will be

more readily apparent for the detailed description set forth below. taken in

conjunction with the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

F1g. 1 1s a schematic drawing of apparatus used to practice the method of the
Invention;

Fig. 2A shows a two-dimensional projection of positions that are acquired in
a blood vessel using a catheter having a position sensor contained therein:

Fig. 2B shows the projection of the positions of Fig. 2A rotated by 90°:

Fig. 3A shows the projection of the positions of Fig. 2A together with a

computed vessel centerline;

F1g. 3B shows the projection of the positions and centerline of Fig. 3A

rotated by 90°;
Fig. 4A shows a projection of the points and centerline of Fig. 3A with
normal vectors drawn at increments perpendicular to the centerline:

F1g. 4B shows a projection of the points. centerline and vectors of Fig. 4A

rotated 90° around the vertical axis:

Fig. SA shows a wire-frame reconstruction of the vessel positions depicted in
Fig. 2A:

Fig. 5B shows the wire frame reconstruction of vessel of Fig. SA rotated by
90°;

F1g. 5C shows an expanded view of a portion of the wireframe reconstruction
of Fig. 3B:

F1g. 6A shows a shaded reconstruction of the vessel positions depicted in

Fig. 2A:
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Fig. 6B shows a shaded reconstruction of the vessel of Fig. 6A rotated by
90°;

Fig. 7 shows a wire frame reconstruction of the vessel positions of Fig. 2A in
which the vessel was reconstructed with a variable radius algorithm;

Fig. 8 shows a shaded reconstruction of the vessel positions of Fig. 2A in

which the vessel was reconstructed with a variable radius algorithm;

Fig. 9A shows a reconstruction of the points of Fig. 2A and Fig. 2B using an
algonthm designed for reconstruction of an organ such as the heart;

Fig. 9B shows the reconstruction of Fig. 9A rotated by 90°.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The method of the invention for reconstructing the inner surface of a blood
vessel using a catheter having a position sensor contained therein comprises the
tollowing steps:

a) advancing the catheter into the vessel,

b) acquiring position information from the sensor at a plurality of points in the

vessel;

c) calculating a center-line of the vessel based on said position information,

d) calculating the inner surface of the vessel.

The position sensor may, for example, be an electromagnetic, magnetic or
acoustic sensor. Electromagnetic sensors are preferred for use in the process of the
invention. Exemplary Sensors, catheters containing said sensors and systems
incorporating said sensors and catheters are described, for example in U.S. Patents

4,173,228, 4,697,595, 4,821,731, 5,042,486, 5,081,993; 5,391,199; 5,558,091,
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3.729,129: 5,752,513, 5.913.820: and 5.954.665: and in PCT Applications WO
96/05768 and WO 97/24983. which are incorporated herein in their entirety by

reference.

The position sensor acts as a receiving antenna that receives signals from
field generators external to the body. In an alternative embodiment. the position

SE€NSOr may act as a generator to transmit fields that are received by antennas

external to the body.

The position sensor is preferably contained in the catheter at or proximate to
the catheter distal tip.

Position information acquired by the position sensor contained in the catheter
can be used to provide a reconstruction or a map of the physical dimensions of the
vessel or vasculature. If additional functional components are contained in the
catheter, condition information describing a condition of the blood vessel. may be
collected together with position information. As used herein, the term “condition"
refers to either a scalar or a vector quantity. and may comprise. for example. an
electrical property, a temperature. a pressure. a pH. a measure of local vessel
movement or any other condition or combination thereof. For example, the use of a
catheter having an electrophysiology electrode in addition to a position sensor
permits the simultaneous collection of position and electrical condition information
in the vessel. Exemplary electrical condition information that may be collected
includes but is not limited to voltage, impedance. conduction velocity and local

activation time (LAT). The combined position and condition information may be
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used to generate a map ot the condition information as a fuhction of the spaual
coordinates within the vessel.

The catheters used in the method of the invention may also contain other
functional components for effecting therapeutic functions within the body, such as
electrodes for selectively ablating tissue within the vessel or other organ within the
body.

F1g. 1 shows a preferred apparatus for carrying out the method of the
invention. The apparatus comprises catheter 21 for insertion into the human body.
Distal end 24 of catheter 21 includes a sensor 28 that generates signals used to
determine the position. and. optionally, the orientation of the catheter within the
body. Sensor 28 is preferably an electromagnetic sensor comprising a plurality of
colls as described in PCT application W096/05768, which is incorporated herein in
its entirety by reference. This sensor enables continuous generation of up to six
dimensions of position and orientation information with respect to externally applied
magnetic tields. Alternatively, sensor 28 may comprise only a single sensing coil as
described 1n U.S. Patent 5.913.820. Sensor 28 may comprise other position and/or
coordinate sensors as described in U.S. patent 5,391,199, U.S. 5,443,489 and PCT
application W094/04938 which are incorporated herein by reference. Further, tip
22 may be coated with an opaque marking material to visualize the tip under an
imaging apparatus such as a fluoroscope.

Distal end 24 of catheter 21 optionally includes a functional portion 23 for
performing diagnostic and/or therapeutic functions. adjacent to distal tip 22.

Functional portion 23 preferably comprises electrodes or sensors for performing

-8 -
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electrophysiological measurements, as described. for example. in U.S. patent
0,391,199 or in PCT application W097/24983. which are incorporated herein by
reterence. Alternatively or additionally, functional portion 23 may include other
diagnostic apparatus for acquiring parameter values at points within the body.
Functional portion 23 may also include therapeutic apparatus as known in the art.
Sensor 28 is preferably adjacent to and in a fixed relationship relative to

functional portion 23 and to tip 22 of catheter 21.

Catheter 21 preferably includes a handle 30, having controls 32 which are

used to steer distal end 24 of catheter 21 in a desired direction. Catheter 21

preferably compnises a steering mechanism in distal end 24 as is known in the art to
facilitate repositioning of tip 22.

Catheter 21 is coupled via an extension cable 25 to a console 34 which
enables the user to observe and regulate the function of catheter 21. Console 34
preferably includes a computer 36. keyboard 38, signal processing circuitry 40,
which are typically inside computer 36, and display 42. Signal processing circuits
40 typically receive, amplify, filter and digitize signals from catheter 21, including
signals from sensor 28 and functional portion 23. wheréupon these digitized signals
are used by computer 36 to compute the position and/or orientation of catheter tip 22

and to record condition information measured from functional portion 23.

Alternatively, appropriate circuitry may be associated with catheter 21 itself so that
circuits 40 receive signals that are already amplified, filtered and/or digitized.
Preterably, computer 36 includes a memory for storing position and condition

information. Computer 36 also comprises means for capturing images from an
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imaging modality either using a video or a DICOM protocol interface. Computer 36
preferably further comprises dedicated graphics hardware for rapidly calculating the
vessel reconstructions and for displaying them on display 42. Preferably, the
computer 1s equipped to receive body surface ECG signals from ECG monitor 73
which is connected to a plurality of ECG body surface leads 52. Altemnatively, ECG
monitoring may also be conducted directly by circuits 40. Since blood vessels
undergo movement as a function of the cardiac cycle, the use of the body surface
ECG permits the gating of the position information and the resultant reconstruction
to a single point in the cardiac cvcle.

An algorithm 1s used in the reconstruction of the vessel from the position

information acquired at a plurality of acquisition points by the position sensor. The

input to the algorithm is a series of three-dimensional sensor locations PP, - P

9 n?

that are acquired within the vessel such that P, =(x., y,,z.) wherein Xi, Yi and z; are
the particular coordinates of the i/ acquisition point.

F1g. 2A shows a two dimensional projection of the positions of points 26 at
which position information is acquired using the above-described catheter and

sensor. Fig. 2B shows the plot of the acquisition points of Fig. 2A rotated 90° about

the vertical axis of Fig. 2A.

The algonithm used in the method of the invention approximates the inner
surface of the vessel such that cross-sections of the vessel perpendicular to the vessel
centerline are circular or nearly circular in shape. One of ordinary skill in the art

will appreciate that the method of the invention may be applied to generate

- 10 -
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reconstructions having other cross-sectional shapes. such as an elliptical or

polygonal shape, for example.

The vessel is reconstructed in two steps: first, the centerline of the vessel 1s

calculated. Then the vessel wall of appropriate radius or cross-section is calculated

around the centerline.

CALCULATION OF THE VESSEL CENTERLINE

We use d, = ”R ~-P

, the distance between sample point P and P, , to find
an extreme point. £, , (28 in Fig. 2A) which is the sample point that is the most
remote from all other sample points. i.e.

m= maxargZd;‘ :
’ '

In other words, for each point, we calculate the distance from that point to all
other points. The extreme point. P, is that point having the longest distance from
itself to the other points. The distance between the points from which to base the

selection of P, is assessed. as in the above equation. as the sum of squares of the

distances between points.

We denote the distance between a sample point, P, and the extreme point,
P, ,byd . ie.,d=d .

Let d =maxd,, the maximum distance between the extreme point and any of

the other points. We may then define ¢; as:

!, =-‘3e[0,1].

-11 -
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The vessel centerline is a one-dimensional line embedded in three-

dimensional space. The centerline represents the locus of all geometric centers of all

possible cross-sections of the vessel.
We seek a parametric representation of the vessel centerline that is of the
form:
Fle)=(X().Y(),z() refo.1]
wherein X(1), I'(t) and Z(1) are functions of ¢ that represent the coordinates of

the centerline.

Each location P, has a corresponding point F(t,), the point on the centerline
closest to P;. The representation of the centerline F(t) preferably minimizes the

distance between the centerline and the sample points in a least squares sense. i.e..

> IF@)-~ I” is minimal over the function space.

The tollowing series of polynomials of degree & are used for calculating the

centerline representation:

X(r)=iajt’ Y(t)=ibjt’ Z(t)=icjtf

1=0 §=0 =0
We wish to use a polynomial of high enough degree to be able to fit the data

but of low enough degree to avoid over-fitting the data. In practice. a third degree

polynomial fit. 1.e.. in which &k =3, is preferred.

For each of the above polynomial equations (one for each coordinate

dimension). we solve a system of linear equations whose unknowns are the

coefficients a,.b; and ¢, (j=0.....k). The system of equations equates the

- 12 -
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polynomials X7#), Y(t) and Z(z) with the respective coordinates of each of the

acquired data points according to the following equations:

X(t)=x [=1---.n

(3

Z(t,.):::. i=1,---.n

!

V. I =1l-.n

Singular value decomposition is a robust. preferred method for solving these
systems of equations (see for example, “Numerical Recipes in C: The Art of
Scientific Computing”. William T. Vetterling (Editor), Saul A. Teukolsky, William
H. Press (Editor), and Brian P. Flannery, Cambridge University Press, pp 59-70,
1997).

F1g. 3A shows a two-dimensional projection of the original acquisition points
as well as the computed centerline 29. Fig. 3B shows the points and centerline of
Fig. 3A rotated by 90°.

CALCULATION OF THE VESSEL WALL ABOUT THE CENTERLINE

As indicated above, the algorithm used in the method of the invention
approximates the inner surface of the vessel wall such that cross-sections of the
vessel perpendicular to the vessel centerline are circular or polygonal in shape.

Thus. the reconstruction models the vessel as a whole as being tubular in shape.
A three-dimensional reconstruction about the centerline may be performed to

generate a tube of either fixed or variable radius (fixed or variable cross-section).

-13 -
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Reconstruction of the vessel as a tube is performed by calculating circular or
polygonal slices or cross-sections around, and preferably perpendicular to the

centerhine. and connecting the slices together to form a tube.

The tangent to the centerline may be expressed by the following series of

equations:
D)= F(1)- ( X(), 2¥(), -‘-’-z(r))
dt dt
where
d . d :
—X()=>a,jt'! —Y()=>b " — z(z) Zc jt
dt y=l | dt 4=l =l
Denoting n(V )- " " , one of the unit vectors normal to the centerline may be

expressed as:

.vo(z)=,,(_.€’_y( ). <4 x00). 0)

dt dt

F1g. 4A shows the points and centerline of Fig. 3A with normal vectors 41
drawn at increments perpendicular to the centerline. Fig. 4B shows the points,

centerline and vectors of Fig. 4A rotated 90° around the vertical axis.

Another unit vector normal to the centerline that is perpendicular to the

D ————

previous vector may be expressed by the equation:
N, (t)= D(t)x N, (t)
Two additional unit vectors are —:\Vyp(#) and —N,(1). Thus, a set of four vectors
N’(t) normal to centerline F (+) are ordered counterclockwise in 90" increments

about the centerline as follows:

- 14 -
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N° (t) = (No (’) AY (’) —V, (‘) =V, (f))

V°(t) is a very crude sampling of the vectors emanating from the centerline

and projecting onto a circle around the centerline F(¢). Given a set of vectors V' ()

that sample the circle around the centerline. additional vectors are in the direction of
the sum of previously calculated vectors. Thus, given a set of four vectors, N’ (t), the

set may be expanded to a new set. V' (1) containing 8 vectors as shown below:
N @©=NG6) Ny O)=0N 0+ N, 0)
Another set of vectors. \"(1), containing 16 vectors, may be similarly
generated from N’(7), and so on.

Finally, let r be the radius of the tube about any point on the centerline. For
a tube of fixed radius, a point on the surface of the tube around centerline F (¢)

which corresponds to the vector V (¢) is
S.t)=F(t)+r N (1)
The radius r of the tube may be chosen based oh the position information of
the points and their distances from the centerline. For example, radius r may be
chosen as the average or the median of the distances of the points from the

centerline. Alternatively, the reconstruction mayv be performed using a value of r

selected by the user that may be typical of the dimensions of the vessel under

reconstruction.

A wire-frame reconstruction of the tubular-shaped vessel is built from small
rectangular patches whose vertices are S.(¢),S (1 + A),S,, (t + A),S...(¢) . ie.. points
corresponding to two contiguous vectors in a slice. each of said points connected to

- 15 -
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corresponding points on the next adjacent slice or cross-section of the tube. Fig. 5A
shows the wire frame reconstruction of the points. centerline and first vectors of Fig.
4A. Fig. 3B shows the wire-frame reconstruction of F1g. 5A rotated 90° around its
vertical axis. Fig. 5C shows a greatly magnified view of a portion of the wire frame
reconstruction of Fig. 5B. In the reconstruction as seen in F 1g. 5C, each slice of the
reconstruction is composed of a 16-sided polygon. It will be appreciated that as the
number of sides in the polygon is increased, the vessel reconstruction will appear
more circular in cross-section. Each vertex of the polygon represents the radius (not
shown) emanating from the centerline (not shown) in the direction of one of the
aforesaid unit vectors. The sides of the polygon are made by connecting contiguous
vertices within a slice with straight lines. The squares connecting the slices are
made by connecting the corresponding vertices on adjacent slices with straight lines.

The reconstruction is completed by shading the squares making up the wire-
frame reconstruction. Fig. 6A and Fig. 6B show the shaded reconstructions of Fig.
5>A and Fig. 3B. respectively. Using standard graphic methods known in the art (see
for example "OpenGL(r) 1.2 Programming Guide. Third Edition: The Official Guide
to Learning OpenGL. Version 1.2", Mason Woo. et. al.. Addison-Wesley Publishing
Company, New York. NY. 1999). the individual rectangles comprising the wire-
frame reconstruction may be shaded using a gray scale or a color scale to lend

perspective to the otherwise flat two-dimensional representation of the three
dimensional vessel structure. Alternatively, if position information is collected
together with condition information using a catheter having both a position and

condition sensor. the wire frame reconstruction may be shaded or colored such that

- 16 -
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the colors or shades of the individual squares represent different values of the
condition information as a function of vessel coordinates.

As 1ndicated hereinabove. the method of the invention may be used to
provide a reconstruction of the vessel having either a fixed or a variable cross-

section. Reconstruction of a tube with a variable radius or cross-section requires a

modified slice formula:

S,(6)=F(e)+r(e)N,(r)

wherein r(r), the slice radius around centerline F (¢), is itself a function of

As 1ndicated above, each sample point. P, has a corresponding point on the

!

centerline. F(r,), to which it is closest. The distance from F, to 1ts corresponding
point F(¢,) on the centerline. P - F(t, ]I , 1s an indication of the vessel radius at

F(¢,). The radius of a slice may be determined by averaging the distances between

sample points and their corresponding centerline points in vicinity of the slice
center. For each slice, points closer to the slice may be accorded greater weight in
the computation of the average. In other words. the radius of a slice may be
computed as a weighted average of the distance between the points to the centerline,
with greater weight being accorded to points closer to the slice.

F1g. 7 and Fig. 8 show the wire-frame and shaded reconstructions.

respectively, of the position information of Fig. 2A using the above-described

vaniable radius reconstruction algorithm.

- 17 -
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The decision to reconstruct the vessel with a fixed or variable radius depends
on a number of factors. A high quality reconstruction of a tube with variable radius
requires more data points taken around the vessel cross-section. This requirement
translates into longer procedure time to acquire the points. Altemnatively, a fixed
radius tube may be reconstructed from fewer data points around the vessel cross-
section, which may be acquired, for example by merely traversing the catheter
through the vessel. A fixed radius reconstruction would be silent on variations in

cross-section of the vessel, but would, nevertheless, be expected to accurately

portray the three-dimensional vessel shape.

As previously indicated. copending commonly assigned applications
09/122,137 and 09/ 357,559 disclose methods of mapping the electrical activity of
the heart. The reconstruction disclosed in these applications is effected by
generating a preliminary map by defining an initial, closed 3-dimensional curved
surface. preferably of an ellipsoid. in a reconstruction space 1n the volume of the
sample points. The closed curve is roughly adjusted to a shape which resembles a
reconstruction of the sample points. Thereafter, a flexible matching stage is
repeatedly performed one or more times to bring the closed curve to resemble the
shape of the actual volume being reconstructed. The data of Fi1g. 2A and Fig. 2B
were reconstructed using the algorithm of these copending applications, and shaded
reconstructions of the data using those methods are shown in Fig. 9A and Fig. 9B. It
will be appreciated that t_l_me_ method of the invention successfully in reconstructs

vessels more realistically than the above-disclosed methods designed for heart

reconstructions.

- 18 -
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Although this invention has been described in connection with its most
preferred embodiments, it will become readily apparent to those reviewing this
detailed specification that numerous additional embodiments fall well within the

scope and spirit of the claimed invention as set forth in the claims which appear

below.

WL
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CLAIMS

A method of reconstructing the inner surface of a blood vessel using a catheter
having a position sensor contained therein, said method comprising:

a) advancing the catheter into the vessel:

b) acquiring position information from the sensor at a plurality of acquisition

points in the vessel;
¢) calculating a centerline of the vessel based on said position information:
d) calculating the inner surface of the vessel.
The method of claim 1 wherein the centerline is described as a parametric
function.
The method of claim 2 wherein the parametric function is of a polynomial form.
The method of claim 1 wherein the distances between acquisition points and
respective points on the centerline closest to said acquisition points are
minimized.
The method of claim 4 wherein said distances are minimized in a least squares

SCIISE.

The method of claim | wherein said inner vessel surface 1S reconstructed in

approximately circular cross-section.

The method of claim 1 wherein said reconstruction compnses calculating slices

of the vessel about said centerline.

The method of claim 7 wherein said slices are perpendicular to said centerline.
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The method of claim 8 wherein said slices perpendicular to said centerline have

a fixed cross-section.

The method of claim 8 wherein said slices perpendicular to said centerline have
a variable cross-section.
The method of claim 1 wherein the distance from each point on the

reconstruction to the centerline is a function of the distances of the acquisition

points to the centerline.

The method of claim 11 wherein the distance from each point on the

reconstruction to the centerline is the average distance of the acquisition points

to the centerline.

The method of claim 11 wherein the distance from each point on the
reconstruction to the centerline is the median distance of the acquisition points to

the centerline.

The method of claim 11 wherein said function is a weighted average of the
distances of the acquisition points to the centerline.

The method of claim 14 wherein said weighted average accords greater weight
to proximate acquisition points.

The method of claim 11 wherein said distance is user selected.

The method of claim 1 which further comprises acquiring condition information

at said acquisition points.

18. The method of claim 17 wherein said reconstruction is color-coded to depict

values of said condition information.
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19. The method of claim 17 wherein values of condition information on the vessel

21

9

dmy dany =

surface intermediate said acquisition points are Interpolated.

. The method of claim | which further comprises the step of displaying the

reconstructed vessel surface.

. The method of claim | wherein said position information is obtained by

traversing the catheter in the vessel.

The method of claim | wherein said position information is obtained by

sampling points on the vessel wall around the vessel cross-section.

. The method of claim 1 wherein said position sensor is an electromagnetic sensor.

. Apparatus for reconstructing the inner surface of a blood vessel comprising:

a) a catheter having a position sensor contained therein:

b) means for acquiring position information from said sensor at a plurality of

points in said vessel:

¢) means for calculating a centerline of the vessel based on said position

information: and

d) means for calculating the inner surface of the vessel.

. The apparatus of claim 24 which further comprises means for displaying the

reconstruction.

26. The apparatus of claim 24 wherein said sensor is an electromagnetic sensor.

29
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