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An electrode support structure comprises a distal hub (48) and a proximal
base (12) aligned along a major axis with the distal hub (48). An array of
generally flexible spline elements (180) extends between the hub (48) and the
base (12). The spline elements (180) each have an elongated axis that, at the
base (12), extends generally parallel to the major axis and, at the hub (48),
extends at an angle measured relative to the major axis of between 45 degrees
and 110 degrees. The spline elements (180) collectively define a distal surface
(66) lying within an envelope that approximates the curvature of endocardial
tissue and within which envelope the distal hub (48) lies. According to this
aspect of the invention, the distal surface (66), when contacting endocardial
tissue, increases in surface area in response to force applied generally along
the major axis to mediate tissue pressure.
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MULTIPLE ELECTRODE SUPPORT STRUCTURES

HAVING OPTIMAL BIO-MECHANICAL CHARACTERISTICS

Related Application
This application is a continuation-in-

part of copending application Serial No.
08/206,414, filed March 4, 1994 and entitled "Mul-
tiple Electrode Support Structures."
Field of the Invention

The invention relates to multiple elec-
trode structures deployed in interior regions of
the heart for diagnosis and treatment of cardiac
conditions.

Background of the Invention

Physicians make use of catheters today in
medical procedures to gain access into interior
regions of the body to ablate targeted tissue
areas. It is important for the physician to be
able to precisely locate the catheter and control
its emission of energy within the body during
tissue ablation procedures.

The need for precise control over the
catheter is especially critical during procedures
that ablate endocardial tissue within the heart.
These procedures, called electrophysiological
therapy, are use to treat cardiac rhythm distur-
bances.

During these procedures, a physician
steers a catheter through a main vein or artery
into the interior region of the heart that is to
be treated. The physician then further manipu-
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lates a steering mechanism to place the electrode
carried on the distal tip of the catheter into
direct contact with the endocardial tissue that is
to be ablated. The physician directs energy from
the electrode through tissue either to an indif-
ferent electrode (in a uni-polar electrode arran-
gement) or to an adjacent electrode (in a bi-polar
electrode arrangement) to ablate the tissue and
form a lesion.

Physicians examine the propagation of
electrical impulses in heart tissue to locate
aberrant conductive pathways and to identify foci,
which are ablated. The technigues used to analyze
these pathways and locate foci are commonly called
“"mapping."®

Conventional cardiac tissue mapping tech-
niques introduce several linear electrode arrays
into the heart through vein or arterial accesses.
There remains a need for improved endocardial
mapping techniques using three dimensional, multi-
ple electrode structures.

An endocardial multiple electrode mapping
structure can potentially remain in place within a
heart chamber for ten thousand to twenty thousand
heart beats. During this time, the powerful con-
tractions of heart muscle constantly flex and
stress the structure. The structure must be
strong and flexible enough to survive introduction
and fatigue in this dynamic environment. The
structure also must be designed to keep the elec-
trodes spaced apart both longitudinally and cir-
cumferentially without failure and without shed-
ding parts. Though strong and durable, the struc-
tures also must cause no trauma when in contact
with tissue.

PCT/US96/18332
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While prior multiple electrode support
structures may attempt to provided the requisite
strength and flexibility, they have created enve-
lopes with blunt, non-conforming contours that can
poke into tissue and cause trauma during heart
contractions.

It can be seen that providing economical,
durable, and safe multiple electrodes in a package
small enough to be deployed within the heart poses
often conflicting challenges.

Summary of the Invention

This invention has as its principal ob-
jective the realization of safe and efficacious
endocardial mapping techniques.

The invention provides structures for
supporting multiple electrode arrays within the
heart that address the conflicting challenges.
They optimize mechanical characteristics of the
structures to best achieve the intended
electrophysiological function, while also avoiding
tissue trauma. At the same time, they possess
minimal structural parts and complexity, lending
themselves to practical, economical fabrication
techniques.

One aspect of the invention provides an
electrode support structure comprising a distal
hub and a proximal base aligned along a major axis
with the distal hub. A generally flexible spline
element extends between the hub and the base the
spline element. The spline has an elongated axis
that, at the base, extends generally parallel to
the major axis and, at the hub, extends at an
angle, measured relative to the major axis, of
between 45° and 110°. This geometry lends signifi-
cant stability to the structure, imparting to the

PCT/US96/18332



WO 97/17905 PCT/US96/18332

10

15

- 20

25

30

35

spline element the capability of deforming in
response to radial, lateral, and torsional forces
without buckling or warping.

Another aspect of the invention provides
an electrode support structure comprising a distal
hub having an opening and a proximal base. A
generally flexible spline element extends between
the hub and the base. According to this aspect of
the invention, the spline element is flexibly
constrained within the opening against movement
out of the opening. Nevertheless, the opening has
clearance to accommodate twisting of the spline
element within the opening in response to external
force. This measure of flexible, "soft" con-
straint at the distal end of the structure lessens
the overall stiffness of the structure. It im-
parts to the structure tha ability to flexibly
deform, without buckling or warping, in response
to complex radial, lateral, and torsional forces.

Yet another aspect of the invention pro-
vides an electrode support structure comprising a
distal hub and a proximal base aligned along a
major axis with the distal hub. An array of gen-
erally flexible spline elements extend between the
hub and the base. The spline elements each have
an elongated axis that, at the base, extends gen-
erally parallel to the major axis and, at the hub,
extends at an angle, measured relative to the
major axis, of between 45° and 110°. The spline
elements collectively define a distal surface
lying within an envelope that approximates the
curvature of endocardial tissue and within which
envelope the distal hub lies. According to this
aspect of the invention, the distal surface, when
contacting endocardial tissue, increases in sur-
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face area in response to force applied generally

along the major axis to mediate tissue pressure.
Other features and advantages of the in-

ventions are set forth in the following Descrip-

tion and Drawings, as well as in the appended

Claims.

Brief Description of the Drawings

Fig. 1 is a plan view of a multiple elec-
trode probe that embodies the features of the
invention, showing the associated electrode sup-
port assembly in its deployed condition;

Fig. 2 is an enlarged view of the distal
end of the probe shown in Fig. 1, showing the
associated electrode support assembly in a col-
lapsed condition within a sliding outer sleeve;

Fig. 3 is a diagrammatic sectional view
of the interior of a human heart at diastole;

Fig. 4 is a diagrammatic sectional view
of the interior of a human heart at ventricular
systole;

Fig. 5 is a diagrammatic section of the
interior of the right side of the human heart in
diastole with a preferred multiple electrode
structure deployed;

Fig. 6 is a diagrammatic section of the
interior of the right side of the human heart in
systole with the preferred multiple electrode
structure, also shown in Fig. 5, deployed;

Fig. 7 is a side diagrammatic view of a
spline for a multiple electrode structure in vari-
ous at rest and radially deflected conditions;

Fig. 8 is a graph plotting radial deflec-
tion against radial force for splines of different
stiffnesses;

Fig. 9 is a diagrammatic view of the

PCT/US96/18332
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measurement of the radial stiffness function for a
given spline;

Fig. 10 is a diagrammatic view of the
measurement of the torsional stiffness function
for a given spline;

Fig. 11 is a diagrammatic view of the
measurement of the torsional stiffness function
for a given multiple electrode structure;

Fig. 12 is a diagrammatic view of the
measurement of the axial stiffness function for a
given multiple electrode structure;

Fig. 13 is a diagrammatic view of the
measurement of the tissue pressure function for a
preferred multiple electrode structure whose dis-
tal area of tissue contact increases with increas-
ing contact force;

Fig. 14 is a diagrammatic view of the
measurement of the tissue pressure function for a
preferred multiple electrode structure whose dis-
tal area of tissue contact remains constant with
increasing contact force;

Fig. 15 is a representative graph that
plots tissue pressure as a function of contact
force for a spline;

Fig. 16 is an assembly view of a compos-
ite spline structure showing the various compo-
nents that affect the mechanical properties of the
spline;

Fig. 17 is a diagrammatic section of the
interior of the right side of the human heart at
diastole with an unstable multiple electrode
structure deployed;

Fig. 18 is a diagrammatic section of the
interior of the right side of the human heart at
diastole with an unstable multiple electrode
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structure deployed, showing buckling and warping
of the splines due to the mechanical instability
of the structure;

Fig. 19 is a diagrammatic side view of
the axial geometry of a spline in an unstable
multiple electrode support structure, showing the
effects of the application of a radial force at
the mid portion of the spline;

Fig. 20 is a diagrammatic side view of
the axial geometry of a spline in a preferred
stable multiple electrode support structure, show-
ing the effects of the application of a radial
force at the mid portion of the spline;

Fig. 21 is a diagrammatic side view of
the axial geometry of a spline in the unstable
multiple electrode support structure shown in Fig.
19, showing effects of the application of a radial
force above the mid portion of the spline;

Fig. 22 is a diagrammatic side view of
the axial geometry of a spline in the stable mul-
tiple electrode support structure shown in Fig.
20, showing effects of the application of a radial
force above the mid portion of the spline;

Fig. 23 is an elevation view of an inte-
gral, hoop-like body that can be assembled to form
an electrode support assembly that embodies the
features of the invention;

Fig. 24 is an enlarged view of the mid-
section of the hoop-like body shown in Fig. 23,
showing the detent used to lock the body into an
associated end cap;

Fig. 25 is a side elevation view of the
end cap used to assemble the hoop-like body shown
in Fig. 23 into an electrode support assembly;

Fig 26 is a top section view of the end
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cap taken generally along line 26-26 in Fig. 25;

Fig. 27 is a side section view of the end
cap taken generally along lines 27-27 in Fig. 26;

Fig. 28 is a side section view showing
the mid-section of a hoop-like body shown in Fig.
24 locked in place within the end cap shown in
Fig. 25;

Fig. 29A is a side elevation view of the
end cap shown in Fig. 25 with multiple hoop-like
bodies shown in Fig. 23 secured in place to form
an electrode support assembly;

Fig. 29B is a diagrammatic view of the
end cap shown in Fig. 25, demonstrating the pre-
ferred angular relationship between the spline
elements and the end cap;

Fig. 30 is an exploded perspective view
of the electrode support assembly assembled from
several hoop-like bodies shown in Fig. 23 using
the end cap shown in Fig. 25 and a base;

Fig. 31 is a lock ring associated with
the base for the support assembly shown in Fig.
30, taken generally along line 31-31 in Fig. 30;

Fig. 32 is an exploded perspective view
of the lock ring and anchor member of the base for
the electrode support assembly shown in Fig. 30;

Fig. 33 is an assembled perspective view
of the lock ring and anchor member of the base for
the electrode support assembly shown in Fig. 30;

Fig. 34 is a perspective view of a multi-
ple electrode support structure that embodies the
unstable axial geometry shown in Figs. 19 and 21;

Fig. 35 is a graph comparing the radial
stiffness functions of splines in the preferred
structure shown in Fig. 30 and the other structure
shown in Fig. 34;
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Fig. 36 is a graph comparing the tor-
sional stiffness functions of spline in the pre-
ferred structure shown in Fig. 30 and the other
structure shown in Fig. 34;

Figs. 37 to 39 are graphs comparing the
axial stiffness functions for the preferred struc-
ture shown in Fig. 30 and the other structure
shown in Fig. 34 between diastole and systole;

Fig. 40 is a graph comparing the distal
tip pressure as a function of contact force for
the preferred structure shown in Fig. 30 and the
other structure shown in Fig. 34;

Fig. 41 is a graph comparing the distal
tip area as a function of contact force for the
preferred structure shown in Fig. 30 and the other
structure shown in Fig. 34;

Figs. 42A to 42E are photographs of the
structure shown in Fig. 34 taken as contact force
at the distal tip is increased while the distal
tip is in contact with heart tissue;

Figs. 43A to 43E are photographs of the
preferred structure shown in Fig. 30 taken as
contact force at the distal tip is increased while
the distal tip is in contact with heart tissue;:

Fig. 44 is a table listing the
stiffnesses measured for a preferred structure and
another structure; and

Fig. 45 is a plot of the stiffnesses
versus constraint diameter for the preferred
structure and the other structure.

The invention may be embodied in several
forms without departing from its spirit or essen-
tial characteristics. The scope of the invention
is defined in the appended claims, rather than in
the specific description preceding them. All em-
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bodiments that fall within the meaning and range
of equivalency of the claims are therefore in-
tended to be embraced by the claims.
Description of the Preferred Embodiments
I. Overview of the Electrode Support
Assembly

Fig. 1 shows a multiple electrode probe
10 that embodies the features of the invention.

The probe 10 includes a flexible catheter
tube 12 with a proximal end 14 and a distal end
16. The proximal end 14 carries an attached han-
dle 18. The distal end 16 carries an electrode
support assembly 20.

The electrode support assembly 20 com-
prises an array of flexible spline elements 22
assembled to form a three dimensional structure.
The spline elements 22 radiate between a distal
tip 24 and a base 26, which the distal end 16 of
the catheter tube 12 carries. The support assembly
20 retains the spline elements 22 in a three di-
mensional basket structure. Of course, the result-
ing structure can assume other shapes.

The probe 10 also includes an electrode
circuit assembly 28, one for each spline 22. Each
circuit assembly 28 includes an array of multiple
electrodes 38. The electrodes 38 are connected by
signal wires 34, which extend through the catheter
tube 12, to external connectors 92, which the
handle 18 carries. Further details of the con-
struction of the electrode circuit assemblies are
shown in pending U.S. Application Serial No.
08/206,414, filed March 4, 1994, which is incorpo-
rated herein by reference.

When deployed for use (as Fig. 1 shows) -
- which, in the preferred embodiment, is inside a

PCT/US96/18332
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heart chamber -- the support assembly 20 holds the
electrodes 38 in intimate contact against the
endocardium.

In the illustrated and preferred embodi-
ment, the probe 10 includes an outer sheath 40
carried about the catheter tube 12. As Fig. 2 best
shows, the sheath 40 has an inner diameter that is
greater than the outer diameter of the catheter
tube 12. As a result, the sheath 40 slides along
the catheter tube 12.

As Fig. 2 shows, forward movement ad-
vances the slidable sheath 40 over the support
assembly 20. In this position, the slidable
sheath 40 compresses and collapses the support
assembly 20 for introduction through a vein or
artery to the intended treatment site within the
body.

As Fig. 1 shows, rearward movement re-
tracts the slidable sheath 40 away from the sup-
port assembly 20. This removes the compression
force. The freed support assembly 20 opens and
assumes its three dimensional shape.

II. Desired Bio-Mechanical Characteristics
for the Support Assembly

A. The Biological Environment

The heart 98 (see Figs. 3 and 4) is divided
into a right side 100 and a left side 102 by the
cardiac septum 104. Each right and left side con-
tains an upper blood collecting chamber, called
the atrium, respectively 106 and 108. Each right
and left side also contains a lower blood pumping
chamber, called the ventricle, respectively 110
and 112. The right atrium 106 receives oxygen-
depleted blood from the body through the vena cava
114. The right ventricle 110 pumps the oxygen-
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depleted blood to the lungs through the pulmonary
artery 116, where the blood is oxygenated. The
left atrium 108 receives oxygenated blood from the
lungs from the pulmonary veins 118. The left
ventricle 112 pumps the oxygenated blood to the
body through the aorta 120.

The heart muscle pumps the blood by means of
rhythmical dilations, called diastole, and con-
tractions, called systole. During ventricular
diastole (as Fig. 3 shows), the ventricles 110 and
112 are flaccid, and blood enters both the atria
106 and 108 and the ventricles 110 and 112. At
the end of ventricular diastole, the atria 106 and
108 contract and thus help to fill the ventricles
110 and 112. This is followed by ventricular sys-
tole (as Fig. 4 shows). During ventricular sys-
tole, the ventricles 110 and 112 contract, and
blood is pumped from the right ventricle 110 to
the lungs and from the left ventricle 112 to the
body.

In a healthy heart, the entire cardiac cycle
takes about 0.9 second. In adults at rest, there
are between 60 and 74 beats a minute. In infants
and young children it may be between 100 and 120
beats a minute. _

During contraction, the interior walls of the
heart chambers deform, as Fig. 4 shows. The cham-
bers contract along the vertical axis while con-
tracting even more about the axis. The degree to
which a given chamber deforms depends upon the
size and morphology of the heart and whether the
chamber is an atrium or ventricle. Deformation is
most pronounced in the ventricles, where the major
pump action occurs. Typically, during systole, a
ventricle contracts as much as 10% along its ver-
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tical axis, while reducing its interior diameter
by as much as 50%.

Furthermore, during systole, the heart muscle
in the chamber contracts in a progressive, peri-
staltic fashion. The contraction begins near the
chamber inlet valve and progresses toward the
chamber outlet valve. In the ventricle, the apex
122 (shown in Figs. 3 and 4) also twists approxi-
mately 15° with respect to the base 124 in a
"wringing" motion during systole.

As Figs. 5 and 6 demonstrate, the biological
forces within the heart 98 create a dynamic envi-
ronment in which the structure 20 shown in Fig. 1
must function. Exposed to these constant, complex
radial and axial forces within the heart 98 (which
Figs. 5 and 6 depict, respectively, during dias-
tole and systole in the right ventricle 110), the
structure 20 must possess the mechanical proper-
ties to maintain the electrodes 38 in intimate
contact against the endocardium in a stable, fixed
location. Loss of contact can produce motion arti-
facts and a breakdown of intended function.

Nonstationary contact also introduces uncer-
tainty about the position of the electrodes 38.
The physician cannot be certain that information
obtained from one location during a beat comes
from the same location in the next beat. Again, a
breakdown of intended function occurs.

The failure to maintain intimate contact also
enhances the risk of trauma. Repeated movement
and sliding of the structure 20 across and against
the endocardium and interior trabecula and
tendonae can lead to perforation or tamponade if
the trauma is severe enough. Less severe trauma

can still locally injure tissue, increasing the

PCT/US96/18332
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likelihood of clot formation and potential emboli.

To uniformly conform to the endocardium during
systole (as Fig. 6 shows), the structure 20 should
have the mechanical characteristics to tolerate
significant deformation. The structure 20 should
be free to move radially inwards while shortening
axially. During diastole (as Fig. 5 shows), the
structure 20 should possess the mechanical charac-
teristic to spring back, as the endocardium re-
turns outwards into its original shape. The struc-
ture 20 must also have the capability to resist
sliding or "walking" toward the apex 122 during
the progressive, peristaltic forces of systole,
which push and pull and twist the structure 20.
Overriding this complex set of mechanical charac-
teristics is the requirement to minimize the inci-
dence of trauma.

B. Desired Bio-Mechanical Characteris-
tics

The invention has characterized important
mechanical properties for a multiple electrode
structure 20 like that shown in Fig. 1 to perform
its intended biological function without trauma in
the human heart. The invention expresses these
properties in terms of a set of bio-mechanical
functions.

The invention also quantifies some of the bio-
mechanical functions. The quantified bio-mechani-
cal function values determine the capability of a
given structure 20 to perform its intended func-
tion in the dynamic environment of an in vivo
heart.

The invention divides the bio-mechanical func-
tions into three main categories. The first cate-
gory pertains to bio-mechanical functions of the

PCT/US96/18332
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individual splines 22 themselves. The second cate-
gory of bio-mechanical functions pertains to the
mechanical characteristics the integrated struc-
ture 20 the assembled splines 22 create. The third
category of bio-mechanical functions pertains to
the geometry of the splines 22 when constrained
between the distal tip 24 and the base 26 of the
structure 20.

The first category of bio-mechanical functions
includes:

(i) the spline radial stiffness function S,
From a mechanical standpoint, the value of 5, ex-
presses the ability of an individual spline 22 to
deform radially of its axis. From a bio-mechanical
standpoint, the value of S, determines the ability
of an individual spline 22 to follow the contour
of the endocardium independent of other splines 22
during systole and diastole while causing no
trauma.

(ii) the spline lateral stiffness function S,-
From a mechanical standpoint, the value of S, ex-
presses the ability of an individual spline 22 to
twist-deform about its axis. From a bio-mechani-
cal standpoint, the value of S, determines the
ability of an individual spline 22 to deform
around surface structures on the endocardium, like
trabeculae, cardae tendineae, and papillary mus-
cles. From a bio-mechanical standpoint, the value
of S, also determines the ability of an individual
spline 22 to present and maintain electrodes in
intimate contact with the endocardium while avoid-
ing trauma.

The second category of bio-mechanical func-
tions includes:

(i) the torsional stiffness function T,. From a
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mechanical standpoint, the value of T, expresses
the ratio between torque and angular deflection of
the distal tip 24 with respect to the base of the
structure 20. From a bio-mechanical standpoint,

S the value of T, determines the ability of the
structure 20 to follow the "wringing" motion of a
ventricle during systole.

(ii) the tissue force function T, From a me-
chanical standpoint, the value of T; expresses the

10 force exerted on tissue contacting the distal tip
24 of the structure 20 as a function of the struc-
ture diameter and forced deflection of the distal
tip 24. From a bio-mechanical standpoint, the
value of T, determines the ability of the distal

15 tip 24 of the structure 20 to conform to both the
diastolic and systolic shape of a heart chamber
without becoming a rigid stent structure.

(iii) the tissue pressure function Tp. From a
mechanical standpoint, the value of Tp expresses

20 the pressure exerted on tissue contacting the
distal tip 24 of the structure 20 as a function of
the structure diameter and forced deflection of
the distal tip 24. From a bio-mechanical stand-
point, the value of T, determines the ability of

25 the distal tip 24 of the structure 20 to contact
tissue during deployment and the cardiac cycle
without perforation or tamponade.

The third category of bio-mechanical functions
includes:

30 (i) the components of the spline 22. From a
mechanical standpoint, the components of the
spline 22 typically include a core body made from
resilient, inert wire or plastic, a surrounding
sleeve of plastic tubing, and associated elec-

35 trodes and signal wires. Each individual component
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contributes in some degree to the overall ability
of the spline 22 to react to radial and torsional
forces. From a bio-mechanical standpoint, the bio-
mechanical properties of each individual component
should be understood to ascertain the degree to
which these individual bio-mechanical properties
affect the overall bio-mechanical properties of
the spline 22.

(ii) the cross section geometry of the splines
22. From a mechanical standpoint, the spline’s
cross section geometry affects the ability of the
spline 22 to react to radial and torsional forces
without irregqular physical deformation, warping,
or buckling. From a bio-mechanical standpoint, the
gross section geometry is one factor that helps to
determine the ability of the spline 22 to deform
without loss of desired mechanical characteristics
in a heart chamber.

(iii) the axial geometry of the spline 22 when
constrained between the distal tip and base of the
structure 20. From a mechanical standpoint, the
axial geometry of the spline 22, like its cross
section geometry, is another factor that deter-
mines the ability of the spline 22 to withstand
radial and torsional forces without irregular
physical deformation, warping, or buckling. From a
bio-mechanical standpoint, the axial geometry of
the constrained spline structure 20, like the
cross section geometry, determines the overall
stability of the structure 20 during exposure to
diastolic and systolic forces in a heart chamber.

1. Bio-Mechanical Functions for Indi-
vidual Splines
a. Spline Radial Force Function s,
The spline radial stiffness function S, (see

PCT/US96/18332
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Figs. 7 and 8) expresses the ratio between radial
force (F,) applied to the spline 22 perpendicular
to the axis of the structure 20 and the radial
distance (D,) the spline 22 deflects toward the
axis of the spline 22 in response to the radial
force. That is:

S = E;

r D
r

As Fig. 7 shows, the spline 22 can be normally
biased toward an at rest position, which follows a
maximum outwardly bowed contour, indicated by
dotted contour line M in Fig. 7. At diastole, the
spline 22 follows a different contour, indicated
by dotted contour line D in Fig. 7, separated by
radial distance D, from contour line M in Fig. 7.
There is a radial force F_ required to deflect the
spline 22 by D,, and a resulting reaction force
Fy+ The magnitude of F,, corresponds to the mini-
mum contact force that the spine 22 exerts against
tissue during at diastole.

At systole, the spline 22 follows a still
different contour, indicated by dotted contour
line S in Fig. 7, separated by radial distance D,
from contour line M in Fig. 7. There is a radial
force F, required to deflect the spline 22 by D,,
and a resulting reaction force Fux- The magnitude
of F,, corresponds to the maximum contact force
that the spine 22 exerts against tissue during at
systole.

Assuming general uniformity in the dimensions
of a human heart among the population, the deflec-
tion distance between D, (diastole) and D, (sys-
tole) can be considered to be approximately the
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same. The difference between Fyx and F,, for this
deflection distance (D, - D,) thus depends directly
upon the radial stiffness function S,.

Radial forces F. can be plotted as a function
of radial deflections D, (see Fig. 8) for any
spline 22. The slope of the resulting plot is the
radial stiffness function S,. For example, in Fig.
8, Fuy and F,,  for spline A are each less than ) .
and F’,,, for spline A’. The difference between |
and F,,, for spline A is also greater than the
difference between Fyy @and F,,, for spline A’. The
function S, for spline A is less than for spline
A’, which means that spline A’ is radially stiffer
than spline A.

Discontinuities or nonlinear regions associ-
ated with a given S, function (see plot C in Fig.
8) indicate that the spline 22 has buckled or has
otherwise failed to uniformly deflect in response
to radial force.

The spline radial force function S, can deter-
mined (see Fig. 9) by placing a structure 20 in a
cylinder 124 which presses against and restrains
all but the one selected spline 22, which projects
through a window 126 in the cylinder 124. A pin
128 applies force perpendicular to the mid portion
of the selected spline 22. A transducer 130 cou-
pled to the pin 128 measures the force F,_ exerted
against the spline 22 at successive points of
radial deflection D, from the normal, outwardly
biased, rest position of the spline 22 (which
corresponds to contour line M in Fig. 7).

The function S, is expressed in terms of units
of force (for example, in grams) per unit of de-
flection (for example, in inches). Lower values of
S, indicate lower radial stiffness values and indi-
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cate a better ability to deform and create inti-
mate contact along the contour of the endocardium
without damage to tissue.
b. 8pline Lateral Stiffness Func-
tion 8,

The spline lateral stiffness function S, ex-
presses the ratio between lateral force (F,) ap-
plied to the spline 22 in a circumferential direc-
tion normal to the plane of curvature and the
lateral distance (D,) the spline 22 deflects from
its normal rest position in response to the lat-
eral force. That is:

F

S ::._i
1
Dl

As with S, lateral forces F, can be plotted as
a function of lateral deflections D, for any spline
22. The slope of the resulting plot is the lat-
eral stiffness function S,. Discontinuities or
nonlinear regions associated with a given S, func-
tion indicate that the spline 22 has buckled or
has otherwise failed to uniformly deflect in re-
sponse to lateral forces.

The spline lateral force function S, can deter-
mined (see Fig. 10) by placing a structure 20 in
the same cylinder 124 shown in Fig. 9, with the
one selected spline 22 allowed to project through
the window 126 in its normal rest condition. 2A
pin 132 applies lateral force F, parallel to the
axis of the structure 20 against the mid portion
of the spline 22 to deflect the spline 22 fifteen
degrees in opposite directions from its normal
rest condition. A transducer 134 coupled to the

pin 132 measures the force F, exerted against the
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spline 22 to deflect it at successive points of
lateral deflection D, from the normal rest condi-
tion.

The function S is expressed in terms of units
of force (for example, in grams) per unit of lat-
eral deflection from the rest condition (in de-
grees). Lower values of S, indicate lower lateral
stiffness values. Lower values of S, indicate a
better ability to deform and slide about surface
structures on the endocardium without damage or
trauma to tissue.

2. 8pline Assembly Characteristics
a. Torsional Stiffness Function T,

The torque function T, is determined (see Fig.
11) by holding the distal tip 24 of the structure
20 in a grip 136 that is free to rotate about the
axis of the structure 20. A motorized shaft 140
rotates the base 26 about its normal rest condi-
tion. A transducer 142 coupled to the grip 136
senses angular deflection of the distal tip 24.
Measurements of torque applied by the shaft 140
versus twist angle of the distal tip 24 are made.

Preferably, the shaft 140 rotates the base 26
through about fifteen degrees of rotation from the
normal rest position. Fifteen degrees match the
maximum anticipated twist of the ventricle during
systole.

The transducer 142 measures the torque that
must be applied to the distal tip 24 of the struc-
ture 20 to generate the anqular deflection of the
distal tip 24 with respect to the base 26 by the
shaft 140 from the normal rest condition. The
function T, is expressed in terms of the torsion of
the distal tip 24 of the structure 20 (in inch-
ounces) per unit of angular deflection of the tip
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24 with respect to the base 26 of the structure 20
(in degrees).

Lower values of T, indicate greater compliance
of the structure 20 to torsional movement of the
heart. Lower values of T, characterize a better
ability of the structure 20 to deform and hold its
position during systole without trauma and damage
to the heart or without motion artifacts arising
from relative motion between the splines 22 and
endocardium.

b. Tissue Force Function T,

When the distal tip 48 of the structure 20
contacts tissue, it will transmit a contact force
F_ to the tissue. Contact force F_ at the distal
region of the structure 20 can occur as a result
of progressive axial "creep" of the structure 20
toward the apex of the heart (in the ventricle) or
toward the atrial appendage (in the atrium) during
the cardiac cycle. Contact force F_ can also occur
as the physician remotely positions the structure
20 in the heart. The contact force F_ can, if
large enough, lead to trauma.

The magnitude of the contact force F_ at any
point in time depends upon:

(i) the diameter of the structure 20 at the
time, which will, in turn, depend upon the size of
the heart chamber and whether the cardiac cycle is
in systole or diastole.

(ii) the amount by which the distal tip 24 is
displaced along the axis of the structure 20 due
to the contact.

(iii) the inherent mechanical stiffness of the
structure 20.

The tissue force function T, expresses, for a
given diameter of the structure 20, the ratio
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between contact force (F.) at the distal tip 24 of
the structure 20 and the axial distance (D,) the
distal tip 24 of the structure 20 is displaced by
the contact force. That is:

T Te

£ D
a

Just as S_ is the measure of the radial stiff-
ness of a given spline 22, T, is a measure of the
axial stiffness of the overall structure 20.

The tissue force function T, can determined
(see Fig. 12) by placing a structure 20 in an open
ended cylinder 144 having a predetermined interior
diameter. The cylinder 144 imposes upon the struc-
ture 20 a particular diameter, just as would the
walls of a heart chamber. A pin 146 enters the
cylinderrand applies force against the distal tip
24, displacing it along the axis of the structure
20 out of its rest position. A transducer 148
coupled to the pin 146 measures the force exerted
against the distal tip 24 at successive points of
axial displacement from its rest position.

Preferably, T, is calculated at different
structure diameters. T, is measured when the struc-
ture 20 is radially unconstrained, i.e., without
placement in a cylinder 144. T, is again measured
with the structure 20 radially constrained within
different cylinders 144, as shown in Fig. 12,
having different interior diameters. The different
cylinder diameters are selected to generally cor-
respond to the expected diameter of a normal heart
when in diastole (about 1.5 inches), when in sys-
tole (about 1.0 inch), and when between diastole
and systole (about ;.25 inches).
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The T; function can be plotted for each imposed
structure diameter, with points interpolated be-
tween measured values. Discontinuities or nonlin-
ear regions associated with a given T, function
indicate that the structure 20 has buckled or
warped, or has otherwise become unstable in re-
sponse to axial force.

The function T, is expressed in terms of units
of force (for example, in grams) per unit of axial
deflection from the rest position (in inches).
Lower values of T; characterize a better ability of
the distal tip of the structure 20 to make con-
forming contact against tissue without inflicting
trauma.

€. Tissue Pressure Function T,

The tissue pressure function T, correlates
distal tip contact force F_ to the surface area of
contact A, between tissue and the distal tip. T

P
is expressed as follows:

where

Fcis the measured contact force at the distal
tip of the structure 20, and

A, is the surface area of contact between the
distal tip of the structure 20 and tissue when F,
is measured.

The quantity T, is a determinant of tissue
trauma. Trauma caused by contact force exerted on
small, localized area can be mediated by distrib-
uting the same contact force over a larger contact
area, thereby reducing contact pressure.

The tissue pressure function Tp can be deter-
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mined (see Fig. 13) by placing a structure 20 in
an open ended cylinder 144, like the one shown in
Fig. 12. The cylinder 144 has a predetermined
interior diameter at diastolic or systolic dimen-
sions, or somewhere in between. The distal tip 24
of the structure 20 is allowed to project from the
open end of the cylinder 144.

The base of structure 20 is attached to a
fixture 150, which suspends the structure 20
within the cylinder 144 over a work surface 152.
The work surface 152 carries animal endocardial
tissue 154. A shaft 156 incrementally drives the
fixture 150 toward the work surface 152.

As the shaft 156 lowers the distal tip 24
incrementally into contact with the tissue 154, a
transducer 158 successively measures contact force
F, created between the distal tip 24 and the tissue

154. The surface area of the distal tip A, con-

TIP
tacting the tissue 154 is also measured at succes-
sive increments of contact force F.. Tp is thereby
derived at successive increments of contact force
F. and surface area A,

Tissue pressure T, can be plotted with respect
to contact force F_, as Fig. 15 shows. The value
of the pressure function directly determines the
degree of tissue trauma that can be anticipated
arising from increasing distal contact with tis-
sue.

Plot A in Fig. 15 shows a steep, essentially
constant slope, with T, increasing in a linear
fashion with increasing F.. Plot A is associated
with a distal tip structure 158 like that shown in
Fig. 14. When tested in the manner just described,
the structure 158 presents a stiff point of con-
tact with tissue 154. As Fig. 14 shows, the sur-
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face area of the contact A,, does not signifi-
cantly change as F, changes. As the contact force
F_ increases, localized tissue pressure at the
point of contact increases in a linear fashion.
The steep, unchanging slope of Plot A in Fig. 15
is characteristic of the distal tip structure 158,
which, with increasing contact force F,, creates
increasing localized pressure on tissue. Use of
the tip structure 158 could lead to trauma, pro-
trusion, and, worst, perforation of tissue.

On the other hand, Plot B in Fig. 15 shows a
more shallow slope that decreases in a nonlinear
fashion with T, Plot B approaches a constant
value despite increasing F.. Plot B is character-
istic of a distal tip structure 160 like that
shown in Fig. 13. The distal tip structure 160
presents a flexible point of contact with tissue.
The flexure of the structure 160 causes the sur-
face area of the contact to increase with increas-
ing F,. The increasing contact force is distributed
by the structure 160 over an increasing tissue
surface area. The structure 160 tends to stabilize
tissue pressure at lower levels, thereby diminish-
ing the risk of tissue trauma, protrusion, and
perforation.

3. 8pline Geometry Characteristics
a. 8pline Components

As Fig. 16 shows, a spline 22 typically is a
composite structure comprising a flexible core
body 162 made from resilient, inert wire or plas-
tic, a surrounding sleeve of plastic tubing 164,
and associated electrodes 38 and signal wires 34.
Of these components, the individual mechanical
characteristics of the core body 162 and the tub-
ing 164 most contribute to the overall mechanical
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characteristics of the composite spline 22.

A low degree of stiffness can be achieved
using resilient, inert wire, like nickel titanium
(commercially available as Nitinol material) for
the core body 162. Resilient injection molded
inert plastic or stainless steel can also be used.
As will be discussed later, the wire preferably
has a rectilinear cross section to provide differ-
entiation between radial stiffness and torsional
stiffness. A preferred range of rectilinear
thicknesses is from about .004 inch to .008 inch.
A preferred range of rectilinear widths is from
about 0.010 inch to about 0.020 inch.

Materials under load undergo two types of
deformation -- elastic and plastic. Elastic de-
formation is a change in shape that is completely
recoverable once the deforming loads are removed.
Plastic deformation is a change in shape that
results in a permanent residual change in shape
once the deforming loads are removed. Most duc-
tile materials will exhibit elastic deformation at
low levels of stress, followed by plastic deforma-
tion at higher levels of stress. The stress level
that distinguishes the two regimes is known as the
yield strength. Yield strength is typically de-
fined as the amount of stress that produces the
acceptable low value of about 0.2% permanent de-
formation (strain) once the stress is removed.

A core body 162 also must provide a high de-
gree of elastic deformation, as contrasted with
plastic deformation. The body 162 must also pro-
vide a high degree of rebound. The degree of
rebound expresses the ability of the body 162 to
uniformly return to the same rest condition after
removal of the deflection force (either radial or
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torsional). A high degree of rebound is a favor-
able bio-mechanical characteristic for a spline,

because it provides a structure with uniform and

predictable function.

The added presence of the sleeve of plastic
tubing 164 adds to the overall stiffness and re-
duces the rebound of the spline 22 as a function
of the elasticity of the plastic material, its
diameter, and wall thickness.

For example, the stiffness and rebound of a
composite spline 22 made of a nickel titanium core
body 162 enclosed within an elastic polyurethane
plastic sleeve 164 (35D durometer) with an outside
diameter of about .028 inch and a wall thickness
of .002 inch, exhibits approximately 110% of the
inherent stiffness and approximately 90% of the
elastic rebound of the core body 162 alone. On
the other hand, by using a sleeve 164 with greater
stiffness (for example, a comparatively inelastic
Pebax material) with an increased outside diameter
(approximately .036 inch), the stiffness of the
composite spline 22 is approximately about 200%
that of the inherent stiffness and only about 50%
of the elastic rebound of the core body 162 alone.

Preferably, the stiffness and rebound charac-
teristics of the core body 162 should dominate the
bio-mechanical properties of the composite assem-
bly of the spline 22. To achieve this objective,
the tubing 164 should be selected from materials
having an inherent low degree of stiffness and
high elasticity, like polyurethane. Furthermore,
the wall thickness and outside diameter of the
tubing should be minimized to maximize flexibility
and rebound for the composite assembly of the
spline 22.
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b. 8pline Cross Section Geometry

The cross section geometry of a spline 22
affects its mechanical characteristics.

A cylindrical cross section presents isotropic
stiffness. 1In optimizing function of a cylindri-
cal spline 22, S_ and S, must be balanced against
each other.

A rectilinear cross section, on the other hand
(as Fig. 16 shows), presents anisotropic stiff-
ness. The spline radial stiffness function S, for a
rectilinear spline 22 will not have the same char-
acteristics as the spline lateral stiffness func-
tion S;. A rectilinear spline 22 can exhibit a
lesser degree of stiffness to bending in response
to a radial force, than to lateral deflection in
response to a lateral force.

Through the selection of cross section geome-
try, it is possible to differentiate among bio-
mechanical functions and to independently optimize
functions. For example, through the use of recti-
linear splines 22, a desirable degree of both
radial flexibility and lateral stiffness can be
achieved. For this reason, rectilinear spline
geometry is preferred.

The width of the splines 22 affects the number
of splines 22 that the structure 20 can accommo-
date, particularly when collapsed. By reducing
the width of individual splines 22, the collaps-
ible structure 20 can accommodate more splines 22.
Since the circumferential spacing of the splines
22 is least near the distal tip 24, the splines 22
can be locally thinned in this region, when de-
sired, to present a compact geometry that accommo-
dates the collapsing of multiple, closely spaced
splines 22.
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The thickness of the splines 22 affects flexi-
bility and the magnitude of the stress developed
during flexing. Thinning the splines 22 imparts
greater flexibility, while at the same time reduc-
ing the magnitude of the stress developed during
flexing. Since greatest stress upon flexing oc-
curs near the distal tip (where the greatest de-
gree of bending occurs), the splines 22 can be
locally thinned in this region, when desired, to
impart greater resistance to stress failure.

The localized reductions of width and/or
thickness also reduces force required to collapse
the structure 20.

c. 8pline Axial Geometry

The overall geometry of splines 22 as con-
strained between the distal tip 24 and base 26 of
the structure 20 directly effects the ability of
the structure to maintain stable contact with the
endocardium during systole. If the structure 20 is
not stable (as Figs. 17 and 18 show), the struc-
ture 20 will not deform uniformly, but will be
observed to buckle and warp during systole, as
Fig. 18 shows. The bio-mechanical functions S, and
T, will exhibit discontinuities and nonlinear re-
gions, also indicating the instability of the
structure.

As Fig. 18 shows, the splines 22 in an unsta-
ble structure will, upon buckling, shift or lose
contact with the endocardium. This creates motion
artifacts, signal distortion, and mapping inaccu-
racies. Furthermore, as the distal tip 24 loses
its ability to move axially in concert with the
splines 22, tissue contact with electrodes near
the distal tip 24 of the splines 22 will be lost,
too.

PCT/US96/18332
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The instability of a given structure 20 during
inwards radial movement of the splines 22 can also
cause the splines 22 to abrate or scrape the endo-
cardium and structures on the endocardium.

5 C. Unstable Spline Geometry

Fig. 19 shows splines 170 constrained between
a distal tip 172 and a base 174 in a way that
creates a structure 176 having an unstable axial
geometry, which will buckle during systole in the

10 manner shown in Fig. 18. The constraint of struc-
ture 170 creates a first complex bend Bl near the
base 174, as the splines 170 extend from the base
174 along the axis 178 of the structure 176 and
then bend outwards. The constraint shown in Figq.

15 19 also creates a second complex bend B2 near the
distal tip 172, as the distal ends of the splines
170 are brought back along the axis 178 of the
structure 176 for gathering within the distal tip
172. The distal ends of the spline 170 are typi-

20 cally firmly fixed by epoxy and swaging within the
distal tip 172. This structure 176 is exemplified
by the multiple electrode basket structure de-
scribed in U.S. Patent 5,411,025.

The axial geometry of the structure 176 is

25 unstable in several respects. The application of a
radial force F_ upon the midsection of a spline 170
creates torsional instability. Suspended between
two complex bends Bl and B2, the spline 170 will
be observed to react to a radial force by twirling

30 in an unpredictable fashion side-to-side about the
structure axis 178, as arrows T in Fig. 19 show.
The continued application of the radial force F,
and the continued twirling of the spline 170 also
creates radial instability. Subjected to both

35 uncontrolled radial and torsional forces, the
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spline 170 both buckles and warps in the manner
shown in phantom lines in Fig. 19. Fig. 18 also
shows the buckle and warp of the splines typical
of this structure 176 during systole.

Furthermore, as Fig. 21 shows, the application
of a radial force F, above the midsection of a
spline 170 in the structure 176 pulls a signifi-
cant portion of the spline 170 away from tissue
contact. This is because the second complex bend
B2 does not resist downward movement of the spline
170 away from the distal tip 172. 1In fact, the
presence of the complex bend B2 promotes downward
movement in response to a radial force above the
spline mid portion.

D. Stable Spline Geometry

Fig. 20 shows splines 180 constrained between
a distal tip 182 and a base 184 in a way that
creates a structure 186 having a stable axial
geometry. The constraint of the structure 186,
like that shown in Fig. 19, creates a first com-
plex bend Bl near the base 184, as the splines 180
extend from the base 184 along the axis 188 of the
structure 186 and then bend outwards. Unlike Fig.
19, the constraint shown in Fig. 20 does not cre-
ate a second complex bend near the distal tip 182.
Instead, the splines 170 enter the distal tip 182
generally perpendicular to the axis 188 of the
structure 186.

This structure 186 is exemplified by the mul-
tiple electrode basket structure described in
copending patent application Serial No.08/206,414,
filed March 4, 1994 and entitled "Multiple Elec-
trode Support Structures," which is incorporated
herein by reference.

Figs. 23 to 33 show further details of the

PCT/US96/18332
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preferred stable geometry of the structure 186.

As Fig. 23 shows, two spline elements 180 are
paired together in an integral body 42. Two or
more spline bodies 180 are joined together to form
the structure 186, as Fig. 30 shows.

Each body 42 includes a mid-section 44 from
which the spline elements 180 extend as an opposed
pair of legs. In this arrangement, the body 42 is
generally shaped like a hoop (see Fig. 23). As
Figs. 23 and 24 show, the mid-section 44 includes
a preformed detent, whose function will be de-
scribed later.

The hoop-like body 42 is preferably made from
the resilient, inert wire, like nickel titanium
described above. As also described above, the

body 42 preferably has a rectilinear cross sec-

tion.
In this embodiment, the distal tip 182 com-
prises an end cap 48 (see Fig. 30). As Figs. 25

to 27 show, the end cap 48 has a generally cylin-
drical side wall 50 and a rounded end wall 52. A
longitudinal bore 54 extends through center the
cap 48.

Slots 56A; 56B; 56C; and 56D extend through
the cap 48 diametrically across the center bore
54. The number of slots can vary. In the illus-
trated embodiment, there are four through-slots
56A-D.

The slots 56A-D are circumferentially spaced
about the axis 58 of the bore 54. The axis 60 of
each slot 56A-D extends diametrically through the
center axis 58 (see Figs. 26 and 27), passing
through the center bore 54.

The slot axes 60 are also spaced longitudi-
nally along the bore axis 54. The resulting stag-
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gered pattern of slots 56A-D is both circumfer-
entially and longitudinally spaced along each 180°
segment of the hub 48 (see Figs. 29 and 30). As
Fig. 30 best shows, slot S56A is closest to the end
wall 52. The slot 56D is farthest from the end
wall 52. Intermediately slots 56B and 56C are
sequentially spaced in between the slots 56A and
56D.

In the illustrated and preferred embodiment,
the cap 48 is made of an inert, machined metal,
like stainless steel. The bore 54 and slots 56a-D
are preferably formed by conventional EDM tech-
niques. Still, inert molded plastic materials can
be used to form the cap 48 and associated open-
ings.

A spline leg 180 of the hoop-like body 42 can
be inserted through a slot 56A-D until the mid-
body section 44 enters the bore 54. The detent 46
snaps into the bore 54 to lock the body 42 to the
end cap 48, with the opposed pair of spline legs
180 on the body 42 radiating free of the respec-
tive slot 56A-D. Sequentially inserting the four
hoop-like bodies 42 in the four slots 56A-D ori-
ents and locks the spline elements 180 in the
radiating pattern shown in Fig. 30. The three
dimension support assembly 20 shown in Fig. 30,
having an axial geometry shown in Fig. 20, re-
sults.

This arrangement creates a "soft" constraint
at the distal tip 182. The mid-body section 44 is
not epoxied or swaged or otherwise firmly fixed
within the slot 56. Rather it is constrained by
the detent 46 only against sliding out of the
distal tip 182. Slight rotational motion of the
spline 180 within the tip 182 is permitted, be-
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cause of the small amount of lateral clearance
between the spline and the distal tip bore 54.
This is in contrast to the "hard" constraint shown
in Fig. 19, where the distal ends of the splines
170 are rigidly glued or mechanically swaged into
a fixed location within the distal tip 172,
thereby prevented from moving within the distal
tip 172.

The absence of rigid, immovable constraint
within the distal tip 182 also adds to the effec-
tive beam length of the spline 180 at the distal
tip 182. This, in turn, reduces stress and fa-
tique.

In the illustrated and preferred embodiment,
the lower surface 61 of the end cap slots 56 is
curved (see Figs. 27 and 28). The curved lower
surface 61 contacts the spline elements 180 (see
Fig. 28) when they are bent, or deflected, a pre-
scribed amount. The curvature of the lower slot
surface is selected to lend positive support to
the spline elements 180 when bent this amount, as
Fig. 28 shows. The positive support of the surface
61 prevents spline deflection beyond a minimum
bend radius. The bend radius is selected to be
above that which failure-mode stresses are most
likely to develop in the spline elements 180.

In the illustrated embodiment, failure mode
stresses are most likely to occur when the slid-
able sheath 40 compresses and collapses the spline
elements 180. The preservation of a minimum bend
radius that the cap 48 furnishes prevents sharp
bends and failure-mode stresses from developing
when the spline elements 180 are collapsed into
their most stressed position.

The specific minimum bend radius selected

PCT/US96/18332
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depends upon the material from which the spline
elements 180 are made and the thickness of the
spline elements 180. In the preferred embodiment,
which uses Nitinol spline elements 180 with a
thickness of about .007", the minimum bend radius
imposed by the surface 61(shown as radius R in
Fig. 7) is about .025".

In the support assembly 20, the base 184 in-
cludes an anchor member 62 and a mating lock ring
64 (see Figs. 30 to 33). The anchor member 62
fits with an interference friction fit into the
distal end 16 of the catheter tube 12. The lock
ring 64 includes a series of circumferentially
spaced grooves 66 into which the free ends of the
spline legs 180 fit. The lock ring 64 fits about
the anchor member 62 to capture with an interfer-
ence fit the free ends of the spline legs 180
between the interior surface of the grooves 66 and
the outer surface of the anchor member 62 (see
Fig. 33).

The anchor member 62/lock ring 64 assembly
holds the spline elements 180 radially spaced
while their preformed shape holds them in a de-
sired flexed condition.

The hoop-like body 42, slotted end cap 48, and
anchor member 62/lock ring 64 assembly provide
manufacturing efficiencies, as the number of the
components parts required to form the support
assembly 186 is minimized. The slotted cap 48
circumferentially aligns and stabilizes the spline
elements 180, both circumferentially and longitu-
dinally. The sequential insert and snap lock pro-
cess of the attaching the bodies 42 to the slotted
cap 48 also significantly simplifies the assembly
process.
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The axial geometry of the structure 186 shown
in Figs. 20 and 30 is stable in several respects.
As Fig. 20 shows, the application of a radial
force F_ upon the midsection of a spline 180 does
not create torsional instability. The spline 180
is suspended at the base 184 along the axis 188 of
the structure 186 and at the distal tip 182 cross-
wise to the axis 188. Stabilized in this manner,
the spline 180 reacts to a radial force by radial
deflection, and not by twirling side-to-side about
the structure axis 188. Subjected to complex
forces, the spline 180 nonetheless deflects in a
controlled, consistent fashion, without buckling
or warping, as the phantom lines in Fig. 20 show.

Furthermore, as Fig. 22 shows, the application
of a radial force F. upon above the midsection of a
spline 180 causes localize radial deflection and
does not does not pull the entire length of spline
180 away from tissue contact. This is because the
perpendicular connection of the spline 180 to the
distal tip 182 actively resists downward movement
of the spline 180 away from the distal tip 182.
Unlike the unstable structure 176 shown in Figs.
20 and 21, there is no complex bend B2 near the
distal tip 182 to promote downward movement in
response to a radial force above the spline mid
portion.

The following Example further demonstrates
that, when judged in terms of the bio-mechanical
functions described above, a structure 186 made in
accordance with the preferred embodiment is supe-
rior to a structure 176 constructed generally in
accordance with the teachings of US Patent
5,411,025,

EXAMPLE

PCT/US96/18332
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A multiple electrode structure 186 was made
according to the preferred embodiment as above
described, and as shown in Fig. 1. The splines 180
were made from the preferred rectilinear Nickel
Titanium core body 162 enclosed with thin walled
tubing 164, as above described. The splines 180
achieved a low degree of stiffness with a high
elastic deformation dominated by the inherent
mechanical characteristics of the nickel titanium
core body 162. Constrained between the base 184
and distal tip 182 in the manner shown in Fig. 30,
the splines 180 normally assumed the outwardly
bowed stable geometry shown in Fig. 20. The nor-
mal outwardly bowed geometry had an oversized
diameter of about 1.88 inches, which is larger
than a heart chamber diameter during diastole
(about 1.5 inches). The minimum tissue contact
force F,,, is created by radial force of the endo-
cardium upon the "preloaded" splines, reducing the
oversized diameter during diastole.

This structure 186 was compared to a commer-
cially available multiple electrode basket struc-
ture 190 made by Cordis-Webster, as shown in Fig.
34. The structure 190 appears to have been made
in accordance with the teachings of US Patent
5,411,025. The structure 190 comprised five
splines 192 constrained between a base 194 and a
distal tip 196. The splines 192 were made from
using a core body (believed to be nickel titanium
with a hemispherical cross section) surrounded by
tubing having an outside diameter of about 0.036
inch.

The structure 190 incorporates the unstable
axial geometry shown in Fig. 19, and described
above. Constrained between the base 194 and tip

PCT/US96/18332
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196, the splines 192 displayed the two complex
bends Bl and B2.

The splines 192 of the structure 190 exhibited
a lower degree of elasticity than the structure
186. Constrained between the base 194 and distal
tip 196, the splines 192 assumed an outwardly
bowed configuration with an undersized diameter of
about 1.1 inches, which is smaller than a heart
chamber diameter during diastole. To further en-
large the diameter of the splines 192, the struc-
ture 190 included an axially movable pull wire 198
extending through the base 194 and attached to the
distal tip 196. By pulling rearwards on the wire
198, the splines 192 deflected further outwards,
increasing the diameter of the structure. In this
way, the structure 190 created the minimum tissue
contact force F,, during diastole.

1. Comparing Spline Radial Stiffness
Functions 8,

The radial stiffness functions S, for the pre-
ferred structure 186 and the other structure 190
were derived according to the methodology earlier
described (shown in Fig. 9). A cylinder having an
interior diameter of 1.44 inches constrained each
structure while radial force was applied to indi-
vidual splines.

Fig. 35 shows the radial stiffness function
plot for the preferred structure 186 (two splines)
(Curves A) and the radial stiffness function plot
for the other structure 190 (two splines) (Curves
B). Curves A and B demonstrate the significant
differences between the two radial stiffness func-
tions, both in terms of magnitude and in terms of
shape.

In terms of magnitude, the slope of the radial

PCT/US96/18332
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stiffness function of Curve A (for the preferred
structure 186) is about 60 gram/inch. In contrast,
the slope of the radial stiffness function of
Curve B (for the other structure 190) is about 320
gram/inch. The radial stiffness function Curve A
thereby demonstrates the significantly lower
"stiffness" of the spline 180 of the preferred
structure, compared to the higher "stiffness" of
the spline 192 of the other structure 190 (radial
stiffness function Curve B).

In terms of shape, Curve A is seen to rise and
then level off, indicating that the maximum radial
force F,,, during systole (i.e., during increasing
radial force) is, in effect, self-limiting. 1In
contrast, Curve B is seen to steeply rise through-
out systole, indicating that the maximum force Fuax
rises continuously.

The Curves A and B in Fig. 35 underscore the
significantly different results obtained by
achieving F,,, by over sizing (the preferred struc-
ture 186) versus by achieving F,,, through stiff-
ness (the other structure 190). As before ex-
plained, the preferred structure 186 incorporates
splines 180 with relatively low stiffness and high
rebound. The preferred structure 186 oversize the
structure diameter to achieve F,, during diastole
by radial force created by the endocardium.

In contrast, the other structure 190 incorpo-
rates splines 192 with relatively high stiffness
and low rebound. The other structure 190 under
sizes the structure diameter and uses the pull
wire 198 to establish F,,,, thereby actively bring
the relatively stiff splines 192 into contact with
the endocardium during diastole. Fig. 35 shows
that, during systole, the relatively low stiffness
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splines 180 of the preferred structure 186 mediate
Fx: as evidenced by the low, essentially constant
maximum force value (Curve A). Fig. 35 shows
that, during systole, the relatively high stiff-
ness splines 192 of the other structure 190 exert
significantly greater maximum force values (Curve
B).

2. Comparing S8pline Lateral SBtiffness

Functions 8,

The lateral stiffness functions S, for the
preferred structure 186 and the other structure
190 were derived according to the methodology
earlier described (as Fig. 10 shows). A cylinder
having an interior diameter of 1.44 inches con-
strained each structure while lateral force was
applied to individual splines.

Fig. 36 shows the lateral stiffness function
plot for the preferred structure 186 (for three
splines) (Curve A) and the lateral stiffness func-
tion plot for the other structure 190 (for three
splines) (Curve B). The lateral stiffness curves A
and B demonstrate significant differences in lat-
eral stiffness of the two structures 186 and 190.

The lateral stiffness function curves A and B
demonstrate that the splines 180 of the preferred
structure 186 have significantly lower lateral
stiffness than the splines 192 of the other struc-
ture 190. In terms of magnitude, the slope of the
lateral stiffness function of Curve A (for the
preferred structure 186) is about .19 gram/degree.
In contrast, the slope of the lateral stiffness
function of Curve B (for the other structure 190)
is about .51 gram/degree.

3. Comparing Axial S8tiffness Functions
T¢
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The axial stiffness functions T, for the pre-
ferred structure 186 and the other structure 190
were derived according to the methodology earlier
described (as Fig. 12 shows). Cylinders having
interior diameters of 1.44 inches (simulating
diastole); .94 inch (simulated systole); and 1.19
inches (simulating between diastole and systole)
constrained each structure 186 and 190 while axial
force deflection was applied to the distal tips of
the structures 186 and 190. During deflection, the
axial stiffness function T, the other structure 190
was derived with the pull wire 198 taunt and with
the pull wire 198 loose.

Figs. 37; 38; and 39 show, respectively, at
the diastolic diameter; the intermediate diameter;
and the systolic diameter, the axial stiffness
functions T; for the preferred structure 186 (Curve
A, with two samples in Figs. 38 and 39) and the
other structure 190(Curve B, with Curve B for
taunt pull wire and Curve B’ for loose pull wire
in Figs. 38 and 39).

Curves A and B/B’ demonstrate the significant
differences between the two axial stiffness func-
tions, both in terms of magnitude and in terms of
shape.

In terms of magnitude, the axial stiffness
function Curve A demonstrates the significantly
less axial stiffness of the preferred structure
186, compared to the axial stiffness of the other
structure 190 (axial stiffness function Curves
B/B’).

In terms of shape, Curve A is seen to rise at
a gradual slope. The gradual slope of T, indicates
that incremental changes in deflection bring about
relatively small, incremental changes in contact
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force F_, even when the structure 186 is fully
compressed at systole.

In contrast, Curves B/B’ are seen to steeply
rise (Figs. 37 and 38) and then even more steeply
rise (Figs. 38 and 39). The steep slope of T, indi-
cates that large increases in contact force F,
occur with small increments in axial deflection,
particularly during systole.

Curves B/B’ are also seen to have discontinu-
ities (indicated by regions D in Figs. 38 and 39)
marked by a sudden change in slope. These discon-
tinuities determine that the other structure 190
will experience buckling or warping during axial
deflection during systole, in the manner shown in
Fig. 18. Curve A is free of such discontinuities,
indicating a more stable structure, which will
deform uniformly during systole in the manner
shown in Fig. 6.

The stiffness of each structure 186 and 190 is
evaluated by measuring the slope of the axial
stiffness curves A/B/B’. Fig. 44 shows a table
tabulating the various slope (i.e. stiffness)
values measured. Fig. 45 shows a compilation of
curves plotting constraint diameter of the struc-
tures versus stiffness. Fig. 45 also generally
indicates the constraint diameters corresponding
to systole (0.94 in) and diastole (1.44 in).

Figs. 44 and 45 demonstrate that the stiffness of
the preferred structure 186 ranges from 1/8th to
1/12th the stiffness of the other structure 190
over the expected range of systolic and diastolic
heart diameters.

4. Comparing Tissue Pressure Functions

Tp
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The tissue pressure functions 'I‘p for the pre-
ferred structure 186 and the other structure 190
were derived according to the methodology earlier
described (shown in Fig. 13).

Tissue pressure I; was plotted as a function of
contact force F, for the two structures, as Fig. 40
shows. 1In Fig. 40, Curve A shows the resulting
plot for the preferred structure 186. Curve B
shows the resulting plot for the other structure
190.

The plot for the preferred structure 186
(Curve A) shows tissue pressure Tprising gradually
with increasing contact force F., then reaching a
maximum level and thereafter remaining essentially
constant, despite increasing contact force F.. In
sharp contrast, the plot for the other structure
186 (Curve B) shows tissue pressure Tpcontinuously
rising in a linear fashion with contact force F,.

Experimental Verification of Contact Pressure
Measurements

Figs. 42A to 42E are successive photographs
showing the other structure 190 during measurement
of the tissue pressure function T,- Fig. 42A shows
the distal tip 196 applying a contact force F,_ of
18 grams to a section of endocardial tissue 200
(lamb atrial tissue). Figs. 42B and 42C show the
distal tip 196 applying increasing contact forces
F. of 45 grams and 75 grams, respectively. Figs.
42D and 42E show the distal tip 196 applying a
still increasing contact force F_ of 136 grams and
200 grams, respectively.

Fig. 42E demonstrates that continued applica-
tion of the axial force causes the splines 192 of
the other structure 190 to buckle and warp. The
discontinuities D in the radial stiffness function
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S, (Fig. 35) and axial stiffness function T, (Figs.
38 and 39) for the structure 190 indicated that
this instability would occur.

Figs. 42A to 42E show that, as the contact
force F, increases, the surface area of the distal
tip 196 of the other structure 190 remains con-
stant. As the contact force F, increases, the dis-
tal tip 196 incrementally protrudes further into
tissue 200 in "javelin-like" fashion, until the
tip 196 is essentially buried in the tissue 200
(see Figs. 42C/D/E).

Figs. 42A to 42E also show that the complex
curve configuration near the distal tip 196 of the
other structure 190 holds the splines 192 sur-
rounding the distal tip 196 away from contact with
tissue 200.

Figs. 43A to 43E are successive photographs
showing the preferred structure 186 during mea-
surement of the tissue pressure function Tp, under
comparable contact force conditions as Figs. 42A
to 42E for the other structure 190. Fig. 43A
shows the distal tip 182 applying a contact force
F_ of 19 grams to a section of endocardial tissue
200 (lamb atrial tissue). Fig. 43B and 43C show
the distal tip 182 applying increasing contact
forces F, of 50 grams and 79 grams, respectively.
Figs. 43D and 43E show the distal tip 182 applying
a still increasing contact force F. of 140 grams
and 168 grams, respectively.

Figs. 43A to 43E show that continued applica-
tion of the axial force upon the preferred struc-
ture 186 does not cause causes the splines 180 to
buckle and warp. The lack of discontinuities in
the radial stiffness function S, (Fig. 35) and
axial stiffness function T, (Figs. 37 to 39) indi-
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cated that this stability would be present.

Figs. 43A to 43E also show that, as the con-
tact force F_ increases, the distal tip 182 of the
preferred structure 186 incrementally increases
the area of surface contact A,,,. The increase in
surface area A;, distributes the increasing con-
tact force F, to mediate tissue pressure Tp. As a
result, the distal tip 182 of the preferred struc-
ture 186 does not protrude into the tissue 200.
The position of the distal tip 182 against the
surface of the tissue 200 remains essentially the
same at both high and low contact forces.

Figs. 43A to 43E also show that the absence of
a complex curve configuration near the distal tip
182 of the preferred structure 186 holds the
splines 130 surrounding the distal tip 182 in
intimate contact with tissue.

Fig. 41 plots the surface area of contact A
as a function of contact force F_. for the preferred
structure 186 (Curve A) and for the other struc-
ture 190 (Curve B). Curve A shows that, in the
preferred structure 186, the surface area in-
creases as the contact force rises. Curve B shows
that, in the other structure 190, the surface area
remains constant with increasing contact force.
Curve B demonstrates that, in the other structure
190, surface area of contact is independent of
axial force. Curve A demonstrates that, in the
preferred structure 186, surface area and axial
force change together to control tissue pressure.

The slopes of the tissue-pressure plots ATP/AFc
in Fig. 40 also determine the degree to which the
surface area of contact A;p Changes to ameliorate
tissue pressure with increasing contact force F_.
Plot B in Fig. 40 for the other structure 190
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shows a steep, essentially constant slope for
AT,/AF,, with T, increasing in a linear fashion
with increasing F.. This plot characterizes a
stiff, javelin-like point of contact with tissue,
which does not significantly change A,,, as F,
changes. The photographs of Figs. 42A to 42E con-
firm the validity of this indication. The photo-
graphs of Figs. 42A to 42E also confirm the pro-
pensity of this type of distal tip structure 190
to protrude into tissue, thereby increasing the
risk of tissue trauma and perforation.

On the other hand, Plot A in Fig. 40 shows a
more shallow slope in the contact pressure that
decreases in a nonlinear fashion with T,. Plot A
approaches a constant value despite increasing F..
Plot A characterizes a more flexible region of
tissue contact, in which the surface area of the
contact increases with increasing F,. The photo-
graphs of Figs. 43A to 42E confirm the validity of
this indication. The photographs of Figs. 42A to
42E also confirm the propensity of this preferred
type of distal tip structure 186 not to protrude
into tissue, thereby diminishing the risk of tis-
sue trauma and perforation.

The preferred structure 186 of the preferred
embodiment creates a larger distal surface area
and thus reduces the overall magnitude of pressure
exerted against tissue. As Fig. 29B show, the
spline elements 180 of the preferred embodiment
extend through the axis of the cap 48 at an angle
x that is greater than about 45° (as shown by
phantom line spline elements 180a in Fig. 29B),
but is less than about 110° (as shown by phantom
line spline elements 180c in Fig. 29B). Prefera-
bly, the angle x is between about 80° and 100°.

PCT/US96/18332
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In the illustrated preferred embodiment (as shown
by spline elements 180b in Fig. 29B), the angle ¥
is about 90° (i.e., the spline elements 180c ex-
tend generally perpendicular to the axis of the
cap 48). _

As Fig. 30 shows, the angle x that the cap 48
imposes creates an oval support structure 186
having a cufvature that best approximates the
contour of endocardial heart tissue. The oval
structure 186 includes an enlarged, dome-shaped
distal surface area 66 (see Fig. 30). The surface
area 66 conforms intimately to endocardial tissue
as the heart beats. The slotted cap 48 supports
the distal ends of the spline elements 180 without
imposing reverse or compound bends at the distal
tip that force the spline elements 180 inward, out
of the natural contour of heart tissue and into a
geometrically unstable condition.

The slotted structure of the cap 48 makes
possible the location of the distal-most spline
elements 180 very close to the distal end of the
cap 48. 1In the illustrated and preferred embodi-
ment, the most distal slot 56A, through which the
distal-most spline elements 180 extend, has a
centerline that is separated from the distal end
of the cap 48 by no more than about .040".

As a result (see Fig. 30), when the structure
186 is fully deployed for use, the cap 48 projects
only a minimal distance beyond the envelope of the
resulting structure 186. Practically speaking, the
cap 48 lies essentially within the envelope of the
distal surface area 66.

The geometry that the cap 48 permits creates a
relatively smooth surface area 66 that is essen-

tially free of major projections that can extend
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to a significant extent into endocardial tissue.
The contour of the surface 66 extends along an
essentially constant arc from one spline 180,
across the end cap 48 to an opposite spline 180.
The end cap 48 presents a surface 66 free of out-
ward physiologically significant projections that
can poke endocardial tissue to cause blunt tissue
trauma. The contoured surface 66 extending about
the cap 48 thus minimizes the chances of damage to
endocardial tissue during use.

The contoured surface 66 permits access to and
intimate contact with tissue in the apex of the
heart, at the base of the ventricles. About 186%
of infarcted heart tissue is found to lie within
the apex. Therefore, providing non-traumatic
access to this region offers considerable diagnos-
tic benefit.

Furthermore, the alignment of the end cap 48
along this contoured surface 66 makes it possible
to use the end-cap 48 itself as an electrode. The
contour surface 66 and non-projecting end-cap 48
allow the physician to deploy the structure 186
and obtain electrogram signals from the apex of
the heart using the end-cap as an electrode.
Again, considerable diagnostic benefits result.

The features of the invention are set forth in
the following claims.

PCT/US96/18332
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CLAIMS:

1. An electrode support structure com-
prising

a distal hub,

a proximal base aligned along a major
axis with the distal hub,

a generally flexible spline element ex-
tending between the hub and the base the spline
element, the spline having an elongated axis that
at the base, extends generally parallel to the
major axis and, at the hub, extends at an angle,
measured relative to the major axis, of between
45° and 110°, and

an electrode carried by the spline ele-

7

ment.

2. An electrode support structure com-
prising

a distal hub,

a proximal base aligned along a major
axis with the distal hub,

a generally flexible spline element con-
strained by the hub and the base into a shape
that:

at the base, extends generally par-
allel to the major axis,

at the hub, extends generally at an
angle, measured relative to the major axis, of
between 45° and 110°, and

between the base and the hub, bows
outward of the major axis, and

an electrode carried by the spline ele-
ment.

3. A support structure according to
claim 1 or 2

wherein the hub includes a side wall
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located about the major axis, and

wherein the spline element radiates out-
ward from the side hub wall at the angle.

4. A support structure according to
claim 1 or 2

wherein the angle is between about 80°
and about 100°.

5. A support structure according to
claim 1 or 2

wherein the angle is about 90°.

6. A support structure according to
claim 1 or 2

wherein the spline defines a distal sur-
face at the hub, and

wherein the hub lies generally within the
envelope of the distal surface.

7. A support structure according to
claim 1

wherein the hub includes a slot that
extends across the major axis, and

wherein, at the hub, the spline element
is constrained within the slot.

8. A support structure according to
claim 1 or 2

wherein the hub includes a slot that
extends across the major axis, and

wherein, at the hub, the spline element
is constrained within the slot against movement
out of the slot, the slot having clearance to
accommodate twisting of the spline element about
its axis within the slot in response to external
force.

9. An electrode support structure com-
prising

a distal hub having an opening,
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a proximal base,

a generally flexible spline element ex-
tending between the hub and the base the spline
element, the spline element being flexibly con-
strained within the opening against movement out
of the opening, the opening having clearance to
accommodate twisting of the spline element within
the opening in response to external force, and

an electrode carried by the spline ele-
ment. V

10. An electrode support structure com-
prising

a hub having an axis and a side wall
located about the axis, the hub including a slot
that extends across the axis through the hub, and

at least two diametrically opposed, gen-
erally flexible spline elements connected to the
hub, the spline elements having a terminal ends
spaced from the hub, the spline elements being
integrally joined by an intermediate body that
passes through the slot while the opposed spline
elements radiate free of the slot, the intermedi-
ate body being flexibly constrained within the
slot against movement out of the opening, the
opening having clearance to accommodate twisting
of the intermediate body within the slot in re-
sponse to external force.

11. An electrode support structure com-
prising

a distal hub,

a proximal base aligned along a major
axis with the distal hub,

an array of generally flexible spline
elements extending between the hub and the base,

the spline elements each having an elongated axis

PCT/US96/18332
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that, at the base, extends generally parallel to
the major axis and, at the hub, extends at an
angle, measured relative to the major axis, of
between 45° and 110°, the spline elements collec-
tively defining a distal surface lying within an
envelope that approximates the curvature of endo-
cardial tissue and within which envelope the dis-
tal hub lies, the distal surface, when contacting
endocardial tissue, increasing in surface area in
response to force applied generally along the
major axis to mediate tissue pressure.

12. A multiple electrode structure for
deployment within the heart

a hub having an axis and a side wall
located about the axis, the hub having a distal
end,

an array of diametrically opposed, gener-
ally flexible spline elements connected to the
hub, the spline elements radiating from the side
wall of the hub near its distal end at an angle,
measured relative to the axis of the hub, of be-
tween 45° and 110°, the spline elements having
terminal ends spaced from the hub,

electrodes carried by at least some of
the spline elements, and

a base joined to the terminal ends of the
spline elements to flex the spline elements into a
three dimensional, generally spheroid shape having
a distal surface lying within an envelope that
approximates the curvature of endocardial tissue
and within which envelope the distal hub lies, the
distal surface, when contacting endocardial tis-
sue, increasing in surface area in response to
force applied generally along the axis of the hub.

PCT/US96/18332
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