wO 2008/006708 A 1 |00 00 0 0 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization f d”Ij

) IO O T O OO OO

International Bureau

(43) International Publication Date
17 January 2008 (17.01.2008)

(10) International Publication Number

WO 2008/006708 Al

(51) International Patent Classification:
AG61B 17/22 (2006.01) A61B 17/32 (2006.01)

(21) International Application Number:
PCT/EP2007/056521

AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG,
ES, F1, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,

MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

(22) International Filing Date: 28 June 2007 (28.06.2007)

(25) Filing Language: English

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

(26) Publication Language: English

(30) Priority Data:
0613982.8 13 July 2006 (13.07.2006) GB

(71) Applicant and

(72) Inventor: SHTURMAN, Leonid [US/CH]; Ch. Valmont

116, CH-1260 Nyon (CH).

Published:

(74) Agents: GREY, Ian etal.; 20 Little Britain, London EC1A with international search report

7DH (GB).

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(54) Title: ROTATIONAL ATHERECTOMY DEVICE WITH FLUID INFLATABLE SUPPORT ELEMENTS AND TWO
TORQUE TRANSMITTING COILS

1

K K L 4
D | 22 E—/ J 22 Lb 3
6 Lo W F | ’ 2 éé%
AN lo;o\ N % ST N\ NN SO\\@Q \OQ’

44

AN\ AN
UUqUUOOOUUQjUUUUUUUUUUUUUU( UUUOUUUUUUUUUUUUUUUUUUUUUU UUUUUUUUUUUUUUUOUUUUU}
-—W

W— FF ,,_T_ -————15p 111P R St
@00000 0()(‘)0 OOOOO(‘*)OOOO lolele] 00000000000})\’%(')(JOOOO(‘)OOOOOO(‘) lolelelelele]
AAANRIRARANHNANRAN AN\
SIS \.\\5“\ DOGOPOOO
3000 '

2 E—"! 22 20p h22p 22 3

o /" CMp 0p 5000
% F—s] 3000p

|
L

(57) Abstract: A rotational atherectomy device for removing a stenotic tissue from a vessel of a patient is disclosed. The device
comprises a rotatable, flexible, hollow drive shaft having a fluid impermeable wall defining a fluid impermeable lumen of the drive
shaft and, an abrasive element mounted to a distal end portion of the drive shaft proximal to and spaced away from a distal support
element formed at a distal end of the drive shaft, the distal support element being inflatable by pressurized fluid which flows in an
antegrade direction through said lumen of the drive shaft and is at least partially re-directed into the distal fluid inflatable support
element. The distal fluid inflatable support element has an outer wall comprising an outflow opening located such that said outflow
opening faces an inner surface of a treated vessel during rotation of the drive shaft so that a flow of fluid through said outflow
opening forms a layer of fluid between the outer wall of the rotating fluid inflated distal support element and a wall of the treated
vessel to form a fluid bearing between the outer wall of the rotating fluid inflated distal support element and the wall of the treated
vessel, the drive shaft being comprised of at least one fluid impermeable membrane and at least two torque transmitting coils, one
of said coils extending distally beyond the distal end of the other coil and conveying torque to the abrasive element mounted to the
drive shaft distal to and spaced away from a portion of the drive shaft formed from the fluid impermeable membrane and said torque
transmitting coils.
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ROTATIONAL ATHERECTOMY DEVICE WITH FLUID INFLATABLE
SUPPORT ELEMENTS AND TWO TORQUE TRANSMITTING COILS

Description
The present invention relates to a rotational athetectomy device for removing or reducing
stenotic lesions i blood vessels such as a human artery by rotating an abrasive element

within the vessel to partially or completely ablate the unwanted material.

Atherosclerosis, the clogging of atteties, is a leading cause of coronary heart disease. Blood
flow through the peripheral arteties (e.g., catotid, femoral, renal etc.), is similarly affected
by the development of atherosclerotic blockages. A conventional method of removing or
reducing blockages in blood vessels is known as rotational atherectomy. Such a method and
a device for performing the method are desctibed in, for example, U.S. Patent No.
4,990,134 to Auth. According to Auth, a long guidewire is advanced into the diseased
blood vessel across the stenotic lesion. A hollow dtive shaft formed from a singe layer of
torque transmitting coiled wire(s) is the advanced over the guidewite. The distal end of the
drive shaft terminates in a burr provided with an abrasive surface formed from diamond
grit or diamond patticles. The butt is positioned against the occlusion and the drive shaft
rotated at extremely high speeds (e.g., 20,000-160,000 tpm). As the burr rotates, the
physician slowly advances it so that the abrasive surface of the butt scrapes against the
occluding tissue and disintegrates it, reducing the occlusion and improving the blood flow

through the vessel.

It is also known from U.S. Patent No. 6,132,444 to Shturman (the instant inventor) et al.,
to provide a drive shaft with an eccentric enlarged diameter segment positioned proximally
to and spaced away from the distal end of the dtive shaft. Accotding to US Patent
6,132,444 to Shturman, abrasive patticles are located around a maximum diameter of said
eccenttic enlarged diameter segment of the dtive shaft thereby forming an eccentric
abrasive element positioned proximally to and spaced away from the distal end of the drive
shaft. According to US Patent 6,132,444 to Shturman, the drive shaft is formed from a

single layer of torque transmitting coiled wite(s).
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The ptior art rotational atherectomy devices such as those referred to above comprise an
elongated drive shaft rotatable around a stationary guidewire. A long proximal portion of
the drive shaft is rotatable within an elongated stationary drive shaft sheath, said drive shaft
sheath forming an annular lumen between the stationary sheath and the rotatable drive
shaft. A saline solution or special lubricating fluid is pumped into the annular lumen
between the stationary sheath and the rotatable drive shaft. A portion of said saline
solution or special lubricating fluid is able to pass between adjacent wite tutns of the drive
shaft into a second annular lumen formed between the dtive shaft and the guidewire
thereby reducing friction between the dtive shaft and the guidewire. In all of the prior art
rotational atherectomy devices referred to above the antegrade flowing saline solution or

special lubricating fluid enters the treated vessel from distal end of the stationary drive shaft

~ sheath and thereby entrains and propels distally in an antegrade direction along the treated

vessel abraded particles (debzis) removed by the abrasive element. The distal migration of
the abraded particles (debris) in an antegrade direction and embolisation of very small
diameter arteries or capillaries by said abraded patticles is of major concern to physicians
who practice in this field. Clearly, the existence of particulate matter in the blood stream is
undesirable and can cause potentially life-thteatening complications, especially if the

particles are over a certain size.

Although the potentially detrimental effect caused by the presence of abraded particles in
the blood vessels is reduced if they ate very small microparticles, it is much more preferable
to remove from the treated blood vessel any debris abraded or otherwise released from the
stenotic lesion during treatment and theteby prevent migration of debris to other locations

along the treated blood vessel.

A rotational atherectomy device, described in US Patent No. 5,681,336 (to Clement et al.),
has been proposed. This device attempts to prevent migration of abraded particles distally
along the treated blood vessel by removing the ablated material from the blood vessel
whilst the device is in use. The rotational atherectomy device known from US Patent No.
5, 681,336 (to Clement et al.) has a complicated construction and is difficult to manufacture

on a commercial scale.
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A number of disadvantages associated with the known rotational atherectomy devices have
been addressed in WO 2006/126076 to Shturman (the instant inventor). All of the the
embodiments described in WO 2006/126076 comptise a rotatable fluid impermeable drive
shaft and allow delivery of pressutized fluid from a lumen of the rotatable fluid
impermeable drive shaft into the treated vessel distal to the abrasive element so that at least
a portion of said fluid flows in a retrograde direction along the treated vessel between the
stenotic lesion and the vessel wall and entrains the abraded particles removed by the
abrasive element. The retrograde flowing fluid and entrained abraded particles are aspirated

from the treated vessel and out of the patient’s body.

All embodiments shown in WO 2006/126076 illustrate a torque transmitting element of
the fluid impermeable drive shaft being formed by a single multifilament metal torque
transmitting coil which extends distally through and distal to the abrasive element. An
atherectomy device having this design allows excellent transmission of totque to the
abrasive element by the torque transmitting coil, but does not enable the device to have a

sufficiently small transverse cross-sectional dimension to cross vety tight stenotic lesions.

The present invention seeks to provide a rotational atherectomy device with transverse

cross-sectional dimensions sufficiently small to cross very tight stenotic lesions.

According to the present invention, there is provided a rotational atherectomy device for
temoving a stenotic tissue from a vessel of a patient, the device comprising a rotatable,
flexible, hollow drive shaft having a fluid impermeable wall defining a fluid impermeable
lumen of the drive shaft and, an abrasive element mounted to a distal end portion of the
drive shaft proximal to and spaced away from a distal support element formed at a distal
end of the drive shaft, the distal support element being inflatable by pressurized fluid which
flows in an antegrade direction through said lumen of the drive shaft and is at least partially
re-directed into the distal fluid inflatable suppott element, wherein the distal fluid inflatable
support element has an outer wall comprising an outflow opening located such that said
outflow opening faces an inner surface of a treated vessel duting rotation of the dtive shaft
so that a flow of fluid through said outflow opening forms a layer of fluid between the
outer wall of the rotating fluid inflated distal support element and a wall of the treated

vessel to form a fluid bearing between the outer wall of the rotating fluid inflated distal
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suppott element and the wall of the treated vessel, the drive shaft being comptised of at
least one fluid impermeable membrane and at least two torque transmitting coils, one of
said coils extending distally beyond the distal end of the other coil and conveying totque to
the abrasive element mounted to the drive shaft distal to and spaced away from a portion
of the drive shaft formed from the fluid impetmeable membrane and said torque

transmitting coils.

In a preferred embodiment, the outer wall of the distal fluid inflatable support element has
a plurality of outflow openings located such that at least one of said outflow openings,
during rotation of the drive shaft, faces an inner sutface of a treated vessel so that fluid
tlowing through the outflow openings formns a layer of fluid between the outer wall of the
rotating fluid inflated distal support element and a wall of the treated vessel to form a fluid
bearing between the outer wall of the rotating fluid inflated distal support element and the

wall of the treated vessel.

In one embodiment of the invention, the abrasive element has a slot and is mounted to the
drive shaft such that said slot extends in 2 longitudinal ditection and is attached to the drive
shaft by a flexible strap which extends through said slot and is connected to the drive shaft

distal and proximal to the abrasive element.

In another embodiment, the abrasive element has a slot and is mounted to the drive shaft

by a flexible strap which extends through said slot and is wrapped citcumferentally around
the drive shaft. Preferably, the abrasive element has a slot and is mounted to the drive shaft
by a flexible strap which extends through said slot and is wrapped citcumferendally around

the drive shaft distal to and spaced away from the distal end of the torque transmitting coil.

The flexible strap may have leading and trailing edge portions relative to the ditection of
rotation of the drive shaft, wherein the trailing edge pottion of the flexible strap at least
partially overlaps the leading edge portion when wrapped around the drive shaft. The
leading and trailing edge portions of the flexible strap can be bonded to each other in their

overlapping region.
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In one embodiment, the abrasive element has a leading edge and a trailing edge relative to
the direction of rotation of the drive shaft, the leading edge of the abrasive element being
thinner than the trailing edge so that, during rotation of the drive shaft, an abrasive surface
of the abrasive element engages and abrades stenotic tissue only by a thicket pottion of the
abrasive element, said thicker portion of the abrasive element being spaced away from the

leading edge of the abrasive element.

In another embodiment, the abrasive element has a rotationally leading edge and a
rotationally trailing edge relative to the direction of rotation of the drive shaft, the
rotationally leading edge of the abrasive element being thinner than the trailing edge so that
the degree of engagement of the abrasive element with the stenotic tissue gradually

increases during a revolution of the drive shaft. The abrasive element may extend around

less than a half of the circumference of the dtive shaft. Alternatively, the abrasive element

extends around less than a third of a circumference of the drive shaft o, it may extend

around the entire circumference of the drive shaft.

In one embodiment, the fluid impermeable drive shaft has a longitudinal axis and the distal
fluid inflatable support element has a centre of mass offset from the longitudinal axis of the
drtive shaft when the distal inflatable support element is fluid inflated. Preferably, the outet
wall of the distal fluid inflatable support element defines a fluid inflatable space that
extends only partially around a citcumference of the drive shaft so that, when the distal
inflatable support element is fluid inflated, its centre of mass is offset from a longitudinal
axis of the drive shaft in one direction, the distal fluid inflated support element acting,
during rotation of the drive shaft, as a counterweight to the abrasive element which has its

centre of mass offset from the longitudinal axis of the drive shaft in the opposite direction.

In one preferred embodiment, the fluid impermeable dtive shaft is provided with a
proximal fluid inflatable support element located proximal to and spaced away from the
abrasive element, the proximal fluid inflatable suppott element having an outer wall. The
proximal fluid inflatable support element may comptise an inner wall having an inflow
apetture therein so that a portion of fluid flowing in an antegrade direction through the
drive shaft is re-directed through the inflow aperture into the inflatable suppott element to

mnflate said proximal fluid inflatable support element.
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In one embodiment, the proximal fluid inflatable suppott element has a centre of mass
offset from the longitudinal axis of the drive shaft when the proximal inflatable suppott

element 1s fluid inflated.

In one preferred embodiment, the outer wall of the proximal fluid inflatable suppott
element comprises an outflow opening located such that said outflow opening faces an
mnner surface of a treated vessel during rotation of the dtive shaft so that a flow of fluid
through said outflow opening forms a layer of fluid between the outer wall of the rotating
fluid inflated proximal support element and a wall of the treated vessel to form a fluid
bearing between the outer wall of the rotating fluid inflated proximal suppott element and

the wall of the treated vessel.

The outer wall of the proximal fluid inflatable suppott element preferably has a plutality of
outflow openings located such that at least one of said outflow openings, during rotation of
the drive shaft, faces an inner surface of a treated vessel so that fluid flowing through the
outflow openings forms a layer of fluid between the outer wall of the rotating fluid inflated
proximal support element and a wall of the treated vessel to form a fluid bearing between
the outer wall of the rotating fluid inflated proximal supportt element and the wall of the

treated vessel.

The outer wall of the proximal fluid inflatable suppott element preferably defines a fluid
inflatable space that extends only partially around a citcumference of the drive shaft so
that, when the proximal inflatable support element is fluid inflated, its centre of mass is
offset from a longitudinal axis of the drive shaft in one ditection, the proximal fluid inflated
suppott element acting, during rotation of the drive shaft, as a counterweight to the
abrasive element which has its centre of mass offset from the longitudinal axis of the dtive

shaft in the opposite direction.

Preferably, in the first embodiment, the fluid inflatable space within both the distal and
proximal fluid inflatable support elements extends citcumferentially only partially around
circamferential segments of the drive shaft which are spaced away in one direction with

tespect to the longitudinal axis of the drive shaft so that, when both the distal and proximal
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fluid inflatable support elements are inflated by fluid, their centers of mass become offset
from a longitudinal axis of the drive shaft in said one ditection and the distal and proximal
fluid inflatable support elements act as counterweights to the abrasive element which is
located on the drive shaft between the support elements and has its centre of mass offset

from the longitudinal axis of the dtive shaft in the opposite direction.

Conveniently, a fluid inflatable space within the distal fluid inflatable support element
extends uniformly around an entire circumference of the dtive shaft to provide the distal
support element with a centre of mass which is coaxial with a longitudinal axis of the drive

shaft when said distal support element is fluid inflated.

In one embodiment, there is a plurality of openings in the outer wall of the fluid inflatable
distal support element, said openings being located around the circumference of the outer
wall of the fluid inflatable distal support element such that, duting rotation of the drive
shaft, flows of fluid through the openings form a layer of fluid between the outer wall of
the fluid inflated distal support element and a wall of the treated vessel, said layer of fluid

forming a fluid bearing between the outet wall of the rotating fluid inflated distal support

" element and the wall of the treated vessel.

Thete may be a plurality of openings in the outer wall of the fluid inflatable distal support
element, said openings being located around the citcumference of the outer wall of the
fluid inflatable distal support element such that, duting rotation of the drive shaft, at least
one of said openings faces an inner sutface of a treated vessel, so that flows of fluid
through the openings form a layer of fluid between the outer wall of the fluid inflated distal
support element and a wall of the treated vessel, said layer of fluid forming 2 fluid bearing
between the outer wall of the rotating fluid inflated distal suppott element and the wall of

the treated vessel.

In one embodiment, a fluid inflatable space within the proximal fluid inflatable support
element extends uniformly around an entire citcumference of the drive shaft to provide a
fluid inflated proximal support element with 2 centre of mass which is coaxial with a

longitudinal axis of the dtive shaft.
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In one embodiment there is a plurality of openings in the outer wall of the fluid inflatable
proximal support element, said openings being located around the citcumference of the
outet wall of the fluid inflatable proximal support element such that, duting totation of the
drive shaft, flows of fluid through the openings form a layer of fluid between the outet wall
of the fluid inflated proximal support element and a wall of the treated vessel, said layer of
fluid forming a fluid bearing between the outer wall of the rotating fluid inflated proximal
support element and the wall of the treated vessel. Preferably, there is a plurality of
openings in the outer wall of the fluid inflatable proximal support element, said openings
being located around the citcumference of the outet wall of the fluid inflatable proximal
support element such that, duting rotation of the dtive shaft, at least one of said openings
is facing an inner surface of a treated vessel so that flows of fluid through the openings
form a layer of fluid between the outer wall of the fluid inflated proximal suppott element
and a wall of the treated vessel, said layer of fluid forming a fluid bearing between the outet
wall of the rotating fluid inflated proximal support element and the wall of the treated

vessel.

In one embodiment, the fluid impermeable membrane extends distally under and beyond
the abrasive element and is folded on itself at a distal end of the drive shaft to form the
distal fluid inflatable support element between an inner and outer layers of said folded
membrane, the outer layer of the membrane forming an outer wall of the distal fluid
inflatable support element and the inner layer of the membrane forming an innet wall of
the distal fluid inflatable support element, the inner wall of the inflatable suppott element
having an aperture therein so that a portion of fluid flowing in an antegrade ditection
through the drive shaft is re-directed through the aperture into the distal fluid inflatable

support element to inflate said distal support element.

The inner and outer layers of the folded fluid impermeable membrane may be connected
ot bonded to each other at least just proximal to the distal fluid inflatable suppott element.
Preferably, the inner and outer layers of the folded fluid impermeable membrane should be

connected ot bonded to each other around an entire circumference of the drive shaft.

In one embodiment, the outer layer of the folded fluid impermeable membrane, after

forming the outer wall of the distal fluid inflatable suppott element, extends further
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proximally to form an outer wall of the proximal fluid inflatable suppott element. The
inner and outer layers of the folded fluid impermeable membrane may be connected or
bonded to each other at least just distal and proximal to the proximal fluid inflatable
support element. Preferably, the inner and outer layers of the folded fluid impermeable

membrane should be connected or bonded to each other around an entire circumference

of the drive shaft.

The distal fluid inflatable support element preferably has an inner wall defined by the inner
layer of the fluid impermeable membrane, the inner wall having an inflow aperture thetein
so that a portion of the fluid flowing in an antegrade direction thtough the dtive shaft is
redirected through the inflow aperture into the proximal fluid inflatable suppozt element to
inflate said proximal support element. Preferably, the aperture through which fluid enters
the distal inflatable support element and the opening(s) in the outer wall of the inflated
distal inflatable support element through which fluid exits the distal inflatable suppozrt
element are configured so that the distal inflatable support element is kept inflated by the

pressure of the fluid flowing through the inflatable support element.

The aperture through which fluid enters the distal inflatable support element may be larger
than the opening(s) in the outer wall of the inflated distal inflatable support element
through which fluid exits the distal inflatable support element so that the distal inflatable
support element is kept inflated by the pressure of the fluid flowing through the inflatable

support element.

In one embodiment, the abrasive element has a slot and is mounted to the drive shaft by a
flexible strap which extends through said slot and is wrapped around the membrane
proximal to and spaced away from the distal fluid inflatable support element. The flexible
strap is preferably wrapped around the membrane distal to and spaced away from that
portion of the drive shaft which is formed from the fluid impetmeable membrane and the
torque transmitting coils. Preferably, the flexible strap is wrapped around the outer layer of

the folded fluid impermeable membrane.

In another embodiment, the abrasive element has a slot and is mounted to the drive shaft

such that said slot extends in a longitudinal direction and is attached to the fluid
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impermeable membrane by a flexible strap which extends through said slot and is
connected to the drive shaft distal and proximal to the abrasive element. The outer layer of
the folded fluid impermeable membrane, after forming the outer wall of the distal fluid
inflatable support element, may extend further proximally to form an outer wall of the
proximal fluid inflatable support element and the flexible strap, which mounts the abrasive
element to the drive shaft, extends between the inner and outer layers of the folded fluid

impermeable membrane both distal and proximal to the abrasive element.

The outer layer of the folded fluid impermeable membrane conveniently has an opening
through which an abrasive surface of the abrasive element at least partially protrudes above

a surface of the outer layer of the folded fluid impermeable membrane.

In one embodiment of the invention, the torque transmitting coils are disposed coaxially
with respect to each other, one of two coils being an inner torque transmitting coil and the
other torque transmitting coil being an outer torque transmitting coil, the inner and the
outet torque transmitting coils being wound in opposite directions so that, when the drive
shaft is rotated, the outer torque transmitting coil prevents unwinding of the inner torque

transmitting coil.

The fluid impermeable membrane may line the inner torque transmitting coil. Alternatively,
the fluid impermeable membrane is disposed atound the torque transmitting coils.
Preferably, the fluid impermeable membrane is sandwiched between the torque

transmitting coils.

In one embodiment, the abrasive element extends around the entire circumference of the

drive shaft.

In one embodiment, a valve is formed at the distal end of the drive shaft. Preferably, the
drive shaft may comprise a radially inwardly extending shoulder located at ot just ptoximal
to the distal end of the drive shaft. In this embodiment, the device may also comptise a
rounded element configured to be advanced to a distal end of the drive shaft where it is
ptevented from exiting the drive shaft by the radially inwardly extending shouldet, theteby
occluding the distal end of the drive shaft and thereby at least partially preventing flow of
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fluid through the very distal end of the drive shaft and assisting in the redirection of the
flow of fluid into the fluid inflatable suppott elements. The radially inwardly extending

shoulder can be formed integrally with a distal end of the inner torque transmitting coil.

According to yet another embodiment of the invention, there is provided a rotational
athetectomy device for removing a stenotic tissue from a vessel of a patient, the device
comprising an abrasive element mounted to a rotatable, flexible, hollow, drive shaft, the
drive shaft comprised by a fluid impetmeable membrane and two coaxially disposed torque
transmitting coils, the membrane and one of two coils extending distally beyond the
abrasive element which is attached to the membrane distal to a distal end of the other
torque transmitting coil and proximal to and spaced away from a distal fluid inflatable
suppott element formed by said fluid impermeable membrane at 2 distal end of the drive
shaft, the distal fluid inflatable support element including at least two openings, an inflow
opening communicating a fluid impermeable lumen of the drive shaft with an inflatable
space of the distal fluid inflatable support element and an outflow opening located in an
outet wall of the distal fluid inflatable suppozt element and communicating the interior
space of the distal fluid inflatable support element with a vascular space within the vessel of
the patient, said outflow opening having an axis which forms an angle of about ninety (90)
degtees with a longitudinal axis of the drive shaft when the distal fluid inflatable support

element is inflated.

According to yet another embodiment of the invention, there is provided a rotational
atherectomy device for removing a stenotic tissue from a vessel of a patient, the device
comprising an abrasive eclement mounted to a rotatable, flexible, hollow drive shaft, the
drive shaft comprised by a fluid impermeable membrane sandwiched between inner and
outet torque transmitting coils, the inner torque transmitting coils and the membrane
extending distally beyond the abrasive element which is attached to the membrane distal to
a distal end of the outer torquei transmitting coil and proximal to and spaced away from a
distal fluid inflatable support element formed by said fluid impermeable membrane at a
distal end of the drive shaft, the distal fluid inflatable suppott element including at least two
openings, an inflow opening communicating a fluid impermeable lumen of the drive shaft
with an inflatable space of the distal fluid inflatable support element and an outflow

opening located in an outer wall of the distal fluid inflatable support element and
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communicating the interior space of the distal fluid inflatable suppott element with a
vascular space within the vessel of a patient, said outflow opening having an axis which
forms an angle of about ninety (90) degrees with 2 longitudinal axis of the drive shaft when
the distal fluid inflatable support element is inflated, so that in a rotating fluid inflated distal
suppott element a flow of fluid through the outflow opening forms a thin layer of fluid
between the outer wall of the fluid inflated distal support element and an inner surface of 2

wall of the vessel which is being treated.

In one embodiment, the drive shaft is provided with a solid proximal suppott element
located proximal to and spaced away from the abrasive element, the membrane that forms
a fluid impermeable lumen for the antegrade flow of fluid through the dtive shaft into the
distal fluid inflatable support element also forming a lumen for the antegrade flow of fluid
through the drive shaft into an outflow channel extending through said solid proximal
support element, the solid proximal support element having a rounded outer sutface, said
outflow channel having an outflow opening in the rounded outer surface of the solid
proximal support element such that, during rotation of the drive shaft, said outflow
opening on the outer surface of the solid préximal support element is facing an inner
sutface of a treated vessel so that a flow of fluid out of said outflow opening forms a layer - -
of fluid between the solid proximal support element and a wall of the ttéated vessel during
rotation of the drive shaft, said layer of fluid forming a fluid bearing between the rotating

solid proximal suppott element and the wall of the treated vessel.

It should be appreciated that the present invention covets two most prefetred
embodiments namely, a first most preferred embodiment in which the fluid inflatable
support elements are asymmetrical with respect to the longitudinal axis of the drive shaft
and, a second most preferred embodiment in which the fluid inflatable suppott elements
are syrnmetti; with respect to the longitudinal axis of the dtive shaft. However, it will be
appreciated that, in all the embédiments, the asymmetric and symmetric fluid inflatable
elements comprise outflow openings located such that, in the rotating drive shaft, fluid
flowing through said openings forms fluid bearings between outer walls of said inflatable

elements and the wall of the treated vessel.
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It should be noted that throughout this specification, reference is made to “distal” and
“proximal” ends and to flow of fluid in an “antegrade” and “retrograde™ direction. For the
avoidance of doubt, the distal end is considered to refer to the end of the device which is
inserted into the vessel in the body of the patient and the proximal end is the end of the
device which remains outside the body of the patient and which can be connected to a
handle assembly for both rotating and longitudinally moving the drive shaft within the
treated vessel. “Antegrade” flow refers to a ditection of flow from the proximal towards
the distal end of the device. Similatly, “retrograde” flow refers to a direction of flow in the

opposite direction, i.e. from the distal towards the proximal end of the device.

Embodiments of the invention will now be described, by way of example only, in

conjunction with the following drawings, in which:

FIGURE 1 is a side sectional view of the distal end portion of the rotational atherectomy
device illustrating attachment of an abrasive element to a fluid impermeable dtive shaft by a

longitudinally extending strap and showing fluid inflatable support elements of the drive

* shaft in their deflated state;
* FIGURE 2 is similar to FIGURE 1, except it illustrates flow of fluid into and out of the

inflated support elements, the fluid inflated support elements hziving their centers of mass

spaced radially away from the longitudinal axis of the drive shaft;

FIGURE 3 shows an enlarged cross-sectional view of the distal fluid inflatable support
element taken along a line A-A in FIGURE 1;

FIGURE 4 1s an enlarged cross-sectional view taken along a line B-B in FIGURE 1 and
llustrates attachment of the abrasive element to the drive shaft;

FIGURE 5 shows an enlarged cross-sectional view of the proximal inflatable support
element taken along a line C-C in FIGURE 1;

FIGURE 6 shows an enlarged cross-sectional view taken along a line D-D in FIGURE 2
and illustrating flow of fluid into and out of the distal fluid inflated support element;
FIGURE 7 is similar to FIGURE 4 except that it is taken along a line E-E in FIGURE 2;
FIGURE 8 shows an enlarged cross-sectional view taken along a line F-F in FIGURE 2

and illustrating flow of fluid into and out of the proximal fluid inflated support element;
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FIGURE 9 is a sectional side elevation of a portion of a blood vessel containing a stenotic
lesion and shows a guidewire which has been already advanced across the stenotic lesion to
be treated;

FIGURE 10 is a side sectional view of the portion of the blood vessel shown in Figure 9
and illustrates advancement of the fluid impermeable drive shaft over the guidewire;
FIGURE 11 1s similar to FIGURE 10, but illustrates that the drive shaft has been advanced
actoss the stenotic lesion to a position in which the distal fluid inflatable support element is
located distal to the stenotic lesion and the proximal fluid inflatable support element is still
proximal to the stenotic lesion to be treated;

FIGURE 12 is a side sectional view illustrating withdrawal of the guidewire from the drive
shaft;

FIGURE 13 is a side sectional view illustrating that the guidewire has been completely
withdtawn from the drive shaft;

FIGURE 14 is a side sectional view illustrating antegrade flow of fluid along the fluid
impermeable drive shaft, inflation of the fluid inflatable support elements and retrograde
flow of fluid around the drive shaft;

FIGURES 15 through 26 illustrate abrading of the stenotic lesion by the rotating abrasive
element and formation of fluid bearings between the inner surface of the vessel and the
outer walls of the rotating fluid inflated support elements, said fluid bearings being formed '
by flow of fluid through the openings in the outer walls of the fluid inflated support
elements;

FIGURE 27 illustrates that antegrade flow of fluid through the drive shaft and retrograde
flow of fluid across the treated stenotic lesion is continued for at least a short period of
time after rotation of the drive shaft has been stopped;

FIGURE 28 illustrates that the fluid inflatable support elements have been deflated and the
drive shaft is ready to be removed from the treated vessel;

FIGURES 29 and 30 illustrate the temoval of the drive shaft from the treated vessel and
appearance of the treated vessel after removal of the drive shaft;

FIGURES 31 through 34 are similar to FIGURES 15 through 26 except that they illustrate
abrading of a very tight stenotic lesion from a large diameter vessel by the rotational
atherectomy device with a small diameter drive shaft;

FIGURES 35 through 39 show enlarged views of the abrasive element and the fluid

inflatable support elements to illustrate best how the flows of fluid out of the rotating fluid
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.inflated support elements form fluid bearings between the outer walls of the rotating fluid

inflated support elements and the wall of the treated vessel;

FIGURE 40 is similar to FIGURE 1 except that it illustrates the abtasive element being
attached to the drive shaft by the longitudinally extending strap which is made integrally
with the flud impermeable membrane of the drive shaft;

FIGURE 41 is stmilar to FIGURE 1 except that it illustrates the abrasive element being
made integrally with the longitudinally extending strap which attaches the abrasive element
to the drtive shaft;

FIGURES 42 through 49 are similar to FIGURES 1 through 8 except that they illustrate
that the abrasive element is attached to the dtive shaft by a flexible strap which extends
around the drive shaft;

FIGURE 50 is similar to FIGURE 42 except that it illustrates fluid inflatable suppozt
elements which extend around the entire circumference of the drive shaft;

FIGURE 51 is similar to FIGURE 43 except that it illustrates flow of fluid into and out of
the fluid inflated support elements which extend around the entire circumference of the

drive;

FIGURES 52 through 55 illustrate the formation of fluid bearings between the inner

surface of the treated vessel and the outer walls of the rotating fluid inflated suppott
elements, each of the support elements having a fluid inflatable space which extends
circumferentially around the entite citcumference of the drive shaft so that, in a curved
vessel said support elements bias the abrasive element towards the inner curvature of the
curved vessel and allow preferential removal of stenotic tissue from the inner cutvature of
the treated curved vessel;

FIGURE 56 illustrates in a transverse cross-section an abrasive element which has its
rotationally trailing edge made thicker than its rotationally leading edge;

FIGURE 57 illustrates the drive shaft which has the outer wall of its proximal fluid
mnflatable support element formed by a membrane which is not continuous with the
membrane which forms the outer wall of the distal fluid inflatable supportt element;
FIGURE 58 illustrates that the fluid impermeable drive shaft has a radially inward
extending shoulder located at or just proximal to the distal end of the drive shaft;
FIGURES 59 and 60 show a rounded element being advanced to a distal end of the drive
shaft and stopped from exiting from the drive shaft by the radially inward extending
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shoulder, thereby preventing flow of fluid through an opening at the distal end of the drive
shaft and assisting in the redirecting flow of fluid into the fluid inflatable support elements;
FIGURE 61 illustrates that the radially inwatrd extending shoulder at the distal end of the
drive shaft has been formed integtally with the distal end of the inner torque transmitting
coil;

FIGURE 62 llustrates that a rounded element has been advanced to a distal end of the
drive shaft and stopped from exiting from the dtive shaft by the radially inward extending
shoulder, thereby preventing flow of fluid through an opening at the distal end of the drive
shaft and assisting in the redirecting flow of fluid into the fluid inflatable support elements,
the radially inward extending shoulder being formed integrally with the inner torque
transmitting coil;

FIGURE 63 1llustrates the distal end portion of the dtive shaft with an asymmetric fluid
inflatable distal support element and a solid asymmettic proximal support element, the fluid
inflatable element shown in its deflated state, and;

FIGURE 64 illustrates the distal end portion of the drive shaft with an asymmetric fhaid
inflatable distal support element and a solid asymmetric proximal supportt element, the fluid

inflatable element shown in its inflated state.

In Figures 1 to 64, the atherectomy device is advanced across the stenotic lesion 330 over
the guidewire 301. The direction of movement of the device is indicated by arrow matked
“DM?”, the antegrade flow of fluid being indicated by atrows “FF” and the flow of fluid in
a retrograde direction is indicated by arrows marked “R”. Arrows marked “FP” designate
pressure of fluid which distends the support elements. Abraded patticles AP abraded from
the stenotic lesion 330 are aspirated into a lumen of a drive shaft sheath 5000 so that the
retrograde flowing fluid and the abraded patticles entrained in said fluid can be removed

from the treated vessel and out of the patient’s body.

Figures 1 through 8 illustrate in longitudinal and transverse cross-sections a distal portion
of the first most preferred embodiment of the rotational atherectomy device of the
invention. The rotational atherectomy device is comprised of an abrasive element 1 which
1s mounted to a rotatable, flexible, hollow, drive shaft 2 proximal to and spaced away from
a distal end 6 of the drive shaft. The dtive shaft 2 comprises 2 fluid impermeable

membrane 3 and a pair of coaxially disposed torque transmitting coils comptising an inner
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torque transmitting coil 44 and, an outer torque transmitting coil 4. Both the inner torque
transmitting coil 44 and the fluid impermeable membtrane 3 extend distally beyond the
abrasive element 1 which is attached to the membrane 3 distal to and spaced away from a
distal end 5 of the outer torque transmitting coil 4 and proximal to and spaced away from a
distal fluid inflatable support element 10 formed by the fluid impermeable membrane 3 at
the distal end 6 of the drive shaft 2. The inner torque transmitting coil 44 has its distal end
55 located at ot just proximal to the distal end 6 of the dtive shaft 2, thereby substantially
alone conveying torque to the abrasive element 1 and to the distal fluid inflatable support
element 10 which are located distally and spaced away from the distal end 5 of the outer
torque transmitting coil 4. The fluid impermeable membrane 3 is folded on itself at the
distal end 6 of the drive shaft 2 and forms the distal fluid inflatable support element 10
between an inner 11 and outer 22 layers of the folded membrane 3. The outer layer 22 of
the membrane 3 forms an outer wall 222 of the distal fluid inflatable support element 10
and the inner layer 11 of the membrane 3 forms an inner wall 111 of the distal fluid
inflatable support element 10. The inner wall 111 of the distal fluid inflatable support
element 10 has an inflow aperturel5 therein. The inflow aperture 15 of the distal fluid
inflatable support element 10 communicates a lumen of the fluid impermeable drive shaft 2
with a fluid inflatable space 3000 of the distal fluid inflatable support element 10. Figure 2
illustrates that 2 portion of flushing fluid FF flowing in an antegrade direction through the
drive shaft 2 is redirected through the inflow aperture 15 into the distal fluid inflatable

suppott element 10 to inflate said distal inflatable support element.

It should be noted that the inner 11 and the outer 22 layers of the folded membrane may

be formed by either folding the membrane 3 back onto itself or by inverting it.

Figure 2 illustrates best that in order to form the distal fluid inflatable support element 10,
the inner 11 and outer 22 layers of the folded fluid impermeable membrane 3 are
connected or bonded to each other at least just proximal to the distal fluid inflatable
suppott element 10. In this location, just proximal to the distal fluid inflatable suppott
element 10, the inner 11 and the outer 22 layers of the membrane 3 are preferably

connected or bonded to each other around the entire circumference of the drive shaft 2.
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In the most prefetred embodiment of the invention the outer wall 222 of the distal fluid
inflatable support element 10 has at least one outflow opening 20 which enables flow of
fluid out of the distended fluid inflatable distal support element 10. The distal fluid
inflatable support element 10 becomes distended by flow of fluid through an inflow
aperture 15 in its inner wall 111. The inflow aperture 15 communicates a lumen of the fluid
impermeable drive shaft 2 with an inflatable space 3000 within the distal fluid inflatable
support element 10, said inflatable space 3000 being at least partially defined by a fluid
impermeable membrane which forms the outer wall 222 of the distal fluid inflatable

support element 10.

An area of the inflow aperture 15 through which fluid enters the distal inflatable support
element 10 is larger than the area of the outflow opening(s) 20 through which fluid exits
the distal inflatable support element 10 so that the distal fluid inflatable suppott element 10
1s kept inflated by the pressute of the fluid flowing through the distal inflatable suppott

element 10.

Figures 1, 2, 3 and 6 show the distal fluid inflatable suppott element 10 which is

asymmetric with respect to a longitudinal axis of the drive shaft. After being inflated by
fluid, such asymmetric distal support element has its centte of mass CM spaced away from
the longitudinal axis W-W of the drive shaft 2. Figures1, 2 and 4 show an abrasive element
1 which is mounted to the drive shaft 2 proximal to and spaced away from the asymmetric
distal fluid inflatable support element 10. The abrasive element 1 extends only around a
portion of the circumference of the drive shaft 2 and has its centre of mass spaced radially
away from the longitudinal axis of the drive shaft. Preferably, the centre of mass CM of the
asymmetric fluid inflated distal support element 10 is spaced radially away from the
longitudinal axis W-W of the drive shaft in one direction and the centre of mass of the
abrasive element 1 is spaced radially away from the longitudinal axis W-W of the drive shaft
in another diametrically opposite direction, so that in a rotating dtive shaft such asymmetric
fluid inflated distal support element 10 acts as a distal fluid inflatable counterweight with

respect to the abrasive element 1.

Figure 2 illustrates that the outer wall 222 of the fluid inflated distal support element 10 is

rounded and is bowing radially outwards at least along its longitudinally middle section
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which extends in a longitudinal cross-section between an outflow opening 20 which is
located longitudinally most distally within the outer wall 222 and another outflow opening
20 which is located longitudinally most proximally within the outer wall 222.

Each outflow opening 20 in the outer wall 222 of the distal fluid inflatable suppott element
has its own axis K-K. Figure 2 illustrates that the asymmettic distal fluid inflatable support
element 10 when inflated has at least one outflow opening 20 in its rounded outer wall 222
located such that the axis K-K of the outflow opening 20 forms an acute angle o of at least
sixty (60) degrees with respect to the longitudinal axis of the drive shaft. In the most
preferred embodiment of the invention, the asymmettic distal fluid inflatable support
element 10 when inflated has at least one outflow opening 20 in its outer wall 222 located
such that the axis K-K of the outflow opening 20 forms an angle § of about ninety (90)
degrees with respect to the longitudinal axis of the dtive shaft. Figures 15 through 26
illustrate that in the rotating asymmetric fluid inflated distal support element 10 at least one
of the above described outflow openings 20 is located such that its axis K-K forms about a
ninety (90) degrees angle with respect to the inner surface of the wall 300 of the treated
vessel. Centrifugal force attempts to press a rotating asymmetric fluid inflated distal
suppott element 10 against the wall 300 of the treated vessel, but fluid exiting from the
outflow opening 20 along its axis K-K at an angle of about ninety (90) degrees with respect
to the wall 300 of the vessel forms a thin layer of fluid between the outer wall 222 of the
fluid inflated distal support element 10 and an inner surface of the wall 300 of the vessel.
The formation of a thin layer of fluid between the outer wall 222 of the rotating fluid
inflated distal support element 10 and an innet surface of the wall 300 of the vessel is best
illustrated in figure 38. Figure 38 shows a portion of the vascular wall 300 and a magnified
view of the rotating fluid inflated distal suppott element 10 which has its outer wall 222
sepatated from the inner surface of the wall 300 by a thin layer of fluid exiting from the
rotating extended distal support element 10 through outflow opening(s) 20 in its outer wall
222. Preferably, the fluid inflated distal support element 10 with the centre of mass radially
spaced away from the longitudinal (rotational) axis of the drive shaft should have at least
one outflow opening 20 in the outer wall 222 of the distal inflatable suppott element 10
located such that at any time during rotation of the drive shaft 2 said outf