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SYSTEMS AND METHODS OF USE FOR DELIVERING BENEFICIAL
AGENTS FOR REVASCULARIZING STENOTIC BYPASS GRAFTS
AND OTHER OCCLUDED BLOOD VESSELS AND FOR OTHER PURPOSES
SPECIFICATION
BACKGROUND OF THE INVENTION

This application relates generally to medical systems and procedures and

more particularly to systems and procedures for treating targeted tissues, e.g., cardiac tissue,
of a living being and to medical instruments and methods of use to remove occlusive
material from a vessel, duct or lumen within the body of a living being.

Cardiovascular disease is the leading cause of death in the industrial world

today. During the disease process, atherosclerotic plaques develop at various locations

- within the arterial system of those affected. These plaques restrict the flow of blood through

the affected vessels. Of particular concern is when these plaques develop within the blood
vessels that feed the muscles and other tissues of the heart. In healthy hearts, cardiac blood
perfusion results from the two coronary arterial vessels, the left and right coronary arteries
that perfuse the myocardium from the epicardial surface inward towards the endocardium.
The blood flows through the capillary system into the coronary veins and into the right
atrium via the coronary sinus. When atherosclerosis occurs within the arteries of the heart it
leads to myocardial infarctions, or heart attacks, and ischemia due to reduced blood flow to
the heart tissues. Over the past few years numerous devices and methods have been
evaluated for treating cardiovascular disease, and for treating the resulting detrimental
effects that the disease has upon the myocardium and the other heart tissues. They are:
traditional surgical methods (e.g. open heart surgery), minimally invasive surgery,
traditional interventional cardiology (e.g. angioplasty, atherectomy, stents), and advanced
interventional cardiology (e.g. catheter based drug delivery). Other recent advances in
cardiovascular disease treatment involve transmyocardial revascularization (TMR), and
growth factor and gene delivery. ‘

Traditional methods for treating cardiovascular disease utilize open surgical
procedures to access the heart and bypass blockages in the coronary blood vessels. These
procedures require an incision in the skin extending from the supra-sternal notch to the

zyphoid process, the sawing of the sternum longitudinally in half, and the spreading of the
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rib-cage to surgically expose the patient’s heart. Based upon the degree of coronary artery
disease, a single, double, triple, or even greater number of vessels are bypassed. Each bypass
is typically performed by creating a separate conduit from the aorta to a stenosed coronary
artery at a location distal to the occluded site. In general, the conduits are either synthetic or
natural bypass grafts. Grafting with the internal thoracic (internal mammary) artery directly
to the blocked coronary site has been particularly successful with superior long-term
patency results. During conventional cardiac surgery, the heart is stopped using cardioplegia
solutions and the patient is put on cardiopulmonary bypass. The bypass procedure uses a
heart-lung machine to maintain circulation throughout the body during the surgical
procedure. A state of hypothermia may be induced in the heart tissue during the bypass
procedure to preserve the tissue from necrosis. Once the procedure is complete, the heart is
resuscitated and the patient is removed from bypass.

There are great risks associated with these traditional surgical procedures
such as significant pain, extended rehabilitation time and high risk of mortality for the
patient. The procedure is time-consuming and costly to perform. Traditional cardiac surgery
also requires that the patient have both adequate lung and kidney function in order to
tolerate the circulatory bypass associated with the procedure and a number of patients which
are medically unstable are thus not a candidate for bypass surgery. As a result, over the past
few years, minimally invasive techniques for performing bypass surgery have been
developed and in some instances the need for cardiopulmonary bypass and extended
recovery times are avoided. A number of companies, e.g., Heartport, Inc. of Redwood City,
CA and Cardiothoracic Systems, Inc. of Cupertino, CA, have developed devices that allow
for cardiac surgical procedures that do not require a grossly invasive median sternotomy or
traditional cardiopulmonary bypass equipment. The procedures result in a significant
reduction in pain and rehabilitation time.

In addition, as an alternative to surgical methods, traditional interventional
cardiology methods (e.g. angioplasty, atherectomy, and stents) non-surgical procedures,
such as percutaneous transluminal coronary angioplasty (PTCA), rotational atherectomy,
and stenting have been successfully used to treat this disease in a less invasive non-surgical
fashion. In balloon angioplasty a long, thin catheter having a tiny inflatable balloon at its

distal end is threaded through the cardiovascular system until the balloon is located at the
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location of the narrowed blood vessel. The balloon is then inflated to separate and expand
the obstructing plaque and expand the arterial wall, thereby restoring or improving the flow
of blood to the local and distal tissues. Stenting utilizes a balloon tipped catheter to expand a
small coil-spring-like scaffold at the site of the blockage to hold the blood vessel open.
Rotational atherectomy utilizes a similarly long and thin catheter, but with a rotational
cutting tip at its distal end for cutting through the occluding material.

Catheter instruments have been suggested or disclosed in the patent literature
for effecting non-invasive or minimally invasive revascularization of occluded arteries. For
example, in U.S. Patent No. 4,445,509 there is disclosed a recanalization catheter designed
specifically for cutting away hard, abnormal deposits, such as atherosclerotic plaque, from
the inside of an artery, while supposedly preserving the soft arterial tissue. That
recanalizing catheter includes a sharp-edged, multi-fluted, rotating cutting tip mounted at the
distal end of the catheter and arranged to be rotated by a flexible drive shaft extending down
the center of the catheter. The rotation of the cutting head is stated as producing a
"differential cutting" effect, whereupon relatively hard deposits are cut away from relatively
soft tissue. Suction ports are provided to pull the hard particles produced by the cutting
action into the catheter for removal at the proximal end thereof so that such particles do not
flow distally of the catheter where they could have an adverse effect on the patients' body.

In United States Patent No. 4,700,705, which is assigned to the same assignee
as this invention and whose disclosure is incorporated by reference herein, there are
disclosed and claimed catheters and methods of use for effecting the opening of a vessel,
duct or lumen, such as the opening of a atherosclerotic restriction (partial or total occlusion)
in an artery. These catheters are elongated flexible members of sufficient flexibility to
enable them to be readily passed through the body of the patient to the situs of the
atherosclerotic plaque in the artery to be opened. A working head is mounted at the distal
end of the catheter and is arranged for high-speed rotation about the longitudinal axis of the
catheter. In some embodiments the catheter may eject fluid at the working head to expedite
the restriction-opening procedure.

In U.S. Patent No. 4,747,821, which is also assigned to the same assignee as
this invention and whose disclosure is incorporated by reference herein, there is disclosed

and claimed other catheters particularly suited for revascularization of arteries. Each of
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those catheters includes a rotary working head having at least one non-sharp impacting
surface to effect material removal without cutting. Moreover, those catheters are arranged
to eject fluid adjacent the working head to expedite the revascularization procedure. In
particular, the rotation of the working head produces a powerful, toroidal shaped vortex
contiguous with the working head which has the effect of recirculating any particles that
may have been broken off from the material forming the arterial restriction so that the
working head repeatedly impacts those particles to reduce their size.

In United States Patent No. 5,042,984, which is also assigned to the same
assignee as this invention and whose disclosure is incorporated by reference herein, there
are disclosed and claimed catheters whose working heads include impacting surfaces of
differing aggressiveness which may be selectively brought into engagement with the
restriction to be opened. Such catheters also make use of exiting jets of liquid as described
above.

Other atherectomy devices for enlarging an opening in a blood vessel have
been disclosed and claimed in the following United States patents: 4,589,412 (which is
assigned to the same assignee as this invention and whose disclosure is incorporated by
reference herein); 4,631,052; 4,686,982 (which is assigned to the same assignee as this
invention and whose disclosure is incorporated by reference herein); 4,749,376 (which is
assigned to the same assignee as this invention and whose disclosure is incorporated by
reference herein); 4,790,813; 5,009,659; 5,074,841, 5,282,484; 5,366,463; 5,368,603;
5,402,790, 5,423,742; and 5,429,136.

Some rotary atherectomy devices are in use in this country for
revascularizing occluded arteries. However, their use is limited to some very selected
applications. Thus, in many instances a vascular occlusion of a coronary artery can only be
treated by coronary bypass surgery wherein a graft, e.g., a saphenous vein section and/or
mammary artery section, is surgically shunted across the occluded coronary artery.
Unfortunately a significant percentage of bypass surgical grafts become re-occluded over
time. Thus, the re-occluded graft has to be either bypassed by another graft (i.e., second
bypass surgery), or the re-occluded graft has to be revascularized (i.e., its lumen reopened)
by some intravascular procedure. If the occluded graft is not totally occluded, balloon

angioplasty may be indicated to reopen the graft. Where, however, the graft is totally
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occluded or heavily occluded by frangible deposits balloon angioplasty is unavailable.
Thus, if revascularization of such a graft is desired, resort may be to rotary atherectomy.

One currently available rotary atherectomy device is the ROTOBLATOR®
System of Heart Technology, Inc. That system utilizes a catheter having a diamond coated
elliptical burr which is rotated at a high rate of speed, e.g., up to 190,000 rpm. The burr
serves to break the atherosclerotic plaque into fine particles which are allowed to remain in
the patient's body for disposal by the patient's reticuloendothelial system.

As is known to those skilled in the art, one problem with a rotary
atherectomy device is that unless the debris produced is so small and benign that it can be
left within the patient's vascular system there must be some means to ensure that the debris
does not flow upstream into the aorta during the procedure or into the downstream artery
graft at the break-through point when the device comes out the distal side of a total
occlusion, since either action could present a significant hazard to the patient. In particular,
the former route risks stroke, the later route risks local ischemia of heart muscle when debris
blocks off small arteries.

Thus, the collection and/or aspiration of debris produced during the
revascularization of occluded arterial bypass grafts or other blood vessels is getting
considerable attention in the medical arts. For example, Possis Medical, Inc., the assignee
of United States Letters Patent Nos. 5,370,609 and 5,496,267, provides catheter devices
designated as the ANGIOJET Rapid Thrombolectomy System and the ANGIOJET
Rheolytic Thrombolectomy System. These devices are presumably constructed in
accordance with those patents and are believed to be presently undergoing clinical trials.
The catheter devices disclosed in those patents utilize high velocity jets of saline to abrade
the blockage. In particular, the patents disclose utilizing the momentum of the saline jets to
create a local vacuum to entrain any particulate material produced by the revascularization
procedure, with the momentum and the local positive pressure being sufficient to carry the
saline and debris to a return collection bag.

Another atherectomy device which is currently undergoing clinical trials is
the Coronary TEC® System of Interventional Technologies, Inc. That device is believed to
be the subject of United States Patent No. 5,224,945, and basically comprises a catheter

having a working head with microtome sharp blades for cutting plaque circumferentially.
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The excised plaque is extracted by suction through a central lumen in the catheter into an
exteriorly-located vacuum bottle. No control of the quantity of flow of the debris-carrying
fluid from the catheter is disclosed.

United States Letters Patent No. 5,030,201 (Palestran) discloses a system
including an expandable atherectomy catheter arranged to be rotated to cut through an
occluded artery to revascularize it. The atherectomy catheter includes an expandable cutting
head having plural elongated cutting members which are mounted on a flexible torque tube
incorporating a vacuum or aspiration system for retrieval of excised material. The cutting
head is arranged to be rotated to cause the elongated members to cut away atheromatous
material or blood clots. The atherectomy catheter is arranged to be inserted into the blood
vessel through a coaxial delivery catheter, also forming a part of the system. The
mechanism for aspirating particles of atheromatous material or blood clots removed by the
elongated cutting members is disclosed as being in the form of a vacuum port provided at
the proximal end of either the delivery catheter, the atherectomy catheter or a "retracting
catheter" which also constitutes a part of the system. Saline solution or some other irrigant
is infused through one of the catheters of the device that is not being used for aspiration.
The infusion rate of the saline solution is balanced with the aspiration rate to avoid any net
removal of fluid from the vessel. In particular, the patent teaches that by balancing the
infusion rate of the saline solution to the aspiration rate, the net removal of fluid from the
vessel can be brought close to zero, thereby minimizing blood loss.

While the balancing of the infusion and aspiration flow rates to minimize
blood loss may be desirable, such action does not insure positive removal of all debris
produced during the revascularization procedure.

Accordingly, a need exists for apparatus and a method of use to revascularize
partially or totally occluded blood vessels, while positively assuring that any particles
produced during the revascularization procedure are removed from the patient's body. In the
case of partially or totally occluded coronary bypass grafts, a need exists for intravascular
atherectomy apparatus and methods of use for effectively producing a lumen through the
occlusion for the free flow of blood, without the risk that any debris produced during the
lumen opening procedure will enter into the aorta or downstream of the occlusion once it

has been crossed or opened.
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While many patients are successfully relieved of their symptoms and pain
with traditional interventional procedures, in a significant number of patients the blood
vessels eventually restenose or reocclude within a relatively short period of time. As such,
researchers have explored advanced interventional cardiology methods (e.g., catheter based
drug delivery, radiation therapy, etc.) to delay or prohibit the process of restenosis. As
summarized by Raoul Bonan, MD (“Local Drug Delivery for the Treatment of Thrombus
and Restenosis, IAGS Proceedings, The Journal of Invasive Cardiology, 8:399-408, October
1996), the cardiology community has recently begun to augment standard catheter-based

treatment techniques with devices that provide local delivery of medications to the treated

site. These devices are disclosed in co-pending U.S. Patent Application S. N.

, filed , entitled Systems and Methods for Delivering

Beneficial Agents into Targeted Tissue of a Living Being, which is a Continuation-In-Part
of U.S. Patent Application S.N. 09/368,410, filed on August 5, 1999, entitled Systems and
Methods for Delivering Agents into Targeted Tissue of a Living Being, which applications
are assigned to the same assignee as this invention and whose disclosures are incorporated
by reference herein. This localized administration of drugs has shown promise for
counteracting clotting, reducing inflammatory responses, and blocking proliferative
responses, such as intimal hyperplasia. Neointimal hyperplasia is the migration and
proliferation of vascular smooth muscle cells leading to the deposition of extracellular
matrix components at the injury site. It is believed that biological growth factors stimulate
the vascular smooth muscle (VSM) cells to proliferate causing the intima to thicken. This
intimal thickening narrows the lumen of the blood vessel and restricts blood flow.

The subject invention is well suited for localized administration of agents
(e.g. drugs, biologicals) counteracting clotting, reducing inflammatory responses, and
blocking proliferative responses, such as intimal hyperplasia. One such agent is a growth
arresting lipid. Research by Charles C., Sandirasegarane L, Yun J, Bourbon N, Wilson R,
Rothstein R, Levison S, Kester M. reported in the article Ceramide-Coated Balloon
Catheters Limit Neoinitmal Hyperlasia After Stretch Injury in Carotid Arteries, Circulation
Research. 2000;87:282 has shown that direct delivery of a cell-permeable growth-arresting
lipid delivered via a balloon embolectomy catheter limits the extents of the neointimal

hyperplasia after the balloon-induced stretch injury. It was shown that a sphingolipid-
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derived cell permeable ceramide can arrest the growth of smooth muscle cell pericytes in
vivo without causing significant apoptosis.

Sphingolipids are membrane lipids that serve as a substrate for the formation
of second messengers. Ceramide, a second messenger derived from cytokine receptor-
activated sphingomyelin catabolism, stimulates differentiation, inhibits proliferation, and
has been associated with apoptosis. Ceramide is an N acyl sphingosine, the lipid moiety of
glycosphingolipids. Ceramides also are involved in the regulation of cellular proliferation
and differentiation in a variety of cell types. Ceramide is considered to be a antineoplastic
agent. Many studies have focused on ceramides and their sphingoid base metabolites as
growth inhibitors. Glycosphingolipids are amphiphatic molecules consisting of a ceramide
lipid moiety, embedded in the outer leaflet of the plasma membrane, linked to one of
hundreds of different externally oriented oligosaccharide structures. They form cell type
specific profiles which characteristically change in development, differentiation and
oncogenic transformation, suggesting their implication in fundamental cellular processes
including growth, differentiation, morphogenesis, cell to matrix interaction and cell to cell
communication. Glycosphingolipids are believed to be integral components of the plasma
membrane microdomains, known as rafts and caveolae. Furthermore, their biosynthesis has
been shown to have a vital role for embryogenesis of mammals. In the last decade
sphingolipid metabolites were recognized as bioactive molecules; whereas sphingosine and
sphingosine-1-phosphate were found to be primarily mitogenic signals, ceramide appears to
provide the breaks for unrestrained cell growth, being involved in apoptosis, differentiation
and senescence.

The studies by Kester indicate that the ceramide penetrates into the intimal
and medial layers of the VSM. The ceramide treatment decreases the number of vascular
smooth muscle cells entering the cell cycle. Research indicates that the intercalation of
ceramide into vascular smooth muscle cells correlated with rapid inhibition of trauma-
associated phosphorylation of extracellular signal-regulated kinase and protein kinase B. In
generic terms, the lipid blocks factor-mediated signaling cascades that reduces neointimal
hyperplasia with minimal systemic complications.

Antineoplastic agents include a wide range of compounds that work by

various mechanisms. By definition, anti neoplastic agents are agents that inhibit new
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growth., Examples of compounds considered to be antineoplastic agents are, alkylating
agents, antimetabolites, antimitotic agents, antibiotics, hormones, enzymes, cytoprotective
agents, biological response modifiers, and monoclonal antibodies.

The mechanism of action by which these agents suppress proliferation of
neoplasms is that, generally, they affect one or rﬁore stages of cell growth or replication.
Some agents are more active at one specific phase of cellular growth and are considered cell
cycle specific agents. Those agents that are active on both proliferating and resting cells are
considered cell cycle nonspecific agents.

Antineoplastic agents such as alkylating agents form highly reactive
carbonium ions which react with essential cellular components, thereby altering normal
biological function. Alkylating agents replace hydrogen atoms with an alkyl radical causing
cross-linking and abnormal base pairing of DNA molecules. They also react with
sulfhydryl, phosphate and amine groups resulting in multiple lesions in both dividing and
non-dividing cells. The resultant defective DNA molecules are unable to carry out normal
cellular reproductive function.

Antimetalobites include a diverse group of compounds which interfere with
various metabolic processes, thereby disrupting normal cellular functions. These agents
may act by two general mechanisms: By incorporating a drug, rather than a normal cellular
constituent, into an essential chemical compound; or by inhibiting a key enzyme from
functioning normally. Their primary benefit is the ability to disrupt nucleic acid synthesis.
These agents work on dividing cells during the S phase of nucleic acid synthesis and are
most effective on rapidly proliferating neoplasms.

There are also some hormones that are used to treat several types of
neoplasms. Hormonal therapy interferes at a cellular membrane level with growth
stimulatory receptor proteins.

Other antineoplastic agents include antibiotics. Antibiotic-type
antineoplastic agents, unlike their antiinfective relatives, are capable of disrupting cellular
function of hosts (mammalian) tissues. Their primary mechanism of action are to inhibit
DNA-dependent RNA synthesis and to delay or inhibit mitosis.

Mitotic inhibitors are another type of antineoplastic agent. Some have a

mechanism that inhibits DNA synthesis at specific phases of the cell cycle while others bind
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to tubulin, the subunits of the microtubules that form the mitotic spindle, thus causing
metaphase arrests. Other mitotic inhibitors enhance the polymerization of tubulin and
induces the production of stable, nonfunctional microtubules, thus inhibiting cell replication.

Some aspects of the subject inventions relate to the system and method of
delivering such agents into the tissue of a living being through the use of the devices
disclosed herein.

SUMMARY OF THE INVENTION

This invention includes various aspects. For example, there is provided a
system and method for opening a lumen in an occluded blood vessel, e.g., a coronary bypass
graft, of a living being's vascular system located downstream of another blood vessel, e.g.,
the aorta, from which blood will flow to the occluded blood vessel. The system basically
comprises a guide catheter, a lumen-opening catheter, a debris blocking member, and a fluid
flow system.

The guide catheter has a distal end portion and at least one blood entrance
port located proximally of the distal end portion. The lumen-opening catheter extends
through the guide catheter to establish a fluid flow passageway therebetween and has a
working head, e.g., a rotatable impacting member, for location immediately adjacent the
occlusive material within the occluded blood vessel portion. The working head is arranged
for operating on the occlusive material, e.g., repeatedly impacting it, to open a lumen for the
freer flow of blood therethrough. Some debris may be produced by the operation of the
working head.

The debris blocking member is located distally of the working head to
prevent debris from flowing distally thereof.

The fluid flow system is arranged to introduce an infusate liquid at a first
flow rate adjacent the working head and to withdraw that liquid through the passageway
between the guide catheter and the lumen opening catheter at a second and higher flow rate
to create a differential flow adjacent the working head, whereupon debris produced by the
operation of the working head is withdrawn by the differential flow and flows with the
liquid proximally through the passageway for extraction.

The blood entrance port in the distal end portion of the guide catheter is in

communication with the passageway between the guide catheter and the lumen opening
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catheter, whereupon blood from the patent blood vessel portion may enter for merger with
the liquid and debris flowing through that passageway.

In accordance with one preferred embodiment of this invention the debris
blocking member is an inflatable balloon is provided at the distal end of the instrument to
physically block the egress of any debris downstream of the apparatus. Perfusion means is
preferably provided to inflate the balloon and to oxygenate downstream tissue when the
balloon is inflated.

In accordance with another aspect of this invention an intra-luminal system is
provided for locally delivering at least one beneficial agent to the wall of a lumen in the
body of a living being. The system basically comprises at least one beneficial flowable
agent, e.g., at least one antineoplastic agent, at least one anti-restenosis drug, at least one
anti-proliferation drug, at least one lipid, etc., and a catheter. The catheter has a distal end
portion including at least one outlet port. The at least one beneficial flowable agent is
arranged to be controllably introduced through the catheter and out of the outlet port for
localized delivery to the wall of the lumen wall.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and many of the attendant advantages of this invention will
readily be appreciated as the same becomes better understood by reference to the following
detailed description when considered in connection with the accompanying drawings
wherein:

Fig. 1 is a schematic diagram, partially in section, of a system of the subject
invention shown during the process of opening a lumen in a totally occluded coronary
bypass graft so that blood can flow therethrough;

Fig. 2 is an enlarged view, partially in section, of a portion of the system of
Fig. 1 shown during the process of opening a lumen in the occluded coronary bypass graft;

Fig. 3 is an even more greatly enlarged view, partially in section, of a portion
of the system shown in Fig. 2;

Fig. 4 is a reduced isometric view of the portion of the system shown in Fig.

3;
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Fig. 5, is an illustration showing the apparatus of Fig. 1, partially in section,
during the process of revascularizing a totally occluded femoral artery downstream of the
profunda femoris;

Figs. 6A and 6B together are an illustration of another embodiment of the
system of this invention for revascularizing or opening a lumen in a coronary bypass graft;

Fig. 7 is an enlarged isometric illustration of a portion of an instrument
forming a component of the system shown in Figs. 6A and 6B during the process of
revascularizing a diseased bypass graft;

Fig. 8 is an enlarged longitudinal sectional view of the distal end of the
instrument shown in Fig. 7;

Fig. 9A is an isometric view of a portion of another preferred embodiment of
this invention making use of a guide catheter having at least one flow regulation port to
ensure that the vessel being revascularized does not collapse during the extraction of the
debris produced by the revascularization;

Fig. 9B is an isometric view of another portion of the embodiment of the
system shown in Fig. 9;

Fig. 10 is an enlarged isometric view of the distal end of the atherectomy
catheter, guide catheter and guide wire of the embodiment of Fig. 9A shown during
revascularization of a coronary bypass graft, where the guide catheter tightly fits within the
bypass graft;

Fig. 11 is a view similar to Fig. 10 but where the guide catheter fits loosely
within the bypass graft;

Fig. 12 is a greatly enlarged longitudinal sectional view of the distal end of
an atherectomy catheter forming a part of the embodiment of the system of Fig. 9A;

Fig. 13 is an enlarged longitudinal sectional view of the proximal end of the
atherectomy catheter of the system of Fig. 9A;

Fig. 14 is an enlarged longitudinal sectional view similar to Fig. 8, but
showing a modified guide wire and distally located balloon for use with the systems of this

invention;
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Fig. 15 is a graph showing the four potential sizes and numbers of flow
regulation ports for the guide catheter and their potential for precluding collapse of the
vessel being revascularized; and

Fig. 16 is a view similar to that of Fig. 10 but showing a method of providing
a stent in an occluded blood vessel section, e.g., a bypass graft, to revascularize it, and with
the debris extraction system making use of a guide catheter tightly engaging the wall of the
blood vessel section; and

Fig. 17 is a view similar to that of Fig. 11 but showing a method of providing
a stent in an occluded blood vessel section, e.g., a bypass graft, to revascularize it, and with
the debris extraction system making use of a guide catheter not engaging the wall of the
blood vessel section.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Referring now in greater detail to the various figures of the drawings wherein
like reference characters refer to like parts, there is shown at 20 in Fig. 1 a system for
revascularizing or opening a lumen through a coronary bypass graft which has become
occluded, such as by the formation of a stenotic lesion or the build-up of plaque therein. As
used herein the term "occluded" is given its broadest interpretation. Thus, an "occluded"
graft or blood vessel may be either totally blocked or only partially blocked (i.e., there is a
passageway or lumen through which some blood may flow).

The system 20 is arranged to be used for forming or énlarging a lumen
through any blood vessel within the body of a living being, e.g., an occluded femoral artery
downstream of the profunda femoris, not necessarily an occluded coronary bypass graft or
an occluded coronary artery. In particular, the system 20 is arranged to produce a channel or
lumen or to enlarge a lumen through the occlusive material within the vessel and to ensure
that any particles of that material which are removed or broken away, during the
revascularization procedure are prevented from flowing into the contiguous vascular system.
When the system 20 is used for revascularization of occluded coronary bypass grafts, a
primary application for the system 20, the debris produced is drawn into the system for
extracorporeal removal and is thus prevented from entering the aorta.

As can be seen in Fig, 1, the system 20 basically comprises an "atherectomy"

catheter 22, a guide catheter 24, an introducer sheath 26, a drive sub-system 28, and a debris
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removal sub-system 30. The atherectomy catheter 22 is in the form of an elongated flexible
tubular body member or jacket at the free or distal end of which is located a rotatable
working head 32. The working head 32 is generally similar to that described in United
States Patent No. 4,747,821, Alternatively, the working head may be constructed in
accordance with the teachings of United States Patents Nos. 4,679,558, 4,686,982,
4,749,376, 5,042,984, and 5,097,849, all of which are also assigned to the same assignee as
this invention, and whose disclosures are also incorporated by reference herein. In fact, the
working head may be any device for opening a lumen through the occlusive material.

In use the atherectomy catheter 22 is guided through the vascular system of
the patient by the guide catheter 24 (which is conventionally placed) to the site of the
vascular occlusion that has been determined to exist, so that the rotary working head is
located immediately adjacent the upstream end of the occlusion. In the embodiment shown
in Fig. 1, the atherectomy catheter is located within a coronary bypass graft 10 having an
upstream end in fluid communication with the aorta 12. The downstream end of the graft is
not shown and is in fluid communication with the coronary artery being bypassed or with
smaller arteries of the heart. In the example shown herein the graft 10 is totally occluded by
an atherosclerotic lesion or plaque or some other occlusive material 14 (Fig. 2) within the
interior of the graft.

The atherectomy catheter 22 is introduced into the patient's vascular system
in a conventional manner, e.g., via the use of the introducer sheath and guide catheter. As
shown, this is accomplished via a percutaneous puncture 16 in the femoral artery 18. The
sheath 26 and guide catheter 24 are each of conventional construction and thus their details
will not be described in the interest of brevity.

The working head 32 is arranged to rotate about the longitudinal axis of the
catheter at a high rate of speed, e.g., from 10,000 rpm to 200,000 rpm to repeatedly
mechanically impact the occlusive material. At the same time, an infusate liquid (to be
described later) is pumped through the atherectomy catheter by a pump (to be described
later and forming a portion of the debris removal sub-system 30) and out of distal end of the
atherectomy catheter adjacent the working head.

The opening of the occlusion to allow freer flow of blood therethrough is

effected by impacting surfaces of the rotating working head impacting the occlusive
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material 14, whereupon portions thereof are removed, e.g., broken away. In addition, as will
be described later, the rotation of the working head produces a powerful, toroidal shaped
vortex contiguous with the working head. This vortex flow has the effect of recirculating
particles that are broken off from the occlusive material by the impact of the rotary working
head's impacting surfaces back into contact with such surfaces. Accordingly, those particles
are repeatedly impacted, with each impaction reducing the size of the particles further until
the majority of resulting particle sizes are very small, e.g., less than 200 microns. At the
same time another pump (also to be described later) of the debris removal sub-system 30 is
operated to aspirate the particles produced during the revascularization procedure along with
the infusate liquid and some blood.

Thus, as will be described in detail later, the debris removal subsystem 30
utilizing a downstream balloon, as will be described later, is operative to ensure that debris
produced as the working head opens a lumen through the occlusion is not able to flow
upstream into the upstream vessel, e.g., the aorta 12, during the lumen opening procedure,
and once the working head breaks through or exits the occlusion on the downstream side,
that the debris is not able to flow downstream into the downstream blood vessel(s).

As best seen in Fig. 4 the atherectomy catheter includes a jacket 34 which is
formed of any suitable material, e.g., plastic, and has a small outside diameter. In the
preferred embodiment shown herein, the outside diameter of the jacket 34 is approximately
1.5 mm (5 French). This size catheter is merely exemplary. The means for effecting the
rotation of the working head is the heretofore identified drive sub-system 28. That sub-
system is similar to the drives disclosed in the aforementioned United States patents
4,686,982, and 4,747,821 and basically comprises an air-turbine motor and associated rotary
drive cable (to be described later). Other drive systems can be utilized, as well.

Irrespective of the construction of the drive system, it is coupled to the
working head 32 so that the working head is rotated about its longitudinal axis at the high
rate of speed. Many of the details of the working head will be described later. Suffice it for
now to say that the working head 32 includes an impeller portion 44 and a central shank
portion or axle 36 (Fig. 4) projecting proximally therefrom. The axle 36 is supported in a
central bore of a bushing 38 fixedly mounted at the distal end of the catheter's jacket 34 by
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an encircling mounting band 40. The shank 36 is fixedly secured to the distal end of a
flexible drive cable 42 forming a portion of the drive sub-system 28.

The impeller 44 forms the distal portion of the working head and is fixedly
secured to the shank 36 so that it will be rotated at a high rate of speed about its longitudinal
axis by the concomitant rotation of the drive cable. The impeller portion 44 comprises a
circular disk or base 52 from which a generally planar tip 54 projects. The tip 54 has a pair
of generally planar diametrically disposed relieved side surfaces or faces which merge with
an arcuate front or distal surface to form a pair of arcuate impacting surfaces 54A and 54B.
Each of the impacting surfaces is radiused in a plane perpendicular to the axis of rotation of
the working head so that each is not sharp, e.g., is in the range of approximately .001 inch to
approximately .008 inch, although in the scale of the figures of the drawing they appear to
be a sharp line. The working head is located within a cylindrical shroud 56 (Figs. 3 and 4)
fixedly mounted on the front of the bushing 38. The shroud 56 includes a cylindrical
sidewall portion 58 and a generally conical distal wall portion 60 terminating in a circular
opening 62 in the distal end thereof. The shroud may be of any suitable outside diameter,
e.g., 7 to 8 French. The distal arcuate portion of the impeller tip 54 projects out of the
central or front opening 62. A side port or open window 64 is located in the sidewall 58.

As mentioned earlier the system 20 utilizes an infusate liquid to expedite the
revascularization of the vessel. In particular, the infusate liquid is pumped at a flow rate Q,
(to be described later) down through the interior of the catheter jacket 34 through four
equidistantly spaced grooves 46 extending down the central bore of the bushing 38 and via
radial ports 48 to an annular recess 50 in the front wall of the bushing. The annular recess is
in fluid communication with the side port or window 64 in the shroud so that the infusate
liquid can exit therefrom. The direction of flow of the infusate liquid down the atherectomy
catheter and out the shroud at its working head is shown clearly in Fig. 4.

The rotation of the working head about its longitudinal axis produces a
powerful toroidal shaped vortex flow Q; in the fluid contiguous with the working head.

This flow Q, circulates by entering into the shroud through the central or front opening 62
and exits out through the side window 64 as shown in Fig. 3. Thus, the flow exiting through
window 64 is Q, + Q;. As will be appreciated by those skilled in the art the vortex flow Q,

has the effect of recirculating any particles that are broken off from the occlusive material
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14 by the action of the rotating working head back into contact with the working head's
impacting surfaces. Thus, the occlusive material particles which are broken away are
progressively reduced in size until they are aspirated by aspiration means forming a portion
of the debris removal sub-system 30. That means will be described later. Suffice it for now
to state that the aspiration means withdraws the infusate liquid, the debris particles and some
blood at an aspiration flow rate of Q,.

As should be appreciated by those skilled in the art the liquid exiting from the
window 64 of the shroud will tend to push the atherectomy catheter's distal end sideways or
laterally in the direction opposite to the direction of the liquid exiting that window. This
hydrodynamic action may be used to aid in steering the catheter to a desired position with
respect to an occlusion to be revascularized. In this regard, for example, when negotiating a
branch in the artery system to reach the occlusion to be revascularized, the atherectomy
catheter can be rotated or twisted about its longitudinal axis so that the shroud's window is
facing in the opposite direction to the branch to be entered. This action will cause the side
directed liquid exiting the window 64 to push the catheter's distal end sideways, whereupon
it can enter the desired arterial branch. Such "hydrodynamic steering" of the atherectomy
catheter can be accomplished in other manners and by other means than by the use of a
shroud having a single side window or port. Thus, this invention contemplates an
intravascular catheter instrument, of any type, including any means for producing an
asymmetric, e.g., side directed, fluid flow adjacent the distal end of the catheter so that it can
be steered into a desired position by appropriate rotation of the catheter about its
longitudinal axis.

As mentioned earlier, the guide catheter 24 is of any conventional con-
struction. In the preferred embodiment shown in Fig. 1 itis a 10F to 12F catheter having a
conventional Y connector 66 at its proximal end. The Y connector 66 has one input leg
including a Touhy-Borst adjustable hemostasis valve 66A through which the atherectomy
catheter 22 passes. The other input leg, i.e., the angled leg 68, is connected to the aspiration
portion of the debris removal sub-system 30 (to be described later).

Power for operating the atherectomy catheter is provided by the drive sub-
system 28. That system includes an air turbine motor 70 which is coupled to the proximal

end of the flexible drive cable 42. The air turbine 70 is provided with compressed air via an



L0

L5

30

WO 02/24271 PCT/US01/27266

18

input line or conduit 72. Air for the line 72 is provided from a source (not shown) via an
associated regulator 74, and the conventional control valve 76. The control valve is coupled
to the input line 72 of the air turbine. A pressure gauge 78 is connected between the
regulator 74 and the control valve 76. The regulator 74, the control valve 76, the pressure
gauge 78 and the associated lines or conduits and the air source make up the drive sub-
system 28. The control valve 76 is of any conventional construction, be it mechanical or
electrical. The air turbine motor 70 is also of any conventional construction, as is the
regulator 74 and the pressure gauge 78. The air turbine includes an outlet port in
communication with the ambient atmosphere, via a line 80. It must be pointed out at this
juncture that the atherectomy catheter 22 need not utilize an air turbine motor to rotate the
working head. For example, an electric motor can be provided to replace the air turbine to
drive the rotating cable and the associated working head.

The debris removal sub-system 30 basically comprises a source 82 of the

infusate liquid "S", e.g., saline plus a 30% contrast media, a first positive displacement
pump 84, an input line or conduit 86, an outlet line or conduit 88, a second positive
displacement pump 90, and a debris collection vessel 92. The input line 86 and its
associated components, i.e., the pump 84 and infusate source 82 serve as the "infusion"
means for the system 20. To that end the input line 86 is coupled via a connector to the
interior of the atherectomy catheter, i.e., to the annular space within the catheter's jacket
between it and the drive cable. The infusate liquid S is pumped at the flow rate Q, by the
positive displacement pump 84 through line 86 from the supply or source 82. Thus, the
infusate liquid S exits the catheter's working head and circulates as described earlier.

The rate of flow Q, of the infusate liquid is established by the positive
displacement pump 84 under control of some automatic or manual controller (not shown).
In accordance with one exemplary method of use the pump is operated to produce a flow
rate Q, the range of 5 - 80 ml. per minute. 4

The output line 88 and its associated components, i.e., the pump 90 and
debris collector vessel 92 serve as the "aspirating" means for the debris removal sub-system
30. To that end, the aspiration line 88 is connected to the leg 68 of the Y connector 66. The
pump 90 is arranged to be operated to pump the infusate liquid, the debris produced by the

revascularization, and some small amount of blood at the flow rate Q, in the proximal
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direction through the annular space between the atherectomy catheter 22 and the guide
catheter 24 and out through the connector leg 68 into the outlet line 88, and from there to the
collector vessel 92.

The flow rate Q, is selected to be greater than Q,. For example, in one
exemplary method of use the flow rate is selected to be in the range of 5 - 100 ml. per
minute, with the differential between Q, and Q, being between 5 and 50 percent. The use of
an aspiration flow rate Q, which is higher than the infusion flow rate Q, insures that any
debris, e.g., particles of the occlusive material making up the graft's lesion, produced from
debriding that material is positively prevented from flowing into adjacent vessel portions.
In this regard, as will be appreciated by those skilled in the art, since the aspiration flow rate
Q, is greater than the infusion flow rate Q,, some blood equal to Q, - Q, will also be
withdrawn from the upstream vessel, e.g., the aorta as shown in Figs. 1 and 3. The
withdrawal of some blood from that vessel insures that the debris produced cannot flow
upstream to enter into it. Instead the debris particles will be entrained within the infusate
liquid and blood which is withdrawn through the aspiration line. The rate of blood
withdrawn is preferably be kept to a minimum, e.g., 40 ml. per minute in the interests of
patient safety.

In accordance with a preferred aspect of this invention the operation of the
pumps 84 and 90 are coordinated so that Q, is equal to some variable times Q,, where that
variable is greater than 1 and is adjustable to accommodate the needs of the patient.
Moreover, the coordination of the flow rates is preferably accomplished automatically, so
that a change in one flow rate automatically results in a proportional change in the other
flow rate. This coordinated action may be accomplished by a mechanical linkage between
the pumps, or by a common electrical controller for the pumps. Manual control of the
pumps is also envisioned for some applications.

In any case, any suitable positive displacement pumps can be utilized, e.g.,
peristaltic pumps or piston pumps, in the system.

In order to expedite the revascularization of the bypass graft, the infusate
liquid may be provided with a contrast medium, e.g., 30% contrast medium, so that the
revascularization procedure can be viewed using conventional imaging techniques.

Moreover, the infusate liquid can, if desired, be oxygenated to eliminate distal ischemia
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when the catheter is used for arterial restriction opening procedures. Also, if desired, small
amounts of heparin, urokinase, etc., or other drugs can be added to the infusate liquid for the
procedure. '

As should be appreciated from the foregoing the subject invention provides a
viable means for effecting the revascularization of partially or totally occluded coronary
bypass grafts, while assuring that any debris particles produced during the revascularization
procedure is removed from the patient's body. In addition, the subject invention is suitable
for revascularizing other occluded vessels, as well. For example, in Fig. 5 the system is
shown in use revascularizing a totally occluded femoral artery 18 downstream of the
profunda femoris 18A. In this application the system functions to capture the debris created
during the lumen opening procedure by preventing it from going along side the catheter and
exiting down the profunda to end up in the distal capillary beds. In this application, a
portion Q, + Q, - Q, of the blood flowing down the femoral artery 18 to the situs of the
occlusion will be permitted to flow into the profunda femoris, while the portion Q, - Q, of
the blood and infusate liquid is diverted and/or withdrawn into the guide catheter to ensure
positive debris removal in the same manner as described earlier. For some persons, €.g.,
diabetics with severely compromised distal capillary beds, a femoral artery revascularization
procedure is likely to prove beneficial.

Turning now to Figs. 6A and 6B, an alternative embodiment 100 of the

system of the subject invention is shown. The system 100 is similar in most respects to
system 20 described heretofore. One major difference, however, is that the atherectomy
catheter is arranged for use over a guide wire (to be described later). The guide wire
includes a debris blocking member, e.g., an inflatable balloon (also to be described later).
When the atherectomy catheter is in place on the guide wire the balloon is located distally of
the working head of the atherectomy catheter and the balloon serves to physically block any
debris produced by the system 100 which may tend to escape extraction from flowing
distally. The atherectomy catheter used in the system 100 is designated by the reference
numeral 22' and is identical in most respects to the catheter 22 described heretofore. In the
interests of brevity, the features common to catheters 22 and 22' will not be reiterated. So

too, the features common to systems 100 and 20 will also not be reiterated. Moreover, in
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the interests of drawing simplicity common components will be given the same reference
numerals.

As can be seen in Figs. 6A and 6B, the system 100 includes a controller or
console 102 housing the heretofore identified infusate pump 84 and the extraction pump 90.
Each of these pumps is a peristaltic pump. The console 102 also includes a flow control
section 104 for establishing the various fluid flows of the system, as will be described later,
and a speed control section 106 for establishing the operational speed of the working head of
the atherectomy catheter. The details of the speed control section 106 will also be described
later. A perfusate pump 108 is also provided in the console 102. The perfusate pump 108 is
also a peristaltic pump and its operation will be described later. Suffice it for now to state
that the pump 108 is arranged to provide a perfusion liquid, e.g., blood or a suitable
synthetic oxygenation liquid, downstream of the inflatable balloon to perfuse downstream
(distally) located tissue. The pump 108 also serves to effect the inflation of the balloon.

Compressed gas (e.g., air or nitrogen) is provided via line 72 from the
console 102 to the catheter's turbine 70. The console, in turn, receives the compressed gas
from a tank 110 via an input line 112. The rotational speed of the turbine is controlled by
the speed control section 106 of the console 102. On/off operation of the turbine is
controlled by a turbine foot control pedal 114 and an associated gas line 116 connected to
the console. This pedal also initiates operation of the infusate pump 84.

The speed control section 106 of the console includes a rotary knob for
establishing the desired rotational speed of the turbine and an associated digital display for
displaying the turbine's speed. The console also includes an on/off switch 118 for enabling
electrical power to be provided to the system's electrical components when the switch is in
the "on" position.

The foot pedal 114 is used by the operator of the system 100 to initiate
operation of the infusate pump to cause the infusation liquid to flow down the guide wire
and out its distal end and to start the atherectomy catheter's turbine 70 a short time, e.g., 2
seconds, after the infusate liquid begins to flow. The use of the foot pedal frees the
operator's hands for other purposes.

The perfusate pump 108 is connected via an input line to a bag 120

containing the perfusion liquid. The output of the perfusate pump 108 is provided via a line
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122 to the guide wire of the system 100. The guide wire is designated by the reference
numeral 124 and includes the heretofore identified balloon. That balloon is designated by
the reference number 126 and, as seen clearly in Figs. 6B, 7 and 8, is located adjacent the
distal end of the guide wire 124,

The atherectomy catheter 22' is an "over-the-wire" type of device. Thus, it
includes a central lumen for receipt of the guide wire 124 so that the catheter 22' can be
threaded over the guide wire 124. The guide wire 124 serves to perfuse distally located
tissue and to inflate its balloon 126 so that the balloon blocks any particulate material
(debris) from flowing distally. To accomplish these functions, the perfusate liquid in the bag
120 is pumped by the perfusate pump 108 through the line 122 and through the interior of
the guide catheter 124 where some of it fills or inflates the balloon and the remainder exits
at the distal end of the catheter to perfuse downstream tissue, as will be described later.

The rate of flow of the infusate, extraction and perfusate liquids is established
by the flow control section 104 of the console via its various up/down switches and
associated digital displays. As discussed earlier, the ratio of the infusate flow rate to the
extraction flow rate is adjustable. This is accomplished by the appropriate setting of the
"infusate flow" and "ratio" up/down switches of the flow control section of the console. The
desired ratio and the infusate flow rate are displayed by the associated digital displays.

In Fig. 7 there is shown in greater detail the distal end of the atherectomy
catheter 22' located within a diseased bypass graft, e.g., a re-occluded mammary artery 10",
The diseased artery leads to a distal blood vessel 15, i.e., the vessel to be fed by the graft 10'.
The guide wire 124 is in the form of an elongated flexible member, whose construction will
be described later with reference to Fig. 8. The distal end of the guide wire 124 is in the
form of a somewhat soft or flexible, precurved tip 128. The free end of the catheter's tip is a
hemispherical dome 130. The balloon 126 is disposed slightly proximally of the free end
130 of the guide wire 124.

In Fig. 8 the details of the distal end of the guide wire 124 and balloon are
shown (although the tip 128 is shown being linear in the interest of drawing simplicity).
Most of the length of the guide wire, i.e, from its proximal end to the location of the balloon
126, is in the form of a two start helical spring 132 (see Fig. 8) whose convolutions are in

close engagement (abutment) with one another. The spring 132 enables the guide wire to be
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bent through a small radius of curvature to facilitate its intravascular placement via the
conventional guide catheter 24. Inside the helical spring 132 is a liquid impervious, e.g.,
rubber or plastic, flexible liner tube 134. This tube prevents the egress of the perfusate
liquid through the interface between successive convolutions of the helical spring 132 as
that liquid is pumped down the guide wire 124.

A perforated support tube 136 is mounted within a distal end helix
termination 138 of the spring 132. The support tube 136 is arranged to mount the balloon
126 thereon and includes a plurality of radially located apertures or ports 140. The balloon
136 is an annular member of any conventional construction, e.g., rubber, and is mounted on
and is disposed about opposite ends of the perforated support tube 136. In particular, the
balloon 136 is held in place and sealed to the periphery of the support tube at each end
thereof via respective bands 142. Each band 142 extends about one cylindrical end of the
balloon. Thus, when the perfusion liquid is pumped down the guide wire 124 by the pump
108 it passes through the apertures or ports 140 (as shown by the arrows in Fig. 8) to fill up,
i.e., inflate, the balloon 126.

The distal end of the perforated support tube is located within a spring helix
termination 144 forming the proximal end of the guide wire tip portion 128. The portion
128 is also formed as a two start helix, like portion 132. However, no fluid-impervious
sleeve is located within the tip portion 128 so that the interface between successive
convolutions of the spring forming the tip portion 128 serve as passageways through which
the portion of the perfusion liquid which doesn't enter the balloon exits the guide wire as
shown by the arrows 146 in Fig. 8.

Since the atherectomy catheter 22' is designed for over-the-wire use, the
drive cable for rotating its working head is in the form of a spiral spring helix having a
central lumen extending down its center. The proximal end of the drive cable is connected
to the output of the turbine 70 while the distal end is connected to the working head. That
working head is designated by the reference number 32' and is shown in Figs. 6A and 7. The
central lumen of the spiral helix drive cable forms the passageway for receipt of the guide
wire 124. If desired an anti-friction sleeve or some other anti-friction bearing can be
provided at the interface between the inner surface of the spiral drive cable and the outer

surface of the guide wire. The working head 32' is similar in construction to the working
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head 32 of system 20 except that the working head 32" includes a central bore 148 through
which the guide wire 124 extends. As can be seen clearly in Fig. 7, the working head 32' is
unshrouded, i.e., is not located within a shroud like the working head 32 of the atherectomy
catheter 22.

Operation of the system 100 is as follows:

The guide wire 124 with its balloon 126 deflated and with the atherectomy
catheter 22' mounted thereon so that the balloon 126 and tip portion 128 extend beyond the
working head 32' is threaded through a preplaced guide catheter 24 in the patient's vascular
system until it is at a desired situs, such as at the arch of the aorta. At this point the guide
wire 124 is advanced with respect to the atherectomy catheter 22' so that the guide catheter
crosses the lesion or atherosclerotic deposits in the bypass graft 10'. The precurved tip of
the guide wire 124 facilitates the placement of the guide wire. In this regard, the guide wire
can be rotated about its longitudinal axis to point the tip 130 in the desired direction.

Once the guide wire 124 is at the desired position, such as shown in Fig. 7,
the balloon 126 can be inflated and the distally located tissue perfused. The exiting
perfusion liquid is shown by the arrows in Fig. 7. In particular, the perfusate liquid is
pumped by pump 108 and associated conduit 122 through the hollow interior of the guide
wire 124, so that it passes through the apertures or ports 140 in the support tube 136 to
inflate the balloon 126 to the state shown in Fig. 7, while the remainder of that liquid flows
out of the open distal end of the support tube 136, into the hollow interior of guide wire's tip
128, and out through the interface between the immediately adjacent convolutions of the tip.
Accordingly, distally located tissue is oxygenated, notwithstanding the fact that the balloon
is inflated and thus blocking the flow of blood through the bypass graft 10'.

If no perfusion or oxygenation of distally located tissue is desired, the system may utilize an
alternative guide-wire mounted debris-blocking balloon. That alternative embodiment of
the guide-wire is designated by the reference number 124', is shown clearly in Fig. 14, and
will be described in detail later.

The rate of flow of the infusate liquid is set by the flow control section switch

and the ratio of that flow to the extraction flow rate is established by the ratio control switch

of the flow control section. Accordingly, when ready the operator presses the foot pedal 114

to start the infusate pump. This action provides the infusate liquid through line 86 and
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through the associated components of the catheter 22', whereupon the infusate liquid exits
from the catheter at the working tip 32' as described earlier. The rate of extraction of liquid
through the annular space between the inner surface of the guide catheter 24 and the outer
surface of the atherectomy catheter 22' is established by the extraction pump 90 under
control of the associated flow controls of the console. The turbine 70 is arranged to
commence operation on a fixed time delay, e.g., 2 seconds, after the infusate pump
commences operation in response to the depression of the foot pedal 114. This action
causes the working head to begin rotating at a high rate of speed. The desired speed setting
for the turbine is established by setting of the rotary knob of the speed control section of the
console. Preferably some restraining means (not shown but like the cradle assembly of the
system 200 to be described later) is used to hold or clamp the guide wire in position when
the atherectomy catheter is operated to prevent the rotation of the working head 32' from
causing the guide wire to rotate. The compressed gas €.g., nitrogen or air, powering the
turbine 70 of the atherectomy catheter 22' vents to the atmosphere via line 80. The debris
particles produced by the rotary working head repeatedly impacting the plaque or other
deposit within the diseased graft are withdrawn by the extraction pumps into the collection
bag 92, in the same manner as discussed earlier. Any debris particles which may have
otherwise escaped being withdrawn from the patient's body by the extraction subsystem are
positively prevented from flowing distally by the barrier established by the inflated balloon
126. Thus, such particles will eventually be extracted. After the diseased bypass graft has
been opened, the balloon 136 can be deflated by turning off the infusation pump. Then, the
atherectomy catheter 22' and the guide wire 124 can be removed through the guide catheter
24.

It must be reiterated that the atherectomy catheter for producing the lumen
through the vascular occlusion need not be a rotary impacting device, like described above.
Thus, a system constructed in accordance with any embodiment of this invention may make
use of any instrument having any type of working head, e.g., a reciprocating impacting
working head, a combined rotary and reciprocating impacting working head, a rotary cutting
head, a reciprocating cutting head, a rotary abrasive head, etc., to open the lumen in the
occlusive material in the blood vessel. Moreover, the working head need not be shrouded.

In fact, any of the heretofore identified prior art atherectomy devices can be utilized as part
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of the system 20 or 100. Some thrombectomy devices may also be utilized as part of the
system 20 or 100 (or even as part of the systems 200 and 500, to be described later). One -
such potential device is the Amplatz Thrombectomy Device designated by the trademark
CLOT BUSTER by Microvena Corporation. It should also be pointed out that the working
head of the device for forming the lumen need not even engage the occlusive material, so
long as its lumen-opening operation produces debris particles to be removed. Thus, devices
making use of liquid jets, laser beams, etc., can be utilized to open the lumen as part of the
system of this invention. In short, any type of instrument for opening a lumen through the
occlusive material and which produces debris can benefit from use in the system of this
invention, i.e., a system which establishes a differential flow, wherein the infusate flow is
less than the aspiration flow so that particles or pieces of occlusive material removed are
positively precluded from flowing into adjacent vessels. Moreover, while the production of
a local vortex flow adjacent the working head is desirable to effectuate the lumen opening
process and to reduce debris particle size, it is not crucial to this invention.

In the embodiments described in Figs. 1- 8, it has been assumed that there
will be some blood flow from the patent upstream blood vessel, e.g., the aorta in the case of
a revascularization of a bypass graft, which may flow about the exterior of the distal end of
the guide catheter 24 to merge with the flow being drawn into the passageway between the
guide catheter 24 and the atherectomy catheter 22. See for example, Fig. 7 wherein blood
flow Q,-Q, from the aorta flows around the outer surface of the distal end of the guide
catheter 24 between the guide catheter and the inner wall of the bypass graft 10'. In the
event that blood flow from the upstream, patent artery, e.g., the aorta 12, is precluded from
entering the guide catheter 24, such as by the outer peripheral surface of the distal end of the
guide catheter 24 tightly engaging the inner periphery of the bypass graft 10' to be
revascularized, care must be taken to control the ingress and egress flow rates with respect
to each other to ensure that the bypass graft does not collapse since the extraction or
aspiration rate will exceed the infusion rate. As will be appreciated by those skilled in the
art, if the bypass graft does collapse, the rotating working head 32 will be forced against the
inner surface of the bypass graft wall, which is now in a flatulent state, and the risk of

vascular damage will increase.
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In prior art devices, such as the Clement et al. U.S. Patent No. 5,681,336 the
potential for vessel collapse is even more acute. In this regard, the Clement et al. patent
positively seals off a space in the vessel to be revascularized between a pair of balloons. In
particular, one balloon is located on the distal end of a guide wire distally of the restriction
to be opened and the other balloon is located on the distal end of a guide catheter through
which a rotary ablation catheter extends. Thus, when suction is applied to that space to
evacuate the particles produced by the revascularization process, if the extraction rate is not
precisely controlled and coordinated to the infusion rate, vessel collapse may occur to bring
the vessel wall into the rotating burr.

The subject invention overcomes this potential vascular collapse problem. In
particular, in Figs 9 - 13 there is shown another alternative embodiment of a system 200
constructed in accordance with this invention utilizing an atherectomy catheter 22" for
revascularizing occluded vessels, e.g., coronary bypass grafts. The system 200 obviates the
problem of potential vessel collapse by providing automatic access to blood flow from a
patent, upstream vessel, e.g., the aorta 12, via use of at least one flow control or regulation
port in the wall of the guide catheter 24 (or any other tubular member through which the
atherectomy catheter 22" extends and through which the infusate liquid, blood and debris
will be aspirated). The flow control or regulation port(s) extend(s) through the wall of the
guide catheter 24 close to its distal end, yet is(are) located sufficient proximally from the
distal end of the guide catheter so that when the guide catheter is in its normal position for
enabling an atherectomy catheter 22" (to be described later) to revascularize the restricted
vessel, e.g., a coronary bypass graft 10', the side port(s) is(are) in direct fluid communication
with the blood flowing in the patent upstream vessel, e.g., the aorta 12. In the exemplary
embodiment of the system 200 shown in Figs. 9 - 13 two such side flow regulation ports
24A and 24B are provided near the distal end of the guide catheter 24. As will become
apparent later the size, location and number of flow regulation side ports used is a matter of
choice, depending upon various system parameters. For example, for a system making use
of a guide catheter of 9 French (one suitable size for effecting the revascularization of
coronary bypass grafts), two side ports 24A and 24B, each of 0.032 inch, may be used.
Alternatively, only one side port 24A. of 0.04 inch may be used. Other number(s) and sizes

of side port(s) can be used as well.
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Since the two side ports 24A and 24B extend through the wall of the guide
catheter 24, they are in fluid communication with the interior of the guide catheter, and
hence with the annular space or passageway between the inner surface of the guide catheter
24 and the outer surface of the atherectomy catheter 22" which extends through the guide
catheter. As described earlier it is through this annular space or passageway that the
infusate liquid, blood and any debris, e.g., atherosclerotic plaque produced by the
revascularization procedure, is extracted by the extraction subsystem.

The use of at least one flow regulation or control port ensures that the vessel
being revascularized does not collapse as the debris is extracted, even if the guide catheter
24 is tightly fit within the bypass graft 10, such as shown in Fig. 10, and even if the
extraction pump 90 is operating at a much higher rate that the infusate pump 84. This
automatic control or regulation provided by the at least one side port(s) will be described
after a brief background discussion. To that end, as will be appreciated by those skilled in
the art, if the guide catheter 24 (or other tubular member through which the atherectomy
catheter extends) does not tightly fit in the bypass graft (such as shown in Fig. 11), blood
from within the aorta 12 may flow around the outside of the guide catheter 24 (see the
arrows Al) to join with the blood, debris particles and infusate fluid flowing into the open
end of the guide catheter (see the arrows A2). Accordingly, the action of the extraction
pump to remove liquid from the space in the bypass graft section between the end of the
guide tube and the distally located blocking balloon 126' (forming a portion of the guide-
wire 124' to be described later), will not collapse that vessel section, even if the guide
catheter does not make use of any flow control or regulation side port(s). If however, a
guide catheter without any flow control or regulation side ports is tightly fit within the
bypass graft, the possibility for vessel collapse exists if the extraction rate is not controlled
precisely with respect to the infusion rate as discussed earlier.

By utilizing at least one flow control or regulation side port this potential
hazard can be eliminated since such port(s) will provide automatic access to blood flow in
the upstream, patent vessel. In this regard, as can be seen in Fig. 10, with the guide catheter
24 in place tightly engaging the periphery of the bypass graft section 10' blood from the
aorta 12 is enabled to flow into the flow control regulation ports 24A and 24B as shown by
the arrows Al. This blood then merges with the flow (shown by arrows A2) of blood,
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infusion liquid and debris particles produced by the action of the rotary working head 32" in
the bypass graft section between the distally located blocking balloon 126' of the guide wire
124' (a variant of guide-wire 124 and which will be described later with reference to Fig. 14)
and the distal end of the guide catheter 24. By appropriate sizing of the flow control side
port(s) one can ensure that the pressure within the vessel being revascularized, e.g., the
bypass graft, is positive, thus ensuring that the vessel section will not collapse.

The foregoing automatic flow control feature of this invention renders it
useful with other revascularization systems than those of the systems disclosed herein. For
example, a guide catheter 24 having at least one flow control port (or any other tubular
member through which an atherectomy catheter is extended) can be used with any prior art
atherectomy catheter system, e.g., the atherectomy system of the heretofore identified
Clement et al. Patent 5,681,336.

As discussed previously, it is desirable to operate the extraction pump at a
rate to pull more fluid out of the vessel section being revascularized than the rate at which
infusion liquid is introduced by the infusion pump to ensure that debris is removed even. By
the use of a guide catheter 24 having at least one flow regulation port, like that described
above, one can accept a significant mismatch in flow between the infusate flow and the
extraction flow and still not risk collapse of the vessel being revascularized. This factor
considerably simplifies the amount of coordination between the extraction pump and the
infusion pump.

As mentioned earlier the size of the port or ports is a function of various
system parameters. In particular, it may be calculated using the following mathematical
formulae.

Pressure loss (P2-P3) through the space between the guide catheter and the

working catheter is viscous and is given by the following “Equation (1)

(O1+Q2+Q3)-L-yu-e

1-D
1.81-10%- D(—(—Q—Z—@f

(P2-P3) =

Where:
Q1+Q2+Q3= flow in’/sec;
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D1=Guide catheter inner diameter (inches);
D2=Working catheter outer diameter (inches);
L=Guide catheter length (inches);

P2=vessel pressure (psi);

P3=vacuum source pressure (psi);

e=eccentricity factor, D1 rel. to D2.

Thus, for example, if:
L=41 inches;
D1=0.098 inches;
D2=0.067 inches
©=3.25 centipoise
e=1.5 if D1 touches D2.

Then Equation (1) becomes

1+ 02+ 03
(P2-P3)=(Q 7Q3 1 23) (if Q1, Q2, Q3 mL/min, P2 & P3 in psi.)

The pressure loss through the bypass port(s) has non linear relationship to

flow as set forth in the following “Equation (2)”:
02 =90,950.0- 4b-(P1- P2)"

Where
Q2=flow mL/min
Ab=bypass port area in’
Pl=aorta (or upstream patent vessel) pressure psi.
P2=vessel pressure psi.

Equations (1) and (2) assume that there is a tight fit between the outer surface
at the distal end of the guide catheter 24 (so that blood from the upstream, patent vessel
cannot flow past the distal end of the guide catheter, as is the case shown in Fig. 7) and the
total flow of blood, infusion liquid, and debris into the open end of the guide catheter is very

low. Moreover, the calculations for the size of the control or regulation port(s) which
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follow is based on the assumption that the extraction pump 90 is not satisfied for flow and
therefore has sucked or evacuated down to its limit of 27 inches of mercury, whereupon it
functions as a vacuum source, rather than a flow source.

Equations (1) and (2) can best be solved graphically. To that end, the graph
in Fig. _15 shows the solutions to pressure and flow for several sizes of flow regulation
port(s) and for the guide catheter 24 using Equations (1) and (2). The intersection of the
curves for the two equations represents the solution to those equations. Thus, it will be seen
from the graph that the solutions for the equations with a guide catheter 24 having a pair of
side ports 24A and 24B, each of 0.032 inch diameter, or a single side port 24A of 0.040 inch
diameter, result in positive pressures, i.e., pressure above venous pressure. Consequently
the portion of the restricted vessel, i.e., bypass graft section 10', between the distal balloon
136 and distal end of the guide catheter 24 will not collapse. However, where only one side
hole or port is used and that port is either 0.032 inch diameter or of 0.025 inch diameter, a
negative pressure will result in the bypass graft section 10', so that the vessel section could
collapse.

It must be pointed out at this juncture that the foregoing examples are only a
few of many that are possible to provide automatic protection against vessel collapse
utilizing any number of side ports of various dimensions. Other factors which may be
considered in the choice of number, shape and location of the at least one side port, are the
desired structural integrity of the distal end of the guide catheter at the location of the side
pori(s), and the possibility of side port blockage by a portion of the wall of the patent
upstream vessel or the wall of the vessel section being revascularized.

In Figs. 9A, 9B, 12 and 13 there are shown the details of system 200. That
system basically comprises the same system as the system 100 shown in Figs. 6-8 described
heretofore, with some stight minor modifications (as will be described later). Thus, in the
interest of brevity, the common components of those systems will be given the same
reference numbers and their construction and operation will not be reiterated.

The system 200 basically comprises a guide catheter 24, a modified guide
wire 124' with a distally located inflatable balloon 126, an atherectomy catheter 22" with a
distally located rotary working head 32" disposed over the guide wire and within the guide

catheter to be moved longitudinally with respect thereto, a drive sub-system 28 for rotating
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the working head 32", a cradle assembly 202 (Fig. 9A) for supporting the turbine and
associated portion of the drive sub-system, for fixing the position of the guide wire 124 and
guide catheter 24 and for enabling the atherectomy catheter 22" to be moved longitudinally
with respect to the guide catheter and the guide wire, a source 110 of compressed gas, e.g.,
nitrogen or air, to power the drive sub-system, a debris removal sub-system 30 made up of
an extraction pump 90 and associated components, and a control console 204.

The guide wire 124' is shown clearly in Fig. 14 and is similar to the guide
wire 124 in that it includes an inflatable balloon 126' located immediately adjacent the distal
end of the guide wire 124", a flexible distal end portion 128' immediately distally of the
balloon 126' and terminating in an atraumatic tip 130" at the distal end of the guide-wire
124'. However, the guide wire 124' is not arranged to perfuse downstream tissue, as is the
case of the guide wire 124. Thus, as can be seen in Fin 14 the guide wire 124' basically
comprises an elongated small diameter, flexible, hollow wire or tube 180, e.g., a “hypo”
tube formed of type 304 stainless steel having a 0.010 inch outside diameter and a 0.005
inch inside diameter. A central passageway or bore 180A extends the full length of the
guide-wire tube 180.

The balloon 126' is formed of any suitable material, e.g., latex of a thickness
of approximately 0.006 inch, and is fixedly secured slightly proximally of the distal end
portion of the tube 180 via a plurality of loops or lashes of a filament 182, e.g,
polypropylene, wrapped about the tubular proximal end portion 184 of the balloon 126' and
similar loops or lashes 182 wrapped about the tubular distal end portion 186 of the balloon
126'. This creates a confined space within the balloon and into which an inflation gas, e.g.,
carbon dioxide, is to be provided via the guide-wire tube 180 to inflate the balloon. To that
end plural gas ports 180B extend through the wall of the guide-wire tube 180 in
communication with the interior of the balloon and with the central passageway 180A in the
guide-wire tube 180. The balloon can be any suitable size, depending upon the application.
For example, for revascularizing a typical bypass graft, the outside diameter of the balloon
when deflated may be approximately 0.03 inch, and may be inflated to an outside diameter
of up to 0.2 inch (5 mm).

A tapered, flexible, core wire 188, e.g., type 304 stainless steel, is soldered by
any suitable lead-free solder into the distal end of the central passageway 180A of the guide-
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wire tube 180 to seal its distal end. A tight helix or coil 128' is also soldered by a lead-free
solder to the outer surface of the distal end of the tube 180. The coil 128' forms the curved,
flexible distal end of the guide-wire and can be fabricated of any suitable radiopaque
material, e.g., platinum wire of 0.003 inch diameter. The coil 190 extends for a short
distance, e.g., approximately 1 inch, from the end of the tube 180 and is of a suitably small
outside diameter, e.g, 0.018 inch. The distal end of the core 188 extends into a small bore in
the atraumatic tip 130' and is soldered in place by a lead-free solder. The distal end of the
coil 128' is also soldered to the atraumatic tip by a lead-free solder. The atraumatic tip 130'
is in the form of a hemisphere of any suitable material, e.g., type 300 stainless steel.

A small sleeve or ring 190 formed of any suitable material, e.g., plastic or
stainless steel, is located on the guide wire 124' immediately proximally of the balloon 126'.
This ring serves as a stop member for the atherectomy catheter 22". In particular, as the
atherectomy catheter 22" is advanced along the guide wire 124", with the guide wire 124"
and the guide catheter 24 being held in a fixed position with respect to each other and to the
patient’s vascular system by a cradle assembly (to be described later), the rotating working
head 32" will be prevented from engaging and perforating the distally located balloon by the
ring or stop 190. Thus, the advancement of the working head along the guide wire to
remove the plaque or other restriction-forming material in the vessel will not present any
danger of perforating the balloon.

The console 204 is similar to console 102 described heretofore and includes
various electrical and electronic components, e.g., a microprocessor and associated circuitry
to accomplish the various functions of the system and to display various system parameters.
Thus, as can be seen clearly in Fig. 9B, the console 204 includes the heretofore identified
peristaltic infusion pump 84 and the peristaltic extraction pump 90. Compressed gas, e.g.,
nitrogen, is provided via line 112 from the tank 110. The tank provides the compressed
nitrogen via heretofore identified regulator 74 and associated valve 76 into line 112 and
from there to line 72. The gas pressure is displayed on a dial or meter 78 on the front of the
console. Control of the turbine’s rotational speed is effected by a turbine speed adjustment
knob 206 on the front console. The turbine’s speed is displayed on a digital display panel
208. An optical signal indicative of the turbine’s speed is provided via a fiber optic line

210A. This line is connected to a connector 212A on the console. Another fiber optic line
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210B is connected to another connector 212B on the console, whereupon a beam of light
from the console is carried down line 212B to the turbine rotor where it is broken or
chopped up by the rotating blades. The chopped up light beam which is indicative of rotor
speed is carried back to the console via line 210A and connector 212A. Control of the
turbine is effected via a turbine foot control (or hand control, not shown) 114 connected via
line 116 to a connector 214 on the console.

A pressure transducer 218 (Fig. 9A) is connected in the line 86 coupled from
the infusate pump 84 to the atherectomy catheter 22". The pressure transducer provides an
output signal via a line 220 to a connector 222 (Fig. 9B) on the console. The rate of infusion
liquid flow into the atherectomy catheter 22" is effected by the heretofore identified
peristaltic pump 84. The speed of that pump is controlled via an up/down switch 224 on the
console. The pump’s speed in RPM is displayed on a digital readout panel 226. The speed
of the extraction pump is controlled by an up/down switch 228 on the console and that
pump’s speed is displayed on an associated digital readout panel 230. The console also
includes an on/off switch 232 for providing electrical power to the system when the switch
is in the on position.

Data from the console, e.g., operating parameters, etc., is arranged to be
downloaded to any suitable device, e.g., a laptop computer 216, via conventional multipin
electrical connector 218, e.g., an RS 232 serial port, and associated cable 220.

If desired, the console 204 may also include various alarm devices to warn
operating personnel of certain abnormal conditions. For example, the console may include a
low battery power warning lamp on the front of the console to warn operating personnel that
the battery is low. An infusate high pressure warning lamp may also be provided on the
console along with an associated audible annunciator to produce respective visible and
audible warning signals when a high pressure infusate condition exists.

Referring now to Figs. 12 and 13, the details of the atherectomy catheter 22"
will now be described. As can be seen that the catheter 22" is similar to catheter 22' in that
it includes a jacket 34 having a distal end. A rotary working head or tip 32" is located at the
distal end of the jacket. The tip 32 is preferably constructed in accordance with the
teachings of United States Letters Patent No. 4,747,821. However, tip 32" unlike the tip of
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the aforementioned patent includes a central passageway or bore 148 through it (like tip 32").
It is through this bore that the guide wire 124 extends.

The working head 32" is mounted for rotation within a bushing 302 secured
to the distal end of the jacket. The bushing 302 is similar in construction to the bushing of
the United States Letters Patent 4,747,821 and it includes plural passages 46" extending
along its length through which the infusate liquid passes to exit out of the tip. In addition it
includes plural radial passageways 304 in the thrust pad portion forming the distal end of the
bushing and which are in communication with the passages 46" through which the liquid
exits radially. The radial passages are constructed similarly to those of United States Letters
Patent No. 5,049,124 (Bayles) whose disclosure is incorporated by reference herein. Thus,
the exiting liquid from those passages is impacted by the flattened sides of the tip to create a
vortex flow in a manner similar to that as shown in Fig. 12. The rotary working head 32"
also includes a tubular shank portion through which the central bore 148 extends. Infusate
liquid from the passageway 312 is enabled to flow into the open proximal end of the bore
148 and through the annular space or clearance between the inner surface of that bore and
the outer surface of the guide wire extending through the bore as shown by the arrows in
Fig. 12. A sleeve 306 is located immediately proximally of the bushing 302 and extends
about the shank portion of the rotary working head 32". The sleeve 306 is welded to the
shank portion of the rotary working head. The rotary working head 32" is arranged to be
rotated at a high rate of speed within the bushing by a drive cable 308. As best seen in Fig.
12, the cable 308 is a bifilar or double helix formed of any suitable material, e.g., 304
stainless steel or Nitinol, and is flexible so that the atherectomy catheter can be readily bent
to follow tortuous paths to the revascularization site, i.e., the coronary bypass graft. The
distal end helices of the drive cable 308 are welded at 310 to the shank portion of the rotary
working head 32". The outer diameter of the drive cable is less than the inner diameter of
the catheter jacket 34 to form an annular passageway 312 therebetween. This passageway
extends the full length of the atherectomy catheter and serves to carry the infusion liquid to
the working head 34".

A flexible plastic tube or sleeve 314 is located within the central passageway
of the bifilar drive cable 308 and extends for the full length thereof. The tube 314 includes a

central passageway 316 which is of approximately the same internal diameter as the bore
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148 extending through the working head 32" and is coaxial therewith in order to
accommodate the guide wire124 therethrough. The sleeve 314 serves to form a barrier
between the metal helices of the drive cable 308 and metal guide wire extending through it,
while preventing the helices of the cable 308 from closing up as the drive cable is rotated.

In Fig. 13, there is shown the details of the proximal end of the atherectomy
catheter 22". Thus, it can be seen that the proximal end of the jacket 34 is flared outward at
318. The flared proximal end of the jacket is connected to the distal end of a turbine
housing or body 320 via a capture nut 322. The capture nut 322 includes internal threads
324 which mate with corresponding external threads on the distal end of the turbine housing
320. The free end of the turbine housing is tapered at 326. The capture nut 322 also
includes a tapered inner surface 328 merging into a central bore 330 through which the
catheter jacket 34 extends. Thus, when the nut 322 is tightened, the flared end 318 of the
jacket is tightly interposed between the surface 330 of the nut and the tapered surface 326 of
the turbine housing 320. The distal end portion of the turbine housing 320 also includes a
central bore 332 into which the infusate fluid will be injected for flow into the annular
passageway 312 in the atherectomy catheter, as will be described later.

The proximal end of the bifilar drive cable 308 is connected, e.g., welded, to
an adaptor sleeve 334. The adaptor is a tubular member which is in turn welded to the
turbine rotor drive shaft 336. The turbine drive shaft 336 is an elongated tubular member.
Being tubular the turbine drive shaft 336 includes a central passageway. It is through this
central passageway that the guide wire is arranged to be extended. The turbine rotor drive
shaft 336 extends through the central bore 332 in the turbine housing and terminates at its
proximal end in a seven-bladed turbine rotor 338. The rotor is located in an enlarged
proximally located flanged portion 322 of the turbine housing 320. In particular, the flanged
portion 322 includes a hollow interior chamber 340 in which the turbine blade 338 is
located. An enlarged central bore 342 extends distally of the chamber 340 and is axially
aligned with the central bore 332 in the distal portion of the turbine housing 320. A sleeve
bearing 344 is located within the central bore 342. The turbine rotor shaft 336 extends
through a central bore in the bearing with a slight clearance or leakage passageway, e.g.,
.0005 inch, to form a fluid leakage path to facilitate the cooling of the bearing. An O-ring

346 is located within an annular recess in the distal portion of the sleeve bearing 344 to form
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a fluid-tight seal. A star washer 348 is located within an enlarged portion of the bore 342 to
hold the sleeve bearing in place.

The proximal end of the turbine drive shaft 336 extends into a ball bearing
assembly 350 to center the turbine shaft on the longitudinal axis of the housing. A guide-
wire centerer and leakage control restrictor member 352 is located within the hollow
proximal end of the turbine drive shaft 336. The guide wire 124 is arranged to pass through
the restrictor where it is centered and then through the turbine drive shaft, the adaptor 334,
the sleeve 314, and out through bore 148 in the working head 32". Moreover, air can pass
through the interface of the restrictor 352 to cool and lubricate the adjacent surfaces. The
ball bearing assembly 350 is held in place via a cap or cover 354. The cap 354 serves to
close off the hollow interior of the turbine housing. To that end, the cap is releasably
secured to the flanged proximal portion 322 of the turbine housing 320 via plural threaded
bolts 356. An enlarged bore hole 358 is located within the cap 354 and is coaxially aligned
with the central longitudinal axis of the drive shaft 336. A smaller diameter bore 360
communicates with the bore 358 and with the restrictor 352.

The compressed gas, e.g., nitrogen, to effect the rotation of the turbine is
provided from the tank 110 via an inlet port 362. The pressurized gas enters the turbine
housing portion 322 somewhat tangentially and impinges on the angled rotor blades 338 to
cause the turbine rotor to rotate about its longitudinal axis at a high rate of speed. This
effects the concomitant rotation of the drive shaft 336, the bifilar cable 308 and hence the
rotary working head 32".

The infusate fluid, e.g., saline and a contrast medium (plus anything else
which is desired to be introduced into the vascular system, such as heparin, growth factors,
microspheres carrying chemicals, pharmaceuticals or other biologically active materials,
etc.) is introduced into the turbine housing 320 so that it gains ingress into the passageway
332. From that passageway, it flows through the communicating passageway 312
extending within the jacket of the catheter to exit at the distal end of the jacket where the
working head 32" is located. The means for introducing infusate liquid into the turbine
housing comprises the tubing 86 on which a connector 362 is mounted. The connector 362

is arranged to be connected to the output of the infusate pump.
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An interlock member 366 is located in a transverse bore 368 in the turbine
housing 320 so that it perpendicularly intersects the longitudinally extending bore 332. The
interlock member is a generally plug-like, tubular body having a thin walled upper end 368
defining an enlarged hollow interior space. An opening 370 is provided in the thin walled
upper end of the interlock member communicating with the enlarged hollow interior space
and into which the distal portion of the sleeve bearing 344 extends. Another opening 372 is
provided diametrically opposed from the opening 370 so that the turbine drive shaft 336 can
extend through the interlock member via the openings 370 and 372. The lower end of the
interlock member 366 includes a barb-like tubular projection 374 which extends into the
interior of the plastic tube 86. A ring-like ferrule 376 extends about the outer surface of the
tube at the upper end thereof to capture the tube on the barb. A sealing O-ring 378 is
disposed within an annular recess extending about the periphery of the interlock member
366. The barb portion of the interlock member 366 includes a passageway 378 extending
through it in communication with the hollow interior at the upper end of the interlock
member. Thus, the infusion liquid introduced into the tube 86 will pass through the
communicating passageway 378 in the barb member into the hollow upper interior 368 of
the interlock member and out through opening 372 into the passageway or bore 332. From
passageway 332, the infusate liquid will flow through the hollow annular passageway 312 in
the catheter’s jacket 34 and out through its distal end at the working head 32".

As will be appreciated by those skilled in the art, the rotation of the drive
cable 308 creates an Archimedes-like pumping action to aid the infusate pump in carrying
the infusate liquid down the annular passageway 312 in the jacket 34. In particular, the
ability of the helical drive cable 308 to deliver flow is a function of: (1) the rotation speed of
the helix, (2) the swept volume of the helix (the swept volume of the helix being the volume
of fluid entrapped between the coils of one pitch of the helix), and (3) the leakage of flow
back along the helix due to the clearance between the helix and the jacket and the clearance
between the helix and the liner. If the clearances are reduced to zero (leakage reduced to
zero) the pump can act as a very stiff positive displacement pump, that is, it can deliver flow
at a large range of output pressures regardless of the inlet pressure. For example, with a 5F
diameter catheter having bifilar drive cable with 0.008 inch wire diameter and pitch of

0.040 inch running at speeds between 100,000 and 160,000 RPM, the helix design suitable
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for transmitting suitable torque, with adequate flexibility for navigating the bends of the
coronary vasculature, also has the correct swept volume to deliver an appropriate flow, e.g.,
30-40 mL/minute, required to keep the catheter and tip abrasion site at a temperature
compatible with tissue viability (e.g., not more than 98 deg F). These facts make it possible
for a 5F catheter system to use the helical drive cable 308 as the infusate metering pump
while the peristaltic infusate pump 84 serves as a priming pump. This arrangement, can
deliver pressure rather than flow by the use of soft pump tubing, i.e., tubing that leaks back
under the pump 84 rollers, if the delivery pressure becomes excessive, €.g., approximately
30 psi or greater. If different size catheters are used, such as 8F or 4F, the helical drive
cable design may not provide the ideal flow, and the peristaltic infusate pump 84
characteristics might well have to be changed to obtain the correct flow. This can be
accomplished by changing the peristaltic pump speeds, changing the stiffness of the
peristaltic pumps by using tubing of different softness, and partially disabling the helix drive
cable pump by increasing the clearances around the helix. Thus, if the console provides for
independently adjustable peristaltic pump speeds for the infusate and extraction pumps, the
system can provide for any catheter design. The operator can be instructed to select the
appropriate pump speed and the appropriate pump tubing for whatever catheter is in use. In
some instances it may be advisable to use operator adjustable peristaltic pumps linked
electronically that provide for fixed ratios between the infusate and extraction pumps, and in
other designs it may be best to provide for the pumps to be preset and not user adjustable.

It has also been found that there is an advantage to having a variable pitch
helix for the drive cable 308. Thus, the cable 308 is preferably so constructed. As will be
appreciated if the drive cable 308 is to act as a pump in addition to the means for effecting
the rotation of the working head, the helices of the cable have to have a certain pitch (e.g.,
25 coils to the inch) to provide the required swept volume. If the bending stiffness of the
atherectomy catheter is to be minimized (e.g., to enable the catheter to freely negotiate
tortuous paths to the site of the occluded vessel section) the helices of the cable needs to be
approximately of closed coil configuration (e.g., 40 coils to the inch), but not quite closed,
because it is best if the coils do not touch each other as the catheter bends since the friction
between the abutting coils may cause excessive heat to be generated. It has been found that

if the distal end portion of the helical drive cable 308 is almost close wound for a short
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distance (e.g., 0.5 to 4.0 inches), as is the case in the embodiment shown herein, the
remainder of the cable, (i.e., the portion located proximally of the distal end portion and
which may be approximately 50 inches or longer) can force the infusate liquid past the close
coils at the distal end and out of the catheter. The variable pitch of the drive cable thus
provides for the optimum pumping action, while maintaining optimum flexibility. As will
also be appreciated the helix pitch of the drive cable also has an affect on vibration of the
catheter, with the coarser or greater spacing between helicies resulting in lower vibration.
Thus, the variable pitch drive cable 308 will also help to reduce the vibration level by
minimizing the length of closed coil helices at the distal end of the drive cable.

As mentioned earlier, the system 200 includes a cradle assembly 202 for
holding the guide catheter 24 and the guide wire 124 fixed with respect to each other and
with respect to the patient’s vascular system, while supporting a portion of the atherectomy
catheter to enable it to be moved longitudinally with respect to the guide catheter and guide
wire in order to advance the working head through the vessel section to be revascularized.
The cradle assembly 202 will now be described with reference to Fig. 9A. As can be seen
therein, the cradle assembly basically comprises a cradle member 400 (shown by phantom
lines in the interest of drawing simplicity) and other associated components (some shown by
solid lines and others by phantom lines), all to be described later. The cradle member 400
itself is a generally tubular member which is arranged to support the turbine body therein
and to allow the turbine body to slide longitudinally with respect to the cradle member 400
while fixing the position of the guide catheter 24 and guide wire 124 relative to each other.

The tubular cradle 400 includes a loading slot 402 extending from its front
or distal end to a point close to its rear or proximal end. A pair of support feet 404, also
shown by phantom lines, are provided on the underside of the cradle tube to support it on
any horizontal surface. A cup-shaped plug member 406 is mounted in the open rear end of
the cradle tube. The plug member includes a central passageway 408 extending through it.
A pair of telescoping tubes 410 and 412, are mounted between the central passageway in the
plug member and the proximally located cap 354 of the turbine housing 320 via a ferrule
(not shown). The central passageway 408 in the plug member and the associated
telescoping tubes 410 and 412 provide a passageway through which the guide wire 124 may

be extended into the turbine housing and from there through the atherectomy catheter 22" as
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described earlier. The telescoping tubes are formed of any stiff material, e.g., type 304
stainless steel, to prevent buckling of the guide wire.

In order to fix or clamp the longitudinal position of the guide wire with
respect to the cradle assembly while also forming a fluid tight seal about the guide wire
where it enters the plug member 406, a conventional hemostasis valve, e.g., a Tuohy Borst
valve 412, is mounted on the rear side of the plug member via a wing nut mount (not
shown).

The turbine housing assembly is mounted within the cradle tube for sliding
movement therealong in order to adjust the distance that the working head 34" extends from
the distal end of the guide tube 24. This feature enables the rotary working head to be
advanced in the distal direction to open a lumen through the plaque or other material
forming the restriction in the bypass graft to be revascularized. To achieve that end, a
handle 416 is provided for the turbine housing and projects radially outward from the
turbine housing portion 322. The handle extends through a longitudinally extending linear
slot 418 in the cradle tube 400. It should be pointed out at this juncture that the handle and
the associated slot are shown on the facing side of the turbine tube (i.e., the visible side in
Fig. 9), when in reality they are located on the opposite side. The showing of the handle and
slot on the facing side of the cradle tube is merely done for drawing convenience.

In order to increase the “wheel base” of turbine housing so that it slides easily
within the cradle tube 400 in a longitudinal direction without tilting or canting, a turbine
tube housing extension member 420 is mounted, i.e., snap-fit, on the distal portion of the
turbine housing. The extension member 420 includes a central opening through which the
atherectomy catheter 22" exits the turbine housing.

A manifold member 422 is mounted within an extension adjustment tube 424
at the front end of the cradle tube 400. The extension adjustment tube is a slotted tube
which telescopes within the front end of the cradle tube 400 and whose position can be
adjusted so that the manifold 422 can be moved closer or further away from the cradle tube.
This feature enables the system 200 to be used with guide catheters of varying lengths. In
order to fix the position of the extension adjustment tube with respect to the cradle tube 400

H

a tube extension latch 426 is provided to extend through any selected one of plural
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longitudinally spaced holes 428 in the extension tube and a single aligned hole not shown in
the front end of the cradle tube.

The manifold 422 is a disk-like member having a longitudinal passageway
(not shown) extending therethrough and to which the proximal end of the guide catheter 24
is connected via a swivel connector 430. The swivel connector permits one to adjust the
angular orientation of the guide catheter with respect to the cradle tube so that the guide
catheter can be revolved to any rotary position necessary to obtain compatibility with the
patient’s vascular anatomy. The longitudinal passageway of the manifold is in fluid
communication with the proximal end of the annular passageway 312 extending down the
interior of the atherectomy catheter’s jacket. The manifold also includes a radially
extending side port (not shown) in communication with the longitudinal passageway at the
proximal end of the guide catheter. The extraction (vacuum) tube 88 is arranged to be
connected to the radial side port of the manifold via conventional connector 432 to withdraw
blood, infusate liquid and debris which has been drawn down the passageway between the
guide catheter and the atherectomy catheter by the action of the extraction pump 90.

Since the atherectomy catheter 22" extends through the guide catheter 24, a
conventional hemostasis valve 434 is mounted on the rear (proximal) side of the manifold
422 to enable to the atherectomy catheter to extend through the longitudinal passageway in
the manifold and into and through the guide catheter 24.

A stiffener tube 436 is provided on the atherectomy catheter between the
turbine housing and the manifold to prevent the atherectomy catheter’s jacket 34 from
buckling under axial loads. The stiffener tube also facilitates the assembly and loading of
the atherectomy catheter into the cradle tube. To that end, a hook wire 438 is mounted on
the stiffener tube 436 to facilitate movement of the stiffener tube. A pair of pivotable
trunnions 440 project outward from the distal end portion of the stiffener tube for
connection to diametrically opposed portions of the extension tube 424 to center the
stiffener tube so that it can be lifted to enable loading of the atherectomy catheter.

In accordance with one preferred embodiment of the invention, the
longitudinally extending slot 402 is of sufficient length to enable the turbine housing and

hence the atherectomy catheter 22" to be reciprocated through a 4-5 inch range.
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It must be pointed out again that the subject invention is not limited to
atherectomy catheters, and particularly rotary head catheters. In particular, the subject
invention may incorporate an instrument having any other type of working head, e.g., a
balloon angioplasty catheter, a catheter for injecting a restriction-removing or dissolving
liquid, an ultrasonic catheter, a laser catheter, a stent-delivery catheter, etc., for opening a
lumen in an occluded vessel. To that end the term “working head” as used herein is meant
to include any type of device for operating on an occluded vessel to open a lumen in that
vessel to the freer flow of blood therethrough.

In Figs. 16 and 17 there are shown yet another alternative embodiment of a
revascularization system 500 of this invention. The system 500 is arranged to revascularize
an occluded blood vessel, e.g., a bypass graft 10', by introducing a conventional expandable
stent 502 into a lumen formed in the restrictive material of the occluded blood vessel

section, e.g., the bypass graft. If desired, the system 500 may also employ the atherectomy

catheter and some associated components of the system 200 described heretofore to effect

the opening of a lumen through the material forming the restriction, followed by the
introduction of a stent-delivery catheter (not shown) for carrying the stent 502 in a collapsed
state into the lumen created by the atherectomy catheter, and then to expand the stent 502 in
that lumen to the state shown in Figs. 16 and 17 to ensure that the lumen stays open. The
stent-delivery catheter used in such an application may be of any conventional type, e.g., a
balloon catheter.

It must be pointed out at this juncture that the system 500 may be used
without an atherectomy catheter, like the catheters described above or any prior art
restriction-opening device, for initially forming the lumen through the material forming the
restriction. In such an alternative application, as will be described later, the system 500
makes use of any suitable conventional stent-delivery catheter to carry the collapsed stent
502 over a guide wire, like guide-wire 124' or any other suitable balloon bearing guide-wire,
through the restriction in the occluded blood vessel to an operative position, whereupon the
stent-delivery catheter is operated, e.g., its balloon inflated, to expand and place the stent in
position (like shown in Figs. 16 and 17).

Irrespective of the manner in which the lumen is created into which the stent

502 is placed, the system 500 of this invention makes use of a debris removal sub-system to
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remove any particles or other debris produced during the revascularization/stenting
procedure. That debris removal system may be similar to that described earlier, or any other
suitable type. As shown in the embodiments of Figs. 16 and 17, the debris removal sub-
system used to remove any particles or debris produced during the
revascularization/stenting procedure basically comprises a guide catheter 24 having at least
one control port, like that described above, and another catheter 504 (to be described later)
for delivery of an infusate or irrigation liquid from some pumping means, e.g., an infusate
pump 84, into the occluded vessel section, and some pumping means, e.g., an extraction
pump 90, coupled to the interior of the guide catheter 24 to effect the removal of blood, the
infusion liquid and any debris created during the restriction opening procedure from the
patient. It should be noted that the “other catheter 504” for delivery of the infusate or
irrigation liquid to the situs of the vessel portion being revascularized, may comprise an
atherectomy catheter 22" like that described with respect to system 200 when such a system
is used to form the lumen into which the stent will be placed, or may comprise a separate
catheter, tube, or conduit, or may comprise a lumen or passageway in the guide catheter 24
separate and apart from the central passageway through which the debris, blood and infusate
liquid is removed. In the embodiment shown the catheter 504 for carrying the infusion or
irrigation liquid into the situs where the stent is to be placed basically comprises a simple
irrigation tube or catheter formed of a flexible material, e.g., a plastic, and having a central
passageway or lumen extending fully therethrough for carrying the infusate or irrigation
liquid from a pump, like pump 84 or any other suitable source of irrigation liquid, down the
lumen and out of its open end to the operative situs like shown in Figs. 16 and 17.

- If it is desired to utilize a system 500 to apply the stent 502 into a lumen
formed by an atherectomy catheter, e.g., atherectomy catheter 22", the procedure to be
followed basically comprises the following steps. First the guide catheter 24 is placed in
position so that its distal end is located proximally of the restriction to be opened and its
control or regulation port(s) 24A/B is(are) in fluid communication with an upstream patent
vessel, e.g., the aorta, like shown in Figs. 10, 11, 16 and 17. The guide wire 124' is then
extended through the guide catheter 24 and through the restriction to be opened so that the
distally located balloon (obturator) 126 on the guide wire is downstream of the restriction.

The balloon 126 is then inflated to block the vessel to be revascularized downstream of its
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restriction. The extraction pump 90 is then operated to evacuate any debris particles which
may have been produced by the passage of the guide wire 124 and balloon 126 through the
restriction and by the inflation of the balloon 126. The atherectomy catheter 22" is then
passed over the guide wire through the guide catheter so that its working head 32" extends
out of the open end of the guide catheter and is at the situs of the restriction to be opened.

The atherectomy catheter 22" (or any other catheter having a restriction
opening working head) is then operated in a manner like described above to enable the
working head to open a lumen through the restriction, while the debris removal sub-system
removes the debris created by that operation along with blood and the infusate liquid
through the guide catheter. The control or regulation ports in the guide catheter ensure that
the vessel being revascularized does not collapse during the procedure.

Once the lumen has been created through the restriction, the atherectomy
catheter can be removed, while maintaining the vacuum, i.e., keeping the extraction pump
90 operating . After removal of the atherectomy catheter the extraction pump 90 can be
stopped. Ifit is desired to give the patient some recovery time before deployment of the
stent 502, the distal balioon on the guide wire may be deflated, thereby enabling blood to
flow through the newly formed lumen in the revascularized vessel to the downstream vessel,
e.g., a coronary artery 15. Once sufficient time for the patient to recover has elapsed
(assuming that any recovery time is desired) the distally located balloon 126 is then re-
inflated.

The stent-delivery catheter (not shown) is then introduced through the guide
catheter and over the guide wire until its working head, e.g., the balloon on which the
collapsed stent 502 is located, is within the lumen created by the atherectomy catheter 22".
The stent-delivery catheter is then operated, e.g., its balloon inflated, to expand the stent 502
radially outward and into seating engagement with the revascularized vessel section, like
that shown in Figs. 16 and 17. If desired, the debris removal system may be operated to
withdraw any debris particles created by the deployment of the stent. Once the stent has
been deployed the stent-delivery catheter can be removed, e.g., its balloon deflated and then
the catheter withdrawn proximally along the guide wire. The guide catheter can then be

removed.
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In some applications it may be desirable to provide an irrigation or infusate
liquid into the lumen in which the stent is to be deployed during or immediately after the
stent deployment the procedure. To that end, an irrigation tube 504 (like that shown in Figs.
16 and 17) may be introduced over and along the guide wire 124' and through the guide
catheter 24 so that its open distal end is in communication with the situs of the stent while
the distally located balloon (obturator) 126' remains inflated. An irrigant liquid can then be
introduced via the irrigation tube to flush out any debris via the passageway between it and
the guide catheter under the action of the extraction pump 90 or any other suitable pump or
vacuum source. Once this has been accomplished the irrigation tube 504 can then be
withdrawn over the guide wire, while the vacuum is maintained, e.g., the pump 90 operates,
to remove any debris which may be produced by the removal of the irrigation tube. The
vacuum (e.g., pump 90) can then be stopped, the balloon 126' on the distal end of the guide-
wire 124' can then be deflated and the guide wire can then be withdrawn through the guide
catheter 24. Then the guide catheter can be removed.

If it is desired to place a stent 502 within an occluded blood vessel section,
without having first opened a lumen through it with an atherectomy catheter, like catheter
22" or any other lumen-opening catheter, the procedure to be followed using the system 500
basically comprises the following steps. First the guide catheter 24 is placed in position so
that its distal end is located proximally of the restriction to be opened and its control or
regulation port(s) 24A/B is(are) in fluid communication with an upstream patent vessel, e.g.,
the aorta, like shown in Figs. 10, 11, 16 and 17. The guide wire 124" is then extended
through the guide catheter 24 and through the restriction to be opened so that the distally
located balloon (obturator) 126' on the guide wire is downstream of the restriction. The
balloon 126' is then inflated to block the vessel to be revascularized downstream of its
restriction. The stent-delivery catheter (not shown) is then introduced through the guide
catheter 24 and over the guide-wire 124' until its working head, e.g., the balloon on which
the collapsed stent 502 is located is at the desired position within the vessel to be
revascularized. The debris removal sub-system, or any other extraction or vacuum system,
is then operated to withdraw any debris or particles created when the stent is deployed.
Thus, once the debris removal sub-system is operating the stent-delivery catheter can then

be operated, e.g., its balloon inflated, to expand the stent 502 radially outward thereby
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enlarging the lumen through the restriction seating the stent in place against accidental
dislodgement within the blood vessel section, like that shown in Figs. 16 and 17. Once the
stent has been deployed the stent-delivery catheter can be removed, e.g., its balloon deflated,
and then the catheter withdrawn, e.g., slid proximally along the guide-wire 124' until it is out
of the being’s body. An irrigation or infusate liquid is then provided into the operative
situs, i.e., the situs of the stent, to flush away any debris created during the stent deployment
procedure. To that end, an irrigation tube 504 is introduced along the guide wire 124' and
through the guide catheter 24 so that its open distal end is in communication with the situs
of the stent, while the distally located balloon (obturator) 126 remains inflated. An irrigant
liquid can then be introduced via the irrigation tube 504 to flush out any debris via the
passageway between it and the guide catheter 24 under the action of the extraction pump 90
or any other suitable pump or vacuum source.

Once the stent is deployed and all debris removed, the irrigation tube can
then be withdrawn from the being by sliding it out over the guide-wire 124', while the
vacuum is maintained, e.g., the pump 90 operates, to remove any debris which may be
produced by the removal of the irrigation tube. As described earlier, the control or
regulation port(s) 24A/B ensure that the vessel section being revascularized does not
collapse during the revascularization procedure.

After removal of all remaining debris, the vacuum (e.g., pump 90) can then
be stopped, the balloon 126 on the distal end of the guide-wire can then be deflated and the
guide wire can then be withdrawn through the guide catheter. Then the guide catheter can
be removed.

Irrespective of the type of revascularization procedure utilized, it may be
desirable before removal of the guide catheter 24 to inject a dye through it to the operative
situs to enable one to fluoroscope or otherwise visualize the bypass vessel to ensure that it
has been be properly revascularized.

The previously described systems have utility for delivering agents into the
body of a living being. In particular, the system basically comprises a guide catheter, a
delivery catheter, at least one isolation member, and an agent. The guide catheter is used to
guide the delivery catheter to the general location of the targeted tissue. The delivery

catheter is used to transfer an agent from the catheter to the targeted tissue. The delivery
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catheter may include means for opening the lumen of the vessel (e.g. atherectomy-like
device, angioplasty balloon, drug delivery balloon, stent). It is also anticipated that the
delivery catheter may not need to open the lumen of the vessel and may serve to just
delivery the agent through a pressurized hydrodynamic delivery system (e.g. jet injector) or
some other method. The isolation member (e.g. balloon) can be used if it is necessary to
limit the treatment region and prevent the agent from flowing systemically through portions
of the body of the living being. Two isolation members could be utilized to define a discrete
region into which an agent can be delivered. The collection or aspiration system can be
utilized to remove that portion of the agent that does not become integrated into the targeted
tissue (e.g. stuck to, attached to, buried within).

In accordance with some preferred embodiments of this invention the flowable
agents are formed of at least one material that can elicit a beneficial response within the tissues.
For example, at least a portion of the agents can be comprised of such items as a
pharmaceutical, a growth factor, a suitable biomaterial, or a genetic or cellular based material.
The presence of the agent can initiate a bio-chemical/biological process that stimulates the
tissue to heal itself. In accordance with some preferred embodiments of this invention the
flowable agents can block factor-mediated signaling cascades and reduces proliferative
responses (e.g. neointimal hyperplasia). The agents can also serve as anti-neoplastic agents (e.g.
reduce or impair cell growth or proliferation). These types of agents could be delivered to
tumors or other organs to control unwanted cell growth.

The flowable agents may be totally resorbable, partially resorbable or non-
resorbable. As an example they can be made of polymers, metals, elastomers, glass,
ceramics, collagen, proteins or other suitable materials or a combination materials. A
collection of agents with varying characteristics (e.g. density) can be delivered to the tissue
to allow for a graduated deposition of varying types of agents to different depths of the
tissue. Other agent characteristics (e.g. texture and abrasiveness) can be controlled to allow
for varying degrees of trauma to encountered tissues. Where the agents incorporate a solid
component, the shape of the component can be varied from spheres to fibers to any other
desired shape. A form of a microsphere may be utilized to treat the desired tissue region
either by occupying space or by stimulating a biological response to the presence of them

material or the release from the material of some chemical or biological element. The agents
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can be made of a variety of drugs and biologically active ingredients as described in Table
1. The system can incorporate a variety of biomaterials as described in Tables 2 and 3.
Table 1: Drug and Biological Active Ingredients
Adenovirus with or without genetic material
Angiogenic agents
Angiotensin Converting Enzyme Inhibitors (ACE inhibitors)
Angiotensin II antagonists
Anti-angiogenic agents
Anti-arrhythmics
Antibiotics
erythromycin
penicillin
Anti-coagulants
aspirin
heparin
Anti-growth factors
Anti-inflammatory agents
dexamethasone
aspirin
hydrocortisone
Antioxidants
Anti-platelet agents
Jorskolin
Anti-proliferation drugs
Anti-restenosis drugs
Antisense
Anti-thrombogenic agents
Argatroban
Hirudin
GP IIb/I1Ta inhibitors
Anti-virus drugs
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Arteriogenesis agents

acidic fibroblast growth factor (aFGF)

angiogenin

angiotropin

basic fibroblast growth factor (bFGF)

Bone morphogenic proteins (BMP)

epidermal growth factor (EGF)

fibrin

granulocyte-macrophage colony stimulating factor (GM-CSF)
hepatocyte growth factor (HGF)

HIF-1

insulin growth factor-1 (IGF-1)

interleukin-8 (IL-8)

MAC-1

nicotinamide

platelet-derived endothelial cell growth factor (PD-ECGF)
platelet-derived growth factor (PDGF)

transforming growth factors alpha and beta (TGF-.alpha., TGF-.beta.)
tumor necrosis factor alpha (TNF-.alpha.)

vascular endothelial growth factor (VEGF)

vascular permeability factor (VPF)

Bacteria

Beta blocker

Blood clotting factor

Bone morphogenic proteins (BMP)

Calcium channel blockers

Carcinogens

Cells

Ceramide (e.g. C-6 Ceramide)

Cholesterol reducers
Chondroitin
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Collagen Inhibitors

colony stimulating factors

Coumadin

Cytokines prostaglandins

Dentin

Etretinate

Genetic material

Glucosamine

Glycosaminoglycans

GP IIb/I1a inhibitors
L-703,081

Granulocyte-macrophage colony stimulating factor (GM-CSF)

Growth factor antagonists

Growth factors
Endothelial Cell Growth Factor (ECGF)
Epidermal growth factor (EGF)
Fibroblast Growth Factors (IGF)
Hepatocyte growth factor (HGF)
Insulin-like Growth Factors (e.g. IGF-I)
Nerve growth factor (NGF)
Platelet Derived Growth Factor (PDGF)
Recombinant NGF (rhNGF)
Tissue necrosis factor (INF)
Transforming growth factors alpha (IGF-alpha)
Transforming growth factors beta (TGF-beta)
Vascular Endothelial Growth Factor (VEGF)
Vascular permeability factor (UPF)
acidic fibroblast growth factor (aF GF)
basic fibroblast growth factor (bFGF)
epidermal growth factor (EGF)
hepatocyte growth factor (HGF)



WO 02/24271 PCT/US01/27266

52

insulin growth factor-1 (IGF-1)
platelet-derived endothelial cell growth factor (PD-ECGF)
tumor necrosis factor alpha (TNF-.alpha.)
Growth hormones
Heparin sulfate proteoglycan
HMC-CoA reductase inhibitors (statins)
Hormones
erythropoietin
Immoxidal
Immunosuppressant agents
inflammatory mediator
Insulin
Interleukins.
Interlukin-8 (IL-8)
Interlukins
Lipid lowering agents
Lipo-proteins
Low-molecular weight heparin
Lymphocites
Lysine
MAC-1
Morphogens
Nitric oxide (NO)
PR39
Prostaglandins
Proteoglycans
perlecan
Somatomedins
Stem Cells
Steroids
Thrombin inhibitor
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Thrombolytics
Ticlid
Tyrosine kinase Inhibitors
ST638
AG-17
Vasodilator
histamine
forskolin
nitroglycerin
Yeast

Table 2: Biodegradable Polymer Examples

Aliphatic polyesters

Cellulose

Chitin

Collagen

Copolymers of glycolide

Copolymers of lactide

Elastin

Fibrin

Glycolide/I-lactide copolymers (PGA/PLLA)
Glycolide/trimethylene carbonate copolymers (PGA/TMC)
Hydrogel

Lactide/tetramethylglycolide copolymers
Lactide/trimethylene carbonate copolymers
Lactide/s-caprolactone copolymers
Lactide/c-valerolactone copolymers
L-lactide/dl-lactide copolymers

Methyl methacrylate-N-vinyl pyrrolidone copolymers
Modified proteins

Nylon-2

PHBA/y-hydroxyvalerate copolymers (PHBA/HVA)

PCT/US01/27266
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PLA/polyethylene oxide copolymers
PLA-polyethylene oxide (PELA)
Poly (amino acids)

Poly (trimethylene carbonates)
Poly hydroxyalkanoate polymers (PHA)
Poly(alklyene oxalates)
Poly(butylene diglycolate)
Poly(hydroxy butyrate) (PHB)
Poly(n-vinyl pyrrolidone)
Poly(ortho esters)
Polyalkyl-2-cyanoacrylates
Polyanhydrides
Polycyanoacrylates
Polydepsipeptides
Polydihydropyrans
Poly-dl-lactide (PDLLA)
Polyesteramides

Polyesters of oxalic acid
Polyglycolide (PGA)
Polyiminocarbonates
Polylactides (PLA)
Poly-I-lactide (PLLA)
Polyorthoesters
Poly-p-dioxanone (PDO)
Polypeptides

Polyphosphazenes
Polysaccharides

Polyurethanes (PU)

Polyvinyl alcohol (PVA)
Poly-- hydroxypropionate (PHPA)
Poly-B-hydroxybutyrate (PBA)

PCT/US01/27266
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Poly-c-valerolactone
Poly-B-alkanoic acids
Poly-B-malic acid (PMLA)
Poly-g-caprolactone (PCL)
Pseudo-poly(amino acids)
Starch

Trimethylene carbonate (TMC)

Tyrosine based polymers

Table 3: Natural and Other Materials

Agarose

Alginates

Amino acids
Cellulose

Collagen

Cotton

Dextran

FElastin

Extracellular matrix (ECM)
Fat

Fibrin

Fibrin glues
Fibrinogen

Gelatin
Glycoproteins
Glycosaminoglycans
Hyaluronic Acid
Hydroxyethyl starch
Lipid

Liposomes

Oxidized regenerated cellulose

Peptides

55
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Platelets, blood cells

Polypeptides

Polysaccharides

Proteoglycans

Silk

Starch

Thrombin

Calcium
Radiopaque elements
Salts
In the preferred embodiment of the subject invention, the delivery catheter
incorporates a high speed rotating tip as a fluid diverter disposed at some location along the
distal portion of said catheter for directing the fluid outward from the working head into the
tissue. The catheter includes a fluid (e.g. agent, C6-ceramide dispersed in saline) input port
and at least one distal fluid output port, and a passageway for the fluid extending
longitudinally through the catheter body and adapted to receive the fluid therein. The system
can include a means for dispensing controlled volumes of fluid out of the catheter tip such
that it is delivered to a localized area. For example the fluid can be injected using a syringe
into the infusate mixture. Multiple dispensing systems can be used to delivery more than one
agent either simultaneously or at different times. The syringe can be compressed at a
controlled rate to achieve the desired rate of agent delivery. As fluid (e.g. the agent) flows
through the catheter into the rotating tip, the fluid is driven outwards from the catheter into
contact with the surrounding tissue. The catheter is capable of delivering an agent that is in
the form of an already mixed solution or in the form of pellets. In either case, the agent
penetrates into the spaces between cells of the tissue, penetrates into the cells, or just
becomes attached to portions of the tissue.
The delivery catheter may achieve the same effect without the use of a

rotating tip. Highly pressurized fluid could be force through output ports located at the tip of
the catheter (not shown). The fluid (e.g. agent) In can be embedded into the tissue

contiguous with the working head of the delivery catheter.
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If the delivery catheter of the subject invention utilizes a porous balloon
device as the delivery catheter, a balloon located near its distal end is expanded with a
medication that then flows through minute holes in the balloon surface at a low flow rate.
The catheter can pressurize the medication so that it can be perfused at a controlled low flow
rate to penetrate into the wall of the localized tissue. As the catheter is pressurized with an
agent, this causes the balloon to expand. The drug then flows throughout the balloon into the
vessel wall. The expanding balloon can also be used to simultaneously perform angioplasty
and drug delivery to a localized portion of coronary or peripheral arteries or any other type
of body passage that has a stricture. The agent delivery device is first positioned in a body
passageway. The device is expanded in order to dilate the passage while simultaneously
causing a selected agent to be transported across a agent transport wall of the device for
direct contact with the passageway wall. A stent could also be placed simultaneously as
well. The tip of the catheter could also contain needles that pierce the tissue of the lumen to
delivery the agent.

As should be appreciated by those skilled in the art the subject invention can
utilize a variety of fluids (e.g. saline, biocompatible solvent, helium, nitrogen, etc.) to
deliver the agent. For example PowderJect (Oxford, UK) has a series of products for
accelerating fine particles of drug to high velocity within a brief burst of helium gas. The
accelerating jet is generated within a hand-held delivery device that, when combined with a
drug, are designed to provide effective delivery of pharmaceutical agents and vaccines into
skin and mucosal injection sites, without pain or the use of needles. In some instances it may
be desirable to deliver the agent with a non-wet fluid (e.g. gas). For instance, certain agents
may have improved stability during "dry" storage and it may be possible to avoid costly
chilled storage required by certain liquid form drugs to maintain their activity. Additionally,
a dry delivery system would avoid potential complications and possible error of
reconstitution of drugs supplied in dry form.

Without further elaboration the foregoing will so fully illustrate our
invention that others may, by applying current or future knowledge, adopt the same for use

under various conditions of service.
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CLAIMS

What is claimed is:

1.  An intra-luminal system for locally delivering at least one beneficial agent to
the wall of a lumen in the body of a living being, said system comprising at least one
beneficial flowable agent and a catheter, said at least one beneficial flowable agent
comprising at least one antineoplastic agent, said catheter having a distal end portion
including at least one outlet port, said at least one beneficial flowable agent being arranged
to be controllably introduced through said catheter and out of said outlet port for localized
delivery to the wall of the lumen wall.

2. An intra-luminal system for locally delivering at least one beneficial agent to the
wall of a lumen in the body of a living being, said system comprising at least one beneficial
flowable agent and a catheter, said at least one beneficial flowable agent comprising at least
one lipid, said catheter having a distal end portion including at least one outlet port, said at
least one beneficial flowable agent being arranged to be controllably introduced through
said catheter and out of said outlet port for localized delivery to the wall of the lumen wall.

3. The intra-luminal system of Claim 1 wherein said at least one beneficial flowable
agent comprises at least one lipid.

4. The intra-luminal system of Claim 2 wherein said at least one lipid is ceramide.

5. The intra-luminal system of Claim 3 wherein said at least one lipid is ceramide.

6. The intra-luminal system of Claim 2 wherein said at least one lipid is
sphingolipid or derivitized sphingolipid.

7. The intra-luminal system of Claim 3 wherein said at least one lipid is
sphingolipid or derivitized sphingolipid.

8. The intra-luminal system of Claim 2 wherein said at least one lipid is cell-
permeable (C6-ceramide).

9. The intra-luminal system of Claim 3 wherein said at least one lipid is cell-
permeable (C6-ceramide).

10. The intra-luminal system of Claim 1 wherein said antineoplastic agent is
selected from the group consisting of alkylating agents, antimetabolites, antimitotic agents,
antibiotics, hormones, enzymes, cytoprotective agents, biological response modifiers and

monoclonal antibodies.
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11. The intra-luminal system of Claim 1 wherein said beneficial flowable agent
comprises a carrier for said at least one antineoplastic agent.

12. The intra-luminal system of Claim 2 wherein said beneficial flowable agent
comprises a carrier for said at least one lipid.

13. The intra-luminal system of Claim 3 wherein said beneficial flowable agent
comprises a carrier for said at least one lipid.

14. The intra-luminal system of Claims 11, 12 or 13 wherein said carrier comprises
a fluid.

15. The intra-lumina system of Claim 14 wherein said carrier comprises saline.

16. The intra-luminal system of Claims 11, 12 or 13 wherein said carrier comprises
microspheres.

17. The intra-luminal system of Claims 11, 12 or 13 wherein said carrier comprises
nanoparticles.

18. The intra-luminal system of Claims 11, 12 or 13 wherein said carrier comprises
liposomes.

19. The intra-luminal system of Claims 11, 12 or 13 wherein said carrier comprises
magnetically targeted particles.

20. The intra-luminal system of Claim 16 wherein said at least some portion of at
least some of said microspheres are selected from the group of biodegradable polymers
consisting of polyglycolide (PGA), polylactide, copolymers of glycolide, glycolide/L-lactide
copolymers (PGA/PLLA), glycolide/trimethylene carbonate copolymers (PGA/TMC),
Polylactides (PLA), poly-L-lactide (PLLA), poly-DL-lactide (PDLLA), L-lactide/DL-lactide
copolymers, lactide/tetramethylglycolide copolymers, lactide/trimethylene carbonate
copolymers, lactide/c-valerolactone copolymers, lactide/e-caprolactone copolymers,
Polydepsipeptides, PLA/polyethylene oxide copolymers, Poly-B-hydroxybutyrate (PBA),
PHBA/y-hydroxyvalerate copolymers (PHBA/HVA), poly-B- hydroxypropionate (PHPA),
poly-p-dioxanone (PDS), poly-c-valerolactone, poly-e-caprolactone, Methyl methacrylate-
N-vinyl pyrrolidone copolymers, polyesteramides, polyesters of oxalic acid,
polydihydropyrans, polyalkyl-2-cyanoacrylates, polyurethanes (PU), polyvinyl alcohol
(PVA), polypeptides, poly-B- malic acid (PMLA), poly-B- alkanoic acids, trimethylene
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carbonate, polyanhydrides, polyorthoesters, polyphosphazenes, poly (trimethylene
carbonates), PLA-polyethylene oxide (PELA), and tyrosine based polymers.

21.  The intra-luminal system of Claim 16 wherein said at least some portion of at
least some of said microspheres are selected from the group consisting of alginate, calcium,
calcium phosphate, ceramics, cyanoacrylate, collagen, dacron, elastin, fibrin, gelatin, glass,
gold, hydrogels, Hydroxy apatite, hydroxyethyl methacrylate, hyaluronic acid, liposomes,
Nitinol, oxidized regenerated cellulose, phosphate glasses, polyethylene glycol, polyester ,
polysaccharides, polyvinyl alcohol, platelets, blood cells, radiopaque salts, silicone, silk,
steel, synthetic polymers, thrombin, and titanium.

22. The intra-luminal system of Claims 1, 2, 3 or 4 wherein said at least one lipid is
compounded with a biomaterial.

23. The intra-luminal system of Claim 22 wherein said biomaterial is selected from
the group consisting of biomaterial is selected from the group consisting of Chitin,
Collagen, polyglycolide, polylactide, Elastin, Fibrin, Hydrogel, Poly (trimethylene
carbonates), Poly hydroxyalkanoate polymers (PHA), Polyanhydrides, Polysaccharides,
Polyvinyl alcohol (PVA), Starch, Trimethylene carbonate (TMC), Hydrogels,
Poly(tetrafluoroethylene) -(PTFE), Polyacrylates, Polyesters, Polyethylene, Polyethylene
glycol, Silicones, Calcium based ceramics, Glass (e.g. bioglass), Hydroxyapatite and
Hyaluronic Acid.

24. The intra-luminal system of Claims 2 or 3 wherein said system includes a
second flowable beneficial agent arranged to be locally delivered to the wall of the lumen by
said catheter.

25. The intra-luminal system of Claims 2 or 3 additionally comprising a blocking
member arranged to be located distally of said outlet port to block the lumen.

26. The intra-luminal system of Claim 25 wherein said blocking member comprises
a balloon.

27. The intra-luminal system of Claims 2 or 3 additionally comprising a fluid
extraction system.

28. The intra-luminal system of Claim 25 additionally comprising a fluid extraction

system.
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29. A method for locally delivering at least one beneficial flowable agent to the wall
of a lumen in the body of a living being comprising the steps of:

A. providing an intra-luminal system comprising at least one beneficial flowable
agent and a catheter, said catheter having a distal end portion including at least one outlet
port, said at least one beneficial flowable agent comprising at least one antineoplastic agent,

B. positioning said intra~-luminal system within the body of the being so that said
outlet port is within the lumen adjacent a portion of the wall thereof, and

C. controllably delivering said at least one beneficial flowable agent through said
catheter and out of said outlet port for localized delivery into the adjacent lumen wall
portion.

30. A method for locally delivering at least one beneficial flowable agent to the wall
of a lumen in the body of a living being comprising the steps of:

A. providing an intra-luminal system comprising at least one beneficial flowable
agent and a catheter, said catheter having a distal end portion including at least one outlet
port, said at least one beneficial flowable agent comprising at least one lipid,

B. positioning said intra-luminal system within the body of the being so that said
outlet port is within the lumen adjacent a portion of the wall thereof, and

C. controllably delivering said at least one beneficial flowable agent through said
catheter and out of said outlet port for localized delivery into the adjacent lumen wall
portion.

31. The method of Claim 29 wherein said at least one beneficial flowable agent
comprises at least one lipid.

32. The method of Claims 30 or 31 wherein said at least one lipid is ceramide.

33. The method of Claims 30 or 31 wherein said at least one lipid is sphingolipid or
derivitized sphingolipid.

34. The method of Claims 30 or 31 wherein said at least one lipid is cell-permeable
(C6-ceramide).

| 35. The method system of Claim 29 wherein said antineoplastic agent is selected
from the group consisting of alkylating agents, antimetabolites, antimitotic agents,
antibiotics, hormones, enzymes, cytoprotective agents, biological response modifiers and

monoclonal antibodies.
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36. The method of Claims 29, 30 or 31 wherein said method additionally comprising
providing a carrier for said at least one beneficial flowable agent.

37. The method of Claim 36 wherein said carrier comprises a fluid.

38. The method of Claim 36 wherein said carrier comprises saline.

39. The method of Claim 36 wherein said carrier comprises microspheres.

40. The method of Claim 36 wherein said carrier comprises nanoparticles.

41. The method of Claim 36 wherein said carrier comprises liposomes.

42. The method of Claim 36 wherein said carrier comprises magnetically targeted
particles.

43. The method of Claims 29, 30 or 31 wherein said at least one lipid is
compounded with a biomaterial.

44, The method of Claim 43 wherein said biomaterial is selected from the group
consisting of biomaterial is selected from the group consisting of Chitin, Collagen,
polyglycolide, polylactide, Elastin, Fibrin, Hydrogel, Poly (trimethylene carbonates), Poly
hydroxyalkanoate polymers (PHA), Polyanhydrides, Polysaccharides, Polyvinyl alcohol
(PVA), Starch, Trimethylene carbonate (TMC), Hydrogels, Poly(tetrafluoroethylene) -
(PTFE), Polyacrylates, Polyesters, Polyethylene, Polyethylene glycol, Silicones, Calcium
based ceramics, Glass (e.g. bioglass), Hydroxyapatite and Hyaluronic Acid.

45. The method of Claims 29, 30 or 31 wherein said method comprises providing a
second beneficial flowable agent and delivering said second beneficial flowable agent
through said catheter and out of said outlet port for localized delivery into the adjacent
lumen wall portion..

46. The method of Claims 29, 30 or 31 additionally comprising providing a
blocking member located distally of said outlet port to block the lumen.

47. The method of Claim 46 wherein said blocking member comprises a balloon.

48. The method of Claims 29, 30 or 31 additionally comprising providing a fluid
extraction system for extracting fluid from the lumen adjacent said distal end portion of said
catheter.

49. The method of Claim 46 additionally comprising providing a fluid extraction

system for extracting fluid from the lumen adjacent said distal end portion of said catheter.
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