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"A clot retrieval system for removing occlusive clot from a blood vessel"

Field of the Invention

This invention relates to devices intended for removing acute blockages from blood vessels.

Acute obstructions may include clot, misplaced devices, migrated devices, large emboli and the

like. Thromboembolism occurs when part or all of a thrombus breaks away from the blood

vessel wall. This clot (now called an embolus) is then carried in the direction of blood flow. An

ischemic stroke may result if the clot lodges in the cerebral vasculature. A pulmonary embolism

may result if the clot originates in the venous system or in the right side of the heart and lodges

in a pulmonary artery or branch thereof. Clots may also develop and block vessels locally

without being released in the form of an embolus - this mechanism is common in the formation

of coronary blockages. The invention is particularly suited to removing clot from cerebral

arteries in patients suffering acute ischemic stroke (AIS), from coronary native or graft vessels in

patients suffering from myocardial infarction (MI), and from pulmonary arteries in patients

suffering from pulmonary embolism (PE) and from other peripheral arterial and venous vessels

in which clot is causing an occlusion.

Background

Despite a wealth of information in the literature on the clotting cascade and on the biochemistry

and etiology of thrombus in humans, remarkably little information is available on the physical

and mechanical properties of this material. These properties are very pertinent to the interaction

between thrombus and clot retrieval catheters and devices and the surrounding vasculature

during mechanical thrombectomy of vessels occluded by thrombus material. Through extensive

experimentation and research into thrombus material the inventors have discovered aspects of the

properties and behaviour of certain clot/thrombus types that help to explain why these clot types

can be particularly challenging to retrieve. Some of these findings are described in our

WO2012/120490A, the entire contents of which are herein incorporated by reference.

Clot is essentially a living polymer, comprising a matrix of intertwined and cross linked fibrin

strands within which are situated red and white blood cells, platelets and numerous other proteins

and components. The inventors have discovered that the mechanical properties of a clot are

strongly influenced by the relative percentages of fibrin and red blood cells, and that clots with a

high (and highly organised) fibrin content and low red blood cell content tend to be much firmer
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and more cohesive than clots of a higher red cell content. Such clots have also been found to

have a higher coefficient of friction, or in other words to be "stickier". These firm and sticky

clots can be very challenging to remove from a vessel.

Clots with a low fibrin content and high red cell content have been found to be less cohesive and

more friable and to have a lower coefficient of friction than the more organised fibrin rich clots

previously described. These properties mean that such clots may be easier to dislodge from the

site of occlusion, but may tend to fragment during the retrieval process, with the consequent risk

of loss of clot fragments into distal or new vascular territories.

Furthermore, the inventors have discovered that the fibrin matrix of the clot can result in the clot

material exhibiting viscoelastic behaviour in certain circumstances. A series of experiments

were carried out in which a range of clots of varying fibrin content were tested. The clot samples

were held in a receptacle and an indentor was placed on the surface of the clot and subject to a

fixed indenting force. The depth of penetration of the indentor into the clot was measured as a

function of time for each clot type. Clots with a high fibrin content and low red blood cell

content were found to exhibit the greatest viscoelastic effect, with the indentor effectively

"creeping" into the clot over a period of several minutes, whereas with low fibrin content clots

the indentor tended to almost fully penetrate the clots in a matter of seconds greater levels of

organisation (and clot maturity) of the fibrin structure resulted in firmer clots which were

penetrated to a much lesser extent by the indentor.

This behaviour combined with the higher frictional properties of fibrin rich clots tend to make

these clot types particularly challenging to retrieve by mechanical thrombectomy. Conventional

stent-retrievers may find it difficult to penetrate and grip these firm clots, and the high level of

friction they maintain with the vessel wall can result in a tendency for the clot to roll and

compress.

Attempts to aspirate such clots into a catheter can also be very challenging as the clot must be

deformed in order to fit into the catheter lumen, and the energy required to deform such clots is

not easily attained by aspiration. The high frictional coefficient of these clot types adds further

to the challenge of aspirating them into the distal mouth of a catheter. Even maintaining a

suction grip on such clots so that they can be retracted to the safety of a more proximal guide or

sheath is very difficult, as these firm clots do not tend to deform and reshape easily and thus do
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not readily conform to the shape of the catheter tip in order to effect a seal and consequent

suction grip.

Statements of the Invention

This invention solves the challenge of aspirating fibrin rich clot material into a catheter by

addressing the key challenges of 1) the friction between the clot and the catheter and 2) the

energy/work required to deform these firm clots as they are aspirated into the catheter tip.

Conventional clot aspiration involves inserting a catheter (sometimes referred to as an

intermediate catheter or aspiration catheter or distal access catheter) into the patient's vasculature

and advancing the catheter up to the occlusive clot. A syringe or vacuum pump is then attached

to the proximal end of the catheter and a vacuum applied to attempt to suck the clot into the

catheter tip and out through the catheter. The level of the vacuum applied can be controlled to a

very limited extent by the force applied to the syringe or by the pump setting, and typically a

fairly constant pressure drop of 500mmHg to 760mmHg (or "full" vacuum) is applied. The

difference in pressure between the blood vessel in which the clot is situated and the interior of

the catheter creates a pressure gradient (which may exceed 760mmHg as the patient's blood

pressure is higher than atmospheric pressure) which urges the clot into the catheter mouth.

The diameter of the clot however is greater than the diameter of the catheter therefore for a clot

to be aspirated into a catheter the clot must deform and elongate to fit into the catheter tip. The

energy to deform the clot to fit into the catheter is effectively an extrusion energy as the catheter

tip acts as a form of extrusion die for the clot. This extrusion energy is related to the fibrin

content of the clot with higher fibrin clots requiring increased extrusion energy to aspirate the

clot into the catheter. Current techniques to aspirate the clot involve applying a steady state

vacuum to the tip of the catheter; however in many cases this does not provide sufficient energy

to aspirate the clot fully into the catheter. Subsequent retrieval of the catheter either does not

dislodge the clot or dislodges the partially retrieved clot and creates the risk of losing the

partially exposed clot into a side branch or new vessel creating an ENT (Embolization in New

Territory).

This invention improves the ability of a catheter to aspirate a clot fully, including clots which

have higher fibrin content. As stated above, vacuum is applied to the catheter tip to create a

pressure differential between the catheter and the blood vessel with the aim of aspirating or
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sucking the clot into the catheter and out of the vasculature. When the apparatus detailed in this

invention is operating, the steady state vacuum normally applied at the tip of the catheter is

modified to a pulsatile or wave configuration so that in one design configuration, the pressure

differential between the catheter tip and the blood vessel plotted against time resembles a sine

wave. The application of the aspiration force to the clot in a wave or pulsatile configuration

applies an 'impact load' to the clot which can deform the clot and overcome the resistance or

extrusion energy required to get the clot into the catheter more quickly and effectively than

applying a continuous or steady aspiration force.

In addition, when clot occludes the distal tip of an aspiration catheter, part of the clot is inside the

tip of the catheter. Testing has shown that compression and manipulation of thrombus increases

the friction of the clot. Therefore compression of the clot at the tip of the catheter further

increases the static friction between the clot and the inside surface of the catheter tip. The static

friction between the clot and the catheter needs to be overcome to allow the clot to be aspirated

fully into the catheter. The application of a pulsatile force to the clot can cause the clot to vibrate

or move slightly proximally and distally, so that the interaction between the clot and the internal

surface of the catheter changes from static friction to a dynamic friction interaction. Dynamic

friction of clot has been shown in our testing to be lower than static friction therefore the total

force to remove the clot is reduced when using the apparatus detailed in this invention.

The fibrin matrix of a thrombus is porous and red blood cells can migrate and flow within the

matrix depending on pressure differentials and fibrin density. Applying a pulsatile energy or

vacuum at the catheter tip can promote this movement of clot elements, allowing the red blood

cells to be aspirated out of the fibrin matrix. The thrombus is then easier to aspirate as the red

blood cell content of the clot decreases facilitating deformation of the fibrin matrix with reduced

energy.

This invention is suitable for the aspiration of clots with varying fibrin content from 0% to

100%, and is particularly suited to the aspiration of clot or thrombus which has fibrin content

greater than 30%. The invention relates to the removal of a blood clot from the human vascular

system. In particular it more specifically relates to the removal of a blood clot from the

neurovasculature including the anterior and posterior circulation. Techniques and means of

removing blood clots, or clotted blood particles in the form of emboli are already well known

and established in use. When the presence of a clot is identified in the body it may be treated by
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best medical treatment (BMT) in the form of medication or by surgical intervention. Surgical

intervention can involve the use of mechanical means to dislodge and remove the clot. Blood

clots may also be identified and referred to as emboli. Surgical intervention may be in the form

of minimally invasive endovascular intervention where by the clot or embolism is accessed

within the blood vessel by the distal end of a catheter that has been introduced within the arterial

system at a remote location such as the Common Iliac artery. This is well known and relevant to

the background of this invention.

Referring to an endovascular intervention described herein one of the means used to effect the

removal of a clot through surgical endovascular intervention, is to use what is commonly

referred to as 'aspiration' of the clot mass through a catheter. Aspiration is a technique whereby

negative pressure or suction can be applied to the clot mass within the blood vessel through the

distal end of a catheter, the catheter being connected at the proximal end to a vacuum source.

It is well known that there are clots which cannot be moved or removed even with the maximum

intensity of vacuum or aspiration being applied to them. The present invention relates to but is

not limited to this situation and to the removal of these types of arduous blood clots. This

invention presents and describes a method of removing blood clots by applying a pulsatile

energy comprising of a sequence of alternating forces through the distal tip of a catheter which is

adjacent to or abutting the blood clot wherein this sequence of pulsatile forces applied to the clot

and having the effect of deforming the clot in addition to aspirating the clot back through the

catheter. The pulsatile force may also be described as being in the form of a sequence of pulses

applied to the clot over a period of time, commonly referred do as frequency. Each pulse

comprises of a sequential positive and negative volumetric displacement of fluid at the catheter

distal tip. This cyclical positive and forward projecting pressure followed by negative pressure

can be described mathematically in general but not limited to a sinusoidal function.

It is known that the aspiration function applies a negative force in the form of negative pressure

of approximately 500 - 760 millimetres of mercury (mm Hg) at the tip of the catheter creating a

flow from the distal to the proximal end of the catheter and recovering the content of this flow in

a container which is part of the circuit and located close to the vacuum source. This pulsatile

sequence of positive and negative pressures are applied through the catheter in conjunction with

the aspirated negative pressure. The source of the pulsatile force is separate and independent of

the source of the aspirated suction.
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Waveforms which represent the sequence of pulsatile positive and negative pressures constitute

inventive steps.

It is well known that there are clots which cannot be moved or removed by the level of aspiration

being applied to them. The present invention relates to the removal of these types of clots. The

invention describes in method of applying pulsatile force through a catheter at the distal tip to the

clot which has the effect of aspirating the clot in one or more pieces and retrieving it into the

catheter. The pulsatile force is in the form of a sequence of pulses applied to the clot over a

period of time. Each pulse comprises of a sequential positive and negative volumetric

displacement of fluid at the catheter distal tip or varying negative volumetric displacements.

This period cycle of varying negative pressure can be described mathematically in general but

not limited to a sinusoidal function. The pulsatile sequence of pressures are applied in

conjunction with the application of a steady state negative pressure / suction force. It has also

been observed as a further inventive step that the blood clot can be recovered by applying the

pulse without any aspiration.

With regard to the sinusoidal profile of the pressure emitted at the tip of the catheter then the

pressure profile may vary about a pure sine wave in the following ways. A sine wave can be

described for this purpose as having four components to it which are equal in frequency and

amplitude but may be positive or negative. If the first part of the wave is an increasing pressure

induced by the forward motion of a piston then the second part will be a negative pressure

caused by a reverse motion of the piston. The piston is driven by a shaft or connecting rod that is

rotated in a cycle along the length of the shaft and thus directing the piston in a forward and

reverse motion. In terms of the since wave describing this motion the first part of the curve

indicating the increasing pressure is referred to as the rise time. The next part of the curve which

represents a reverse motion of the piston and results in negative pressure at the catheter tip, this

is referred to as the fall time or the decay time. The curve has one positive peak and one

negative peak in each cycle. In a sequence of cycles constituting a sequence of pulses, the time

from peak to peak is the same in a sine wave. The peak of a sine wave can be said to have no

duration as the intensity or amplitude of the wave is changing continuously even as it transitions

from positive to negative.
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The present invention describes wave profiles applied at the catheter tip which can be at variance

to a pure sine wave in the following manner. One is that the rise time may not be equal to the

decay time. The rise time may be longer or shorter duration that the fall time duration. Secondly

the peak of the wave may have a duration or a dwell time. The purpose of the dwell time is to

allow fluid or blood some time to fill into the space in the piston chamber or time to pass through

the orifice at the end of the chamber.

The nature of the pulse applied to dislodge and retrieve the blood clot can be defined by the

following variables or control aspects:

Reciprocation

Frequency

Amplitude

Rise time

Dwell time

Decay / Fall time

While the application of the reciprocal motion of both positive and negative displacement in

sequence is not well known, there are a number of methods available that are well known for

reciprocal motion as described.

One is a purely mechanical cyclical drive system whereby the moving piston within the chamber

is connected to crank shaft or the outer radius of a disk which is rotated so as to drive the piston

to and fro. This to and fro distance is known as the stroke length. It is well known to use this

method in positive displacement pumps but not positive and negative displacement in sequence.

Another well known method of generating reciprocal motion is by electromechanical means

using electromagnetic induction whereby a magnetic field is induced in a coil of wire or

alternately in two coils of wire for more control over different forces in each direction to create

the forces necessary to move the piston to and fro in the chamber

The source of the power can be an alternating current and voltage or a direct current whereby the

positive and negative cycles are achieved by switching mode control circuit.
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As mentioned heretofore the cyclical motion which results in a symmetrical sinusoidal wave

form of positive and negative pressure is the simplest. It may be desirable to alter the shape of

the wave form so that the negative pressure is greater than the positive pressure or so that the rate

of increase in pressure is greater of less than the rate of decline in pressure. It is recognised

herein that there may be an advantage in having no or less positive pressure than negative

pressure so that vibration of the clot mass is reduced. It is recognised and presented as an

inventive step that the introduction of dwell time on the peak and the trough of the wave form

allows time for the fluid displacement to take place on both the positive and negative parts of

each cycle. This is more relevant and important as the frequency of the cycles increases.

According to the invention there is provided a system for removing occlusive clot from a blood

vessel comprising a vacuum source and collection chamber, a catheter to communicate the

negative pressure to the location of the clot, and an apparatus to modify a steady state vacuum

provided by a vacuum source to a series of pulses or a waveform configuration. In one iteration

this apparatus contains a mechanical drive system whereby a moving piston within a fluid

chamber is connected to crank shaft or the outer radius of a disk which is rotated so as to drive

the piston to and fro creating a positive and negative fluid displacement in sequence. This

variable fluid displacement is combined with the steady state vacuum or negative displacement

provided by the vacuum pump to produce a waveform pressure differential between the catheter

and the blood pressure at the tip of the catheter adjacent to the clot in the vasculature.

In one iteration the reciprocal motion to create the positive and negative fluid displacement is

generated by electromechanical means using electromagnetic induction whereby a magnetic field

is induced in a coil of wire or alternately in two coils of wire for more control over different

forces in each direction to create the forces necessary to move a piston to and fro in the fluid

chamber.

In another iteration the fluid displacement is generated by moving the piston using other

electromechanical means such as the piezoelectric effect.

In another iteration the fluid displacement is generated using other mechanical means such as a

pneumatic drive.
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In one configuration of the invention, the apparatus to create the pulsatile or waveform pressure

differential is separate to the vacuum pump and chamber and is connected through tubing and

connectors. In another iteration the apparatus of the invention and the vacuum pump are

integrated in a single unit.

In one embodiment of the invention the piston to generate the pressure differential at the catheter

tip is located within the catheter body which acts as the fluid chamber. The piston is moved

proximally and distally in the catheter through a linear connection to a drive system located at

the proximal end of the catheter. Alternatively the piston is moved in the catheter through

electronic means positioned within the catheter.

In one configuration of the invention, the apparatus to create the fluid displacement to produce a

waveform pressure differential contains a single piston in a fluid chamber which is moved

forward and back using a mechanical or electromechanical drive. In a different configuration of

the apparatus multiple fluid chambers with pistons are connected to facilitate complex

waveforms. The displacement output of the apparatus can then be a summation of the

displacements of each piston which can be programmed to operate independently.

In one iteration of the device the piston used to create the fluid displacement is similar to a

syringe with a moving seal between the piston and the fluid chamber. In another iteration other

known hydraulic cylinder configurations are used to produce different waveform configurations.

In another iteration of the invention the tip of the catheter is vibrated by electromechanical

means to reduce the friction between the catheter and the clot and help overcome the extrusion or

deformation energy required to aspirate the clot. The catheter tip vibration can be combined with

a large aspiration lumen with a cross sectional area greater or equivalent to a 0.030" diameter

lumen and in the preferred embodiment has a cross sectional area greater or equivalent to a

0.040" diameter lumen. The catheter with the vibrating tip may be used with a steady state

aspiration vacuum or with the waveform pressure differential as described elsewhere in the

patent. The frequency of the tip vibration may range from 5 Hz to ultrasonic frequencies of

greater than 20,000 Hz.
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Also according to the invention there is provided a method of removing occlusive clot from a

blood vessel comprising the steps of:-

providing a guide catheter or sheath and an intermediate catheter, the intermediate catheter

having a distal mouth and being configured such that it is advancable within the lumen of the

guide catheter;

inserting the guide catheter into a first vessel proximal of an occlusion;

connecting the proximal end of the intermediate catheter to an aspiration source which consists

of a vacuum pump, a collection chamber and the apparatus of the invention;

advancing the intermediate catheter through the lumen of the guide catheter until the tip of the

intermediate catheter extends distal of the guide catheter into a vessel adjacent to the occlusion;

applying steady state aspiration to the proximal end of the intermediate catheter;

the intermediate catheter being configured to direct said aspiration through the distal lumen of

the intermediate catheter to aspirate the clot into the mouth of said intermediate catheter.

If the clot is not aspirated switch on the apparatus of the invention to provide a waveform

pressure differential between the catheter and the blood pressure surrounding the clot. The

waveform pressure differential overcomes the extrusion energy of the clot and reduces friction

between the clot and the catheter so that the clot can be aspirated through the intermediate

catheter into the collection chamber and out of the vasculature.

In one embodiment of the invention, this waveform resembles a sine wave with a fixed

frequency and amplitude, and equal rise and decay times.

In another embodiment of the invention, the frequency or time between peaks of the waveform

may vary and increase or decrease with time. A repeating frequency pattern may also be utilised

such as multiple high frequency pulses followed by a number of low frequency pulses.

Similarly in another embodiment the amplitude of the waveform may vary with time and consist

of increasing or decreasing amplitudes or a combination of different amplitude pulses.

In another embodiment the rise and decay times of the waveform may vary such that the decay

time is shorter than the rise time or vice versa, or a combination of different rise and decay times

may be beneficial in aspirating the clot, for example, a saw tooth waveform.
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Another wave pattern utilised in an embodiment of the invention is a truncated or square wave

pattern where a dwell time is incorporated into the wave cycle at the peak or trough of the wave

or at both times. A dwell time may also be incorporated into a wave pattern at any point in the

cycle, for example, producing a step wave pattern.

In another embodiment of the device the amplitude of the pressure differential is such that

positive pressure may be applied to the clot for a fraction of the time of the wave cycle to

increase the impact load applied to the clot.

In one embodiment of the invention the waveform is a combination of a number of the

waveforms or features described elsewhere in this patent. In another embodiment, the invention

may be programmable to apply specific pressure differential waveforms to the catheter tip which

may be optimised for different clot types, for example, a pre-programmed optimized waveform

may be applied for a fibrin rich clot which would be different to the waveform optimized for an

erythrocyte rich clot.

Also provided are additional variants of this method, including:

A method as described above in which the waveform pressure differential is applied to the

intermediate catheter as it approaches the occlusion for the first time.

An additional variant of this method is to apply the waveform pressure differential to the guide

catheter or sheath if an intermediate catheter is not being used in the procedure. Alternatively

the waveform pressure differential can be applied to both the intermediate catheter and the guide

catheter at the same time.

The waveform or pulsatile pressure differential applied to the intermediate catheter described in

this patent can also be used when the intermediate catheter is used in conjunction with a

stentriever device. The waveform pressure differential reduces the friction between the clot and

the catheter and helps to deform the clot. This gives additional benefits of reducing the shear

forces acting on the clot as it is retrieved into the intermediate catheter by the stentriever device.

According to the invention there is provided a system for removing occlusive clot from a blood

vessel comprising:-

a catheter; and
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an apparatus for generating a pulsatile vacuum force to pulse the pressure gradient at a

distal end of the catheter.

In one case the apparatus comprise a vacuum pump and a pulse generator.

In one embodiment the pulse generator is integral with the vacuum pump.

In another embodiment the pulse generator is separate from the vacuum pump.

The pulse generator in one case may be located between the vacuum pump and the proximal end

of the catheter.

There may be a flexible tubing between the vacuum pump and the proximal end of the catheter.

In one embodiment the pulse generator is applied to the flexible tubing.

The pulse generator in one case comprises a reciprocating plunger.

The pulse generator in another case comprises a rotatable cam.

The cam may comprise an outer bearing to minimise drag on the tubing. The outer bearing may

comprise a sliding outer layer.

In one case the flexible tubing is uniform cross section along the length thereof.

In one embodiment the flexible tubing is of variable cross section along the length thereof.

The system may comprise a controller for controlling the apparatus for generating a pulsatile

vacuum source. The controller may be adapted or configured to vary the pressure over time in a

waveform.

In one case the waveform has a fixed frequency and amplitude, and equal rise and decay times.

In another case the waveform has a varying frequency with time.

The waveform may have varying amplitude with time.

The waveform may have a different rise and decay time.
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In one case the waveform rise and decay times change with time.

In some cases the waveform is a truncated or square waveform incorporating a dwell time at the

peak and trough of each wave.

The waveform may incorporate one or more dwell times within each wave producing a stepped

wave configuration.

The invention also provides a method for removing occlusive clot from a blood vessel

comprising the steps of:-

delivering a catheter to a location adjacent to an occlusive clot; and

applying a pulsatile vacuum to the clot using the catheter.

The method in some cases comprises the step of varying the pressure over time in a waveform.

The waveform may have a fixed frequency and amplitude, and equal rise and decay times.

The waveform may have a varying frequency with time.

The waveform may have varying amplitude with time.

The waveform may have a different rise and decay time.

The waveform rise and decay times may change with time.

The waveform may be a truncated or square waveform incorporating a dwell time at the peak

and trough of each wave.

The waveform may incorporate one or more dwell times within each wave producing a stepped

wave configuration.

In one embodiment the system comprises a canister which is configured to receive aspirated

blood or material.
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In one case the system comprises a vacuum pump which is connected to the canister. The

vacuum may be drawn through the canister.

In one embodiment the system comprises a first vacuum pulse generator. In one case the system

comprises a second vacuum pulse generator. The vacuum pulse generators may be configured to

operate separately, at the same time, or at different times to vary the vacuum pulse generated.

In one case the first pulse generator comprises a valve having a housing and an element which is

rotatable and/or oscillatable in the housing.

In one case the second pulse generator is adapted to engage a flexible tube. The second vacuum

pulse generator may comprise a rotatable cam.

In another case the first vacuum pulse generator comprises a pump. The system may further

comprise non-return valves located on both sides of the pump.

In a further case the system comprises a canister configured to receive aspirated blood or

material and the first pulse generator comprises an obturator which is movable through the

canister.

Brief Description of the Drawings

The invention will be more clearly understood from the following description of some

embodiments thereof, given by way of example only, with reference to the accompanying

drawings, in which:

Fig. 1 is a view of a clot lodged in a representation of a similar cerebral vascular tubular

network to the network in the brain for the purposes of describing the invention;

Fig. 2 illustrates by way of example only that the source of the aspiration or continuous

negative suction and the source of the pulsatile pressure gradient are both combined to

common effect through the catheter;
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Fig. 3 shows the complete circuit interfacing with the circulation system in schematic

form only;

Figs. 4A to 4C show by way of example only a means of generation cyclical motion

which will generate the pressure differential waveform at the catheter distal tip;

Figs. 5A to 5E illustrate a number of possible wave form profiles representing positive

and negative pressure pulses that are possible to generate with the reciprocation drive;

Fig. 6 is one example of a motorised reciprocal drive with variable speed;

Fig. 7 shows the distal tip of a catheter touching or abutting a blood clot that is lodged in

a circuit representing cerebral vascular complexity;

Fig. 8 shows the distal tip of a catheter firmly engaged in a blood clot that is lodged in a

circuit representing cerebral vascular complexity - this is as a result of aspiration or

suction at a rate of -500 mm Hg;

Fig. 9 shows that the clot in Fig. 8 has been aspirated into the catheter following a small

number of reciprocation pulses (3 to 5);

Figs. 10A - D are schematic illustrations of a clot being aspirated into a catheter inside a

blood vessel;

Fig. 11 is a graph of pressure differential against time for a steady state vacuum;

Fig. 12 is a graph of pressure differential against time for a pulsatile pressure differential

waveform generated by the invention;

Fig. 13 is a pressure differential waveform with negative and positive pressure

differentials;

Fig. 14 is a pressure differential waveform with varying frequency;
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Fig. 15 is a pressure differential waveform with different decay and rise times;

Fig. 16 is a pressure differential waveform with varying amplitude;

Fig. 17 is a pressure differential waveform with a truncated wave;

Fig. 18 shows a pressure differential waveform with a dwell time within the wave;

Fig. 19 is a diagram of a clot removal system of the invention;

Figs. 20A and 20B illustrate a piston type pulsatile vacuum generator;

Fig. 20C illustrates a cam type pulsatile vacuum generator;

Fig. 2 1 is a view of another pulsatile vacuum generator;

Figs. 22A and 22B illustrate another cam type pulsatile vacuum generator;

Fig. 23A illustrates a pulsatile aspiration system;

Figs. 23B and 23C illustrate an element of the pulsatile aspiration system of Fig. 23A;

Figs. 24A and 24B show pulsatile pressure waveforms;

Fig. 25 is a schematic of another pulsatile aspiration system of this invention;

Fig. 26 is a schematic of a portion of another pulsatile aspiration system of this invention;

Figs. 27A and 27B are views of a one way valve;

Fig. 28A illustrates a portion of a pulsatile aspiration system of this invention; and

Figs. 28B - 28D illustrate various states of an element of the pulsatile aspiration system

of Fig. 28A.

Penumbra, Inc., Ex. 1016, Page 18 of 59
Penumbra, Inc. v. RapidPulse, Inc.



Detailed description of the drawings

Specific embodiments of the present invention are now described in detail with reference to the

Figures, wherein identical reference numbers indicate identical or functionality similar elements.

The terms "distal" or "proximal" are used in the following description with respect to a position

or direction relative to the treating physician. "Distal" or "distally" are a position distant from or

in a direction away from the physician. "Proximal" or "proximally" or "proximate" are a

position near or in a direction toward the physician.

Accessing cerebral, coronary and pulmonary vessels involves the use of a number of

commercially available products and conventional procedural steps. Access products such as

guidewires, guide catheters, angiographic catheters and microcatheters are described elsewhere

and are regularly used in cath lab procedures. It is assumed in the descriptions below that these

products and methods are employed in conjunction with the device and methods of this invention

and do not need to be described in detail.

The following detailed description is merely exemplary in nature and is not intended to limit the

invention or the application and uses of the invention. Although the description of the invention

is in many cases in the context of treatment of intracranial arteries, the invention may also be

used in other body passageways as previously described.

Fig. 1; Reference numeral 1 illustrates an example only of a lumen network similar in

complexity to cerebral vasculature. Reference numeral 2 is an illustration representing a clot that

is lodged in the cerebral vasculature network. Reference numeral 3 shows where the blood

enters the network and reference numeral 4 shows where the blood exits the network.

Fig. 2 illustrates a schematic representation of the steady state vacuum pump combined into a

circuit with the pulse generation system. This circuit is then connected to the proximal end of a

catheter. A vacuum pump 11 for creating aspiration suction represented by the approved

standard drafting symbol. A cyclical reciprocation machine 12 is shown with a plunger 16 that

moves to and fro in a piston chamber. A fluid collection container 13 within the aspiration

circuit collects all the content aspirated from the body. Tubing 14 in the aspiration circuit is

joined to the catheter proximal end at the same point where the reciprocation connects to the
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catheter proximal end. This is achieved using a Y junction connector. A connector 15 is

provided for connection to the catheter proximal end. The catheter then passes through a

haemostasis valve to enter the vascular system, usually at the common iliac artery (not shown

here).

Fig. 3 is a full schematic of the entire system including the vascular and cerebral circulation

systems. The apparatus of the invention is shown in schematic form 50 and contains a steady

state vacuum pump 32 and a pulsatile flow generator 31. The output of these pumps is combined

and connected to the proximal end of a catheter 34 at the connector 51. The catheter is

introduced into the vasculature at the haemostasis valve 40 and forwarded to the target location

of the clot 41. When the catheter tip 35 approaches the clot 41, steady state vacuum from the

pump 32 can be applied at the catheter tip. If the aspirate flow is blocked by the clot the pulsatile

flow generator 3 1 can be engaged to produce a pressure differential waveform at the catheter tip

to aspirate the clot 41.

Figs. 4 A to C are illustrations of a pulsatile flow generator that produces a pressure output which

matches a sine wave configuration. A piston 65 is driven backwards and forwards by a rotating

wheel 6 1 which contains a drive pin 63. This drive pin 63 engages in a slot of component 62,

which is constrained so that it can only move in a linear direction. Therefore the rotational

movement of wheel 6 1 is converted into linear motion of piston 65 which travels in the direction

66 as shown, as the wheel rotates. The fluid pressure output at 68 matches a sine wave.

Fig. 5 illustrates a number of possible wave form profiles representing positive and negative

pressure pulses that are possible to generate with the reciprocation drive which have varying

frequency.

Fig. 6 is one example of a motorised reciprocal drive 83 with variable speed. In this

configuration the reciprocal drive shaft (not shown) is connected to the plunger of syringe 85.

The drive is actuated using trigger 84 and moves the piston 81 backwards and forwards creating

a pulsatile pressure output at the tip of syringe 85.

Fig. 7 shows the distal tip of a catheter touching or abutting a blood clot that is lodged in a circuit

representing cerebral vascular complexity. Fig. 8 shows the distal tip of the catheter firmly

engaged in a blood clot that is still lodged in the circuit. In this example 500mm Hg vacuum was
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applied to the catheter to aspirate the clot, however the application of this steady state aspiration

energy was not sufficient to aspirate the clot. Fig. 9 shows that the clot in Fig. 8 has been fully

aspirated into the catheter after a small number of reciprocation pulses (3 to 5) had been applied

at the tip of the catheter.

Fig. 10A shows a schematic illustration of an occlusive clot 201 lodged in a blood vessel 205.

Catheter 203 has been introduced to the vasculature and the tip 202 is approaching the clot. Fig.

10B illustrates the catheter 210 in contact with the clot 214. A portion of the clot 212 has been

aspirated into the catheter tip 2 11 blocking the tip and sealing the end of the catheter 210. As the

catheter is blocked the pressure in the catheter PAI S different to the pressure in the blood vessel

P B. The pressure differential acting across the clot is a function of (PB - PA) and this urges the

clot to deform and flow or extrude into the catheter. Applying a pulsatile pressure differential

increases the energy applied to the clot and helps the clot to deform and flow. Fig. IOC

illustrates that when a pulsatile pressure differential is applied to the clot 220 it can deform at the

interface 223 where the clot enters the mouth of the catheter 221 to facilitate full aspiration. The

friction between the clot 224 and the inner surface of the catheter 222 is also reduced by the

application of the pulsatile pressure differential facilitating full aspiration of the clot. Fig. 10D

shows the clot 232 approaching full aspiration into the catheter.

Figs. 11 to 18 are a series of graphs of the pressure differential against time for a range of

waveforms. The pressure differential ∆Ρ is the pressure acting across the clot as shown in Fig.

10B and is related to the difference between the blood pressure in the vessel and the pressure in

the catheter tip when the tip is occluded by the clot.

Fig. 11 shows a graph of pressure differential against time for a steady state vacuum. In this

graph, the pressure differential increases 300 after the vacuum pump is switched on until it

reaches a plateau 301 when steady state conditions are achieved.

Fig. 12 shows a graph of pressure differential against time for a pulsatile pressure differential

waveform generated by the invention. The graph 320 is similar to a sine wave with a fixed

frequency (F) and amplitude (A).

Fig. 13 shows a pressure differential waveform 340 illustrating that during part of the wave cycle

a positive pressure differential 341 is applied across the clot at the catheter tip.

Penumbra, Inc., Ex. 1016, Page 21 of 59
Penumbra, Inc. v. RapidPulse, Inc.



Fig. 14 shows a pressure differential waveform with varying frequency where frequency Fi is

different to F2 and is changing with time.

Fig. 15 shows a pressure differential waveform with different decay and rise times. In the

example shown the decay time ti is shorter than the rise time t2 producing a saw tooth waveform.

Fig. 16 shows a pressure differential waveform with varying amplitude. The absolute values of

the amplitude can change with time as shown here where Α ι, A2, and A 3 are all different. The

maximum and minimum values of the amplitude can also change with time.

Fig. 17 illustrates a pressure differential waveform with a truncated wave. This waveform allows

for dwell times 400 and 401 at the point of minimum and maximum pressure differential.

Fig. 18 shows a pressure differential waveform where a dwell time has been introduced within

the wave. Multiple dwell times can be introduced in the cycle such as 450 and 451, or a single

dwell time as shown 452.

Fig. 19 is an illustration of another configuration 500 of the invention. In this schematic a pulse

generator (501) is a separate apparatus to a vacuum pump 502. This pulse generator 501 can

produce a pressure differential waveform at the tip of the catheter 503 as described elsewhere in

this patent but is non blood contacting. The pulse generator 501 creates the waveform by

selective compression of connector tubing 504. This creates the benefit of not having to sterilise

part of the apparatus prior to use, as the connector tubing 504 is disposable and single use only.

The method of use is the same as that described before with the vacuum pump 502 and pulse

generator 501 connected to the proximal end of the catheter 503 at a connector 505 with a

proximal valve / seal 506. The catheter 503 is introduced through the vasculature to the target

location in a vessel 507 of the clot 508. In this case a stentriever type clot capture device 509 is

also shown.

Fig. 20A shows internal details of a pulse generator 550 such as that illustrated in Fig. 19. In this

configuration a reciprocating plunger 551 can compress the tubing 552 creating a pressure wave.

The tubing 552 is elastic and recovers its shape as soon as the plunger moves up. The stroke of

the plunger 560 shown in Fig. 20B can vary and different plunger widths or multiple plungers
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can provide displacement variations. Fig. 20C shows a variation of this design where the

plunger is replaced with a cam 562. Rotation of the cam provides a pulse generation capability.

Fig. 2 1 shows an advantageous design of the pulse generator which contains multiple cams in

series. The cam 602 nearest the vacuum pump can rotate and seal the tubing 600 so that rotation

of cams 604 and 605 can produce a positive pressure in the tubing. The tubing 600 is flexible

and may be straight or have a stepped diameter as shown. The cams can be programmed so that

some or all can work at any given time, each with a different frequency, or not be operated at all.

To reduce friction between the cam and the flexible tubing, each cam could have a sliding outer

layer as shown in Figs. 22A and B. The cam 651 rotates on the eccentric axle 650 compressing

the tubing 653. To reduce the friction the cam has a low friction sliding outer ring 652 which

does not rotate relative to the tubing. Fig. 22B illustrates how the cam 670 position is rotated

relative to Fig. 22A but the outer ring 672 has not rotated relative to the tubing wall 673.

Fig. 23a illustrates an apparatus 700 of this invention, comprising a vacuum pump 714 and a

pulse generating system. Fig. 23b shows a more detailed view of the pulse generating

components of the system. The vacuum pump 714 may comprise a diaphragm or vane or piston

pump, or a peristaltic pump, or other means of generating a negative pressure differential. This

vacuum pump is connected by tube 705 to a reception canister 707, which is configured to

receive aspirated blood or material. A safety valve may be provided within the canister to

prevent fluid or material entering tube 705 and damaging the pump. Tube 706 connects the

canister to rotating valve 711. Tube 708 connects rotating valve 711 to a catheter (not shown)

that is inserted within the patient, and does so either directly or via a further connecting tube or

connector or rotating haemostasis valve or similar. Tube 708 is held in place by clips 709, which

are configured so that the assembly of tube 708, rotating valve 711 and tube 707 can be easily

assembled to or detached from the system (so that they may be disposable elements of the

system). When clipped into place tube 708 sits between a rotatable cam 710 and a support plate

712. In use the system is capable of supplying a steady state vacuum by means of the vacuum

pump 714 once switch 701 is moved to the "ON" position. The vacuum pump evacuates the

canister 707 via tube 705, and thus a suction or aspiration force is transmitted through tubes 706

and 708 (once rotating valve 711 and cam 710 are in the open position).
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Fig. 23b and Fig. 23c illustrate the operation of the pulse generating system. Rotating valve 711

comprises a housing 715 with inlet and outlet tube connectors 717 and 716, and an internal

rotating element 713. When rotating element 713 covers the mouth of either connector 717 or

716 the valve is closed and tube 708 is no longer exposed to the vacuum within canister 707.

Thus by rotating or oscillating element 713 a vacuum pulse may be delivered through tube 708,

and this may be beneficial for the retrieval of stubborn clot material as previously described.

However the nature and condition of the material being aspirated may affect the waveform of the

pulse generated in tube 708 and transmitted to the treatment catheter and thus to the patient. Fig.

24b illustrates a representative pulse generated by a vacuum pump with a simple on/off valve

such as rotating valve 711. The vertical axis 851 denotes pressure and the horizontal axis 850

denotes time. Prior to initiating any pulse a relatively steady state vacuum level 853 is provided

in tube 708. Closure of valve 711 disconnects the tube from the vacuum source. In a case (case

1) where the tube 708 is connected to a catheter which is aspirating liquid blood or very soft clot

the closure of valve 711 will cause the vacuum in the catheter to decay quickly, and angle 857

will be steep, allowing the vacuum to decay quickly from level 854 to 855. Once valve 711 is

opened the vacuum is restored and the vacuum level in the catheter quickly returns to original

level 853. In a case (case 2) where the tube 708 is connected to a catheter which is aspirating a

resistant material such as fibrin rich thrombus the closure of valve 711 will cause the vacuum in

the catheter to decay more slowly than in the previous case, and angle 857 will be more shallow,

so that the rate of decay of the vacuum is significantly reduced. A rate of change of vacuum

level of greater than lOOmmHg / second is necessary in order to create an effective pulse in the

catheter. A rate of change of greater than 200mmHg / second is preferred, and a rate of change

of greater than 400mmHg / second is more preferred, while a rate of change of greater than

600mmHg / second is most preferred.

The rotatable cam 710 and support plate 712 provide a means of increasing the rate of decay of

the vacuum in tube 708 and any catheter to which it is connected, particularly in the scenario in

which tube 708 is connected to a catheter which is aspirating a resistant material such as fibrin

rich thrombus. This is achieved by creating a positive pulse of pressure to counteract the

vacuum. This is achieved by rotation of the cam 710 to compress tube 708 between the cam and

support plate 712, which in turn compresses the liquid or gas within tube 708 and thus rapidly

reduces the vacuum level within the tube. Fig. 23c illustrates this compression in action. The

cam may be timed to compress the tube 708 at the same time as valve 711 closes, or fractionally

later than closure of valve 711. The cam 710 may be timed to release the compression of tube
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708 before, simultaneously or after the opening of valve 711. The impact of this system on the

pulsatile waveform generated is illustrated in Fig. 24a.

The vertical axis 751 denotes pressure and the horizontal axis 750 denotes time. Prior to

initiating any pulse a relatively steady state vacuum level 753 is provided in tube 708. Closure

of valve 711 disconnects the tube from the vacuum source. In a case (case 3) where the tube 708

is connected to a catheter which is aspirating a resistant material such as fibrin rich thrombus the

closure of valve 711 will cause the vacuum in the catheter to start to decay slowly at a first rate

of decay illustrated by the line between points 754 and 755. Rotation of cam 710 to compress

tube 708 causes the rate of decay of the vacuum to be significantly increased, illustrated by the

line between points 755 and 756. A dwell period may be provided between points 756 and 757,

after which cam 710 is rotated to remove the compression from tube 708 and valve 711 is

opened, allowing the vacuum level in tube 708 to drop quickly from point 757 to point 758.

Again a dwell period may be provided at vacuum level 753 before additional pulses are

provided.

Fig. 25 is a schematic drawing of another pulsatile aspiration pump system 900 of this invention

configured to provide pulses with a rapid rate of change of vacuum level. Catheter 901 is shown

in the process of aspirating thrombus 907. This aspiration is caused by a pressure differential

between the medium in which the thrombus is located outside the catheter and that of the internal

lumen of the catheter. An aspiration force is provided to the catheter through tube 903, which is

in turn connected to tube 908, which is itself connected to canister 904. Canister 904 is

evacuated by pump 905. A second "pump" 902 is located between tubes 903 and 908 and

consists in this embodiment of a piston pump, similar to a syringe. A pair of one way valves 906

and 909 are positioned either side of piston pump 902, so that when the piston moves downwards

a small but limited positive pressure is applied to tube 903 and hence to catheter 901 before the

valve 906 closes. This causes a rapid rate of change in the vacuum level within the catheter 901.

Conversely when the piston moves upward the system will aspirate preferentially from the

catheter rather than the canister, creating a rapid increase in the vacuum level within the catheter.

Fig. 26 is a schematic drawing of another pulsatile aspiration pump system 950 of this invention

very similar to system 900. An aspiration force is provided through tube 953, which is in turn

connected to tube 958, which is itself connected to canister 954. Canister 954 is evacuated by

pump 955. A second "pump" 952 is located between tubes 953 and 958. Pump 952 consists in
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this embodiment of an oscillating diaphragm assembly 963, which is supported by compression

spring 960 and actuated by the counteracting forces of this spring 960 and cam 961. Cam 961

may be operated by many means, including the gear assembly 962 illustrated herein. A pair of

one way valves 956 and 959 are positioned either side of pump 952, so that when the diaphragm

moves downwards a small but limited positive pressure is applied to tube 953 before the valve

956 closes. This causes a rapid rate of change in the vacuum level within the catheter 951.

Conversely when the diaphragm moves upward the system will aspirate preferentially from the

catheter rather than the canister, creating a rapid increase in the vacuum level within the catheter.

Figs. 27a and 27b are schematics of a simple one way valve 1000 of this invention. They are

configured to open easily to allow flow in one direction, and close quickly and automatically

once the direction of the pressure gradient (and hence the direction of flow) across the valve

changes. Valve 1000 comprises a body section 1001 with a pair of tube connectors 1002 and

1003 at either end. The body 1001 has a generally square or rectangular section, so that flap

1004 can be hinged at an outer edge and move freely from an open to a closed position. A stop

1005 is provided so that the flap is prevented from reaching a fully open position where a change

in flow direction would not cause it to close. A second stop 1006 prevents the flap from moving

beyond the fully closed position once the pressure gradient is reversed.

Fig. 28a is a schematic of a portion of a pulsatile pump system 1050 of this invention. Canister

1051 is connected to a vacuum pump (not shown) by connecting tube 1052, and to a treatment

catheter (not shown) by connecting tube 1053. In use a vacuum is generated within the canister

by the vacuum pump and thus blood and thrombus are aspirated through a treatment catheter and

through tube 1053 into the canister. A pulsatile waveform as described in relation to Fig. 24b

can be generated by oscillation back and forth of obturator 1055, which is guided through the

canister by guide port 1056, and enters the mouth of tube 1053 on the other side of the canister.

The obturator can be moved back and forth by a simple gear mechanism as shown or by any of

the other means of reciprocation well known in the art. Figs. 28b-d show the obturator of Fig.

28a in various different positions, and also show a corrugated element 1056 which may be used

to ensure that movement of the obturator does not create leakage into the canister.

Fig. 28b (and Fig. 28a) show the obturator in the open position where only the narrow guide

portion 1057 is positioned within the mouth of tube 1053. In this position a steady state vacuum

may be maintained with little or no restriction from the obturator. Fig. 28c shows the obturator
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in the closed position where the tapered portion 1058 of the obturator is fully within the mouth of

tube 1053. In this position tube 1053 is no longer subject to the vacuum within the canister and

the vacuum level within the tube (and connected catheter) will start to decay. The rate of decay

of this vacuum can be significantly accelerated by further advancement of the obturator to the

position shown in Fig. 28d, which provides a positive displacement to the fluid (or gas) within

tube 1053, having a similar effect to the piston and diaphragm movements described in systems

700, 900 and 950.

It will be apparent from the foregoing description that while particular embodiments of the

present invention have been illustrated and described, various modifications can be made without

departing from the spirit and scope of the invention. For example, while the embodiments

described herein refer to particular features, the invention includes embodiments having different

combinations of features. The invention also includes embodiments that do not include all of the

specific features described.

The invention is not limited to the embodiments hereinbefore described which may be varied in

construction and detail.
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Claims

1. A system for removing occlusive clot from a blood vessel comprising:-

a catheter; and

an apparatus for generating a pulsatile vacuum force to pulse the pressure gradient

at a distal end of the catheter.

2 . A system as claimed in claim 1 wherein the apparatus comprise a vacuum pump and a

pulse generator.

3 . A system as claimed in claim 2 wherein the pulse generator is integral with the vacuum

pump.

4 . A system as claimed in claim 2 wherein the pulse generator is separate from the vacuum

pump.

5 . A system as claimed in claim 4 wherein the pulse generator is located between the

vacuum pump and the proximal end of the catheter.

6 . A system as claimed in claim 4 or 5 comprising a flexible tubing between the vacuum

pump and the proximal end of the catheter.

7 . A system as claimed in claim 6 wherein the pulse generator is applied to the flexible

tubing.

8. A system as claimed in claim 7 wherein the pulse generator comprises a reciprocating

plunger.

9 . A system as claimed in claim 7 wherein the pulse generator comprises a rotatable cam.

10. A system as claimed in claim 9 wherein the cam comprises an outer bearing to minimise

drag on the tubing.

11. A system as claimed in claim 10 wherein the outer bearing comprises a sliding outer layer.

12. A system as claimed in any of claims 7 to 11 wherein the flexible tubing is of uniform

cross section along the length thereof.
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A system as claimed in any of claims 7 to 11 wherein the flexible tubing is of variable

cross section along the length thereof.

A system as claimed in any of claims 1 to 13 comprising a controller for controlling the

apparatus for generating a pulsatile vacuum source.

A system as claimed in claim 14 wherein the controller is adapted to vary the pressure

over time in a waveform.

A system as claimed in claim 15 wherein the waveform has a fixed frequency and

amplitude, and equal rise and decay times.

A system as claimed in claim 15 wherein the waveform has a varying frequency with

time.

A system as claimed in claim 15 wherein the waveform has varying amplitude with time.

A system as claimed in claim 15 wherein the waveform has different rise and decay

times.

A system as claimed in claim 15 wherein the waveform rise and decay times change with

time.

A system as claimed in claim 15 wherein the waveform is a truncated or square

waveform incorporating a dwell time at the peak and trough of each wave.

A system as claimed in claim 15 wherein the waveform incorporates one or more dwell

times within each wave producing a stepped wave configuration.

A method for removing occlusive clot from a blood vessel comprising the steps of:-

delivering a catheter to a location adjacent to an occlusive clot; and

applying a pulsatile vacuum to the clot using the catheter.

24. A method as claimed in claim 23 comprising the step of varying the pressure over time in

a waveform.
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A method as claimed in claim 24 wherein the waveform has a fixed frequency and

amplitude, and equal rise and decay times.

A method as claimed in claim 24 wherein the waveform has a varying frequency with

time.

A method as claimed in claim 24 wherein the waveform has varying amplitude with time.

A method as claimed in claim 24 wherein the waveform has a different rise and decay

time.

A method as claimed in claim 24 wherein the waveform rise and decay times change with

time.

A method as claimed in claim 24 wherein the waveform is a truncated or square

waveform incorporating a dwell time at the peak and trough of each wave.

A method as claimed in claim 24 wherein the waveform incorporates one or more dwell

times within each wave producing a stepped wave configuration.

A system for removing occlusive clot from a blood vessel comprising :-

a catheter for applying a vacuum to an occlusive clot; and

an apparatus for generating an additional energy to be applied to the clot.

A system as claimed in claim 32 wherein the apparatus is adapted to apply a variable

pressure to the clot at the distal tip of the catheter.

A system as claimed in claim 32 or 33 wherein the variable pressure applied by the

apparatus is adapted to produce a variable pressure differential between the catheter and

the blood pressure around the clot.

35. A system as claimed in claim 34 wherein the variable pressure differential is adapted to

provide additional energy to the clot to overcome the extrusion energy required to deform

and aspirate the clot.
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36. A system as claimed in claim 34 wherein applying a variable pressure differential to the

clot is adapted to change the friction between the clot and the catheter from static to

dynamic friction reducing the total friction and facilitating aspiration into the catheter.

37. A system as claimed in claim 34 wherein applying a variable pressure differential to the

clot is adapted to increase the porosity of the clot reducing the deformation force required

to aspirate the clot.

38. A system as claimed in claim 34 wherein a plot of pressure differential against time

produces a waveform.

39. A system as claimed in claim 38 wherein the pressure differential waveform is similar to

a sine wave with fixed frequency and amplitude, and equal rise and decay times.

40. A system as claimed in claim 38 wherein the pressure differential waveform has a

varying frequency with time.

41. A system as claimed in claim 38 wherein the pressure differential waveform has varying

amplitude with time.

42. A system as claimed in claim 38 wherein the pressure differential waveform has different

rise and decay times.

43. A system as claimed in claim 38 wherein the pressure differential waveform rise and

decay times change with time.

44. A system as claimed in claim 38 wherein the pressure differential waveform is a

truncated or square waveform incorporating a dwell time at the peak and trough of each

wave.

45. A system as claimed in claim 38 wherein the pressure differential waveform incorporates

one or more dwell times within each wave producing a stepped wave configuration.
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46. A system as claimed in claim 34 and 38 wherein the pressure in the catheter tip is always

less than the surrounding blood pressure.

47. A system as claimed in claim 34 and 38 wherein the pressure in the catheter tip is greater

than the surrounding blood pressure for a fraction of the waveform.

48. A system as claimed in claim 38 wherein the pressure differential waveform is a

combination of some or all the waveforms detailed in claims 39 to 45.

49. A system as claimed in claim 48 wherein the pressure differential waveform is pre

programmed in the apparatus

50. A system as claimed in claim 49 wherein the pre-programmed pressure differential

waveform is optimized for a particular clot type.

51. A system as claimed in claim 38 wherein the pressure differential waveform is produced

in the apparatus by moving one or more pistons in a fluid chamber similar to a syringe.

52. A system as claimed in claim 5 1 where the piston is driven by a rotating mechanical drive

system

53. A system as claimed in claim 5 1 where the piston is driven by a electromechanical means

such as a linear drive system

54. A system as claimed in claim 5 1 where the piston is driven by piezoelectric means.

55. A system as claimed in claim 5 1 where the piston is driven by a pneumatic cylinder.

56. A system as claimed in any of claims 32 to 55 wherein the apparatus for generating an

additional energy is separate from the catheter.

57. A system as claimed in any of claims 32 to 56 wherein the apparatus for generating an

additional energy is integral with the catheter.
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58. A system as claimed in claim 57 wherein the catheter contains a piston.

59. A system as claimed in claim 58 wherein the piston is actuated by a drive system external

to the catheter.

60. A system as claimed in any of claims 32 to 59 wherein the additional energy applied to

the clot comprises a vibration force.

61. A system as claimed in claim 60 wherein the catheter incorporates a vibrating tip.

62. A system as claimed in claim 60 wherein the frequency of the vibrating tip is variable

from 5 Hz to greater than 20,000 Hz.

63. A system as claimed in claim 6 1 wherein the vibrating tip contains one or more aspiration

lumens with a total cross sectional area greater than 0.78mm2.

64. A system as claimed in claim 34 wherein the apparatus comprises a steady state vacuum

generator and a pulsatile flow generator.

65. A method for removing an occlusive clot from a blood vessel comprising the steps of :

delivering a catheter to a location adjacent to an occlusive clot;

applying a vacuum to the clot using the catheter; and

applying an additional energy to the clot.

66. A method as claimed in claim 65 wherein the additional energy is applied to the clot via

the catheter.

67. A method as claimed in claim 66 wherein the additional energy is applied to the clot via

the catheter as the catheter approaches the clot.

68. A method as claimed in claim 66 wherein the additional energy is applied to the clot via

the catheter only after the catheter fails to aspirate the clot with steady state vacuum.
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A method as claimed in claim 65 wherein the additional energy is applied to a guide

catheter or sheath positioned proximal of the clot in the vasculature.

A method as claimed in claim 65 wherein the additional energy is applied to a guide

catheter or sheath and an intermediate catheter simultaneously.

A method as claimed in claim 65 wherein the additional energy is applied to the clot via

the catheter in conjunction with the use of a stentriever device.

A method as claimed in claim 65 wherein the additional energy is applied to the clot

through the catheter.

A method as claimed in any of claims 65 to 72 comprising:

a . delivering the auxiliary apparatus to a location adjacent to the clot; and

b. applying the additional energy directly to the clot.

A method as claimed in claim 73 comprising delivering the catheter and the auxiliary

apparatus simultaneously.

A system as claimed in any of claims 1 to 22 or 32 to 64 comprising a canister which is

configured to receive aspirated blood or material.

A system as claimed in claim 75 wherein the system comprises a vacuum pump which is

connected to the canister.

A system as claimed in claim 76 wherein the vacuum is drawn through the canister.

A system as claimed in any of claims 1 to 22, 32 to 64, or 75 to 77 comprising a first

vacuum pulse generator.

A system as claimed in claim 78 comprising a second vacuum pulse generator.

A system as claimed in claim 79 wherein the vacuum pulse generators are configured to

operate separately, at the same time, or at different times to vary the vacuum pulse

generated.
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81. A system as claimed in any of claims 78 to 80 wherein the first pulse generator comprises

a valve having a housing and an element which is rotatable and/or oscillatable in the

housing.

82. A system as claimed in any of claims 78 to 8 1 wherein the second pulse generator is

adapted to engage a flexible tube.

83. A system as claimed in claim 82 wherein the second vacuum pulse generator comprises a

rotatable cam.

84. A system as claimed in claim 78 wherein the first vacuum pulse generator comprises a

pump.

85. A system as claimed in claim 84 further comprising non-return valves located on both

sides of the pump.

86. A system as claimed in claim 78 comprising a canister configured to receive aspirated

blood or material and the first pulse generator comprises an obturator which is movable

through the canister.
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