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Adso according to the invention there is provided a met md of removing osclusive clot from a
blood vessel comprising the steps ofi-

providing a ;.mdc catheter or sheath and i diate catheter, the intermediate catheter

having a m\m muuth and being cmixgm‘*d such that it is advancable within the lamen of the
guide catheter;

inserting the guide catheter into a first vesse! proximal of an oeclusion;

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

of a vacuum purp, a collection chamber and the apparatus of the imfentkm;

\zd\f mmﬂ Efi’“ miemacdmu c&thm: through the

Imtxilalu athu:u exiends d stal of the guide catheter inti 8 vessel adjacerzt to the ooechusion;

3

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

the intermadiate catheter being configured to direct \m\i aspiration through the distal hunen of.

< &

catl i er tn aspirale the ¢lot into the mouth of said intermediate catheter,

?nf

the inermedi

13 M the clot iy not aspirsted switeh on the apparatus of the javention to provids a waveform
pressure differential between the satheter and the blond pressure surrotnding the clot.  The
wavetorm pressure differential overcomes the extrasion energy of the clot and reduces friction
between the clot and the catheter so that the clot can be aspirated through the intermediate

atheter into the collection chamber and out of the vasculature,

20
fn one embodiment of the invention, this wavefirm resembies a4 sine wave with a Hxed
frequency and amplitude, and equal rise and degay times.
b another embuodiment of the fuvention, the frequency or time between peaks of the waveform
23 miay vary and increase or decroass with time, A repeating freguency pattern may also be utilised
such as multiple high frequency pulses followed by 3 number of low frequency pulses.
Suuiiarly in another embodiment the amplitude of the waveform may vary with time and cousist
of increasing or decressing amplitudes or a combination of different amplitude pulses:
36

In another embodiment the rise and decay Hmes of the waveform may vary such that the decay
firae is shorter than the vise time or vice versa, or a combination of different rise and decay times

may be beneficial in aspirating the clot, for example, & saw tooth wavefor.
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Another wave patterty wilised e an embodbnent of the invention ix a trancated ovaguars. wavs

pattern where a divell thoe s ncorporatad inte the wave eycle at the perk or rough of the wave
or at both thmes. A dwsll tiree may also be brorporated (ot 3 wave pattern at any point in the

oycle, for example, produging a stop wave pattern.

L8y

i anothee embodiment of the device the amphitude of the preossure differentiad 13 such that

ot of the nvention the waveforrn is a combination of a munber of the

10 I one sobodin

waveforms or featiwes desoribed elsewhere in this patent. fn another erabodiment, the invention
may be programmable to apply specific pressure differential waveforms to the catheter tip whic
may be optimised for different clot types, for exanple, & pre~programimed optinized waveforn

et 1o the waveform optirnized for sn

may be apphied for a filvin rich clot which would be it

rieh clot.

ook
285

gryihrodyt

Also provided are additonal varlants of this reethod, Jodluding
A& method ss deseribed sbove in which the wavetonm pris differsmind s applied to the

intermadiate catheter as it approaches the ocelusion for the first time.

{he wavaorn pressu

catheter at the same thne

The wavaform or pubatile pressure differential appiled to the intermediate catheter desortbed in
this patens can alse be ussd when the intenmediate catheter fs used W co qunction with a
stentriever device, The wavelrm pressure differential reduees the friction between the clot and

the catheter and helps to deform the clot, Phis gives additional henefits of reducing the shear

30 forces seting on the clot as it fs retvieved Into the intermediate catheter by the stentriever device,
According to the fnvention there is provided a system for removing oeslusive clot from a blosd
veasel comprising:-

a cathetery and
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an apparatus for generating a pulsatile vacuom force to pulse the pressure gradient at a

distal end of the catheter.

I ong case the apparatus comprise a vasuum pump and a pulse generator,

“h

n ong embodiment the pulse generator s integral with the vacuoum pump.
in another embodiment the pulse generator is separate from the vacuum pamp,

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

of the catheter.

There may be a flexible tubing between the vacuum pump and the proximal end of the catheter.
15 In one embodiment the pulse gencreator is applied to the flexible tubing.

The pulse gensrator in one case comprises a reciprovating plunger,

The pulse generator in ancther case comprises @ votatable cam.

20
The cam may comprise an outer bearing to minimise drag oo the tubing. The outer bearing may
comprise a sliding outer layer
i one case the Hexible tublng is uniforny eross section along the length thereof.
25
i one embadiment the Hexible tublng is of variable cross section along the length thereof,
The system may comprise a controller for controfling the apparates for generating a pulsatile
vacuum source. The voutroller may be adapted or contigired to vary the pressure over thue in a
M wavetorm.
by one case the waveform has a fixed frequency and amplitude, and squal rise and decay Hmes.
In anather case the waveform bas a viwying frequency with tme.
38

The waveform may bave varying amplitude with time.

The wavetorm may have a different vise and decay time,
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In one case the waveform rise and decay thmes change with time,

i some cases the waveform is a trancated o square waveform incorporating a dwell tme at the

pesk and trough of cach wave,

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

wave configuration.

The invention also provides a method for removing occhisive clot from a bleod vessel
comprising the steps ofis

delivering a catheter to a Jocation adjacent to an occlusive elot; and

applying a pulsatile vacuom to the olot using the catheter.
The method in some cases comprises the step of varying the pressure over time in a wavetorny,

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

The waveform may have a varying fraquency with time.

The wavelorm may have varying amplitude with time,
The waveform may have a different rise and decay time
The waveform rise and decay Umes may change with time.

The waveform may be a troncated or squave waveforr incorporating a dwell time at the peak

gnd frough of eacl wave.

The wavefornt 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 rocefve aspirated

¥

blood of maleriad,
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fn one case the system coz‘nprises a vacuum pump which iy connected to the canister. The

vacuuin may be drawn through the canister

3 1o one embodiment the system comprises a Hrst vacumm pulse generator. in one cass the aystem

comprises @ second vacuum palse gensrator. The vacuum pulse generators may he configured to

operate sepavately, ab the same time, or at different times to vary the vacuum palse gensrated.

1

ed to engage a fexible tube. The second vacuum

pulse gengrator may comprise a»:gcnzi_ta{*s_i‘g_gafp;

I3 In another case the first vacuum pulse generator gomprises a pump.  The system may further

comprise non-rglurn valves focated on both sides of the pump.

In a further case the system comprises a canister configuted. to receive ammmted blood wr

matecdal and the fisst pulse generstor comprises an_obturator which is movable through the

20
Sried Desoription of the Drawings

The ipvention will be wore clearly understood from the following deseription of some
& embodiments thersof, given by way of e example only, with reference to the accompanying

dmwing&, in which

Fig. 1is a view of a elot lodged in a representation of a similar cerebral vaseular tabdar
network 1o the network in the brafn for the purposes of deseribing the invention;

30

Fig. 2 Mlustrates by way of esample only that the source of the aspivation or continuous
pegative sustion and the sowrce of the pulsatile pressure gradient are both combingd to

sommon effect through the catheter;
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e 3 shows the complete circult interfacing with the eircclation systant in schanatic
Fig. 3 shows the complete uit interfacing the eircalation systent in §

v

farmr onbyl

Figs. 44 1o 4C show by way of example only & means of gengration cyclival motion

5.4

which will generats the pressure differential wavaform at the catheter distal iy

Figs, SA to SE illustrate 2 number of possible wave form profiles representing positive

tve pressurs pulses that ave possible 1o generate with the reciprocation drive;

0 Fig. & is one example of 3 motorised reciprocal drive with variable apeed;

Fig. 7 shows the distal tip of a eatheter touchiog or abut ting a blood clot that is lodged in

a circuit representing cerebal vascudar complexity;

5 Fig, 8 shows the distal Up of & catheter firply sngaged fn & blaod clot thats lodged g

cirouit representing corebral vasoular o ~ this i¢ a3 a vesult of aspiration or

sugton at @ mie of S50U mm Hyg

Fig. § shews that the clot in Fig. & has bean aspirated into the catheter following a small

it nuber of reciprocation pulses {310 3}

Plos. 104 ~ D are schematic Hlustrations of a clot baing aspirated into a catheter inside a

blond vessel;

25 Pig. 11 s & graph of pressure differential againat Ume for a steady state vacuany
Fig. 12 v graph of pressure differential against time for & pulsatile pressure differential
waveform generated by the hnvention;

34

Fig. 14 is a pressure differcntial wavelforn with varving frequency;

v
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Fig. 15 is a pressure differential waveform with different deeay and rise times;
Fig. 16 is 3 pressure difforential waveform with varving amplitude;

- 17 ts apressure diffgrential wavetbron with a trancated wave;

54
a3
s

%

Fig. 18 shows a pressure differential wavedorm with a dwell tima within the Wave;
Fig. 19 is adiagram of 2 clot removal system of the invention;
10
Figs. 20A and 208 illustrate a pision type pulsatile vacnum generator;
Fig. 200 jliustrates a cao type pulsatile vacium generator;
15 Fig. 21 is aview of another pulsatile vacuum generator;

Figs. 22A and 228 fllusivate another cam type pulsatile vacuum gensrator

Fig, 23A jllustrates a pulsatile aspiration system;

Q
Figs. 23B and 23C illustrate an element of the pulsatife aspiration system of ¥ e 234
Figs. 244 and 248 show pubsatife pressure wavelorma;

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

Fig. 26 is a schematic of & pottion of ancther pulsatile aspiration system of this invention;
Figs. 27A and 27B are views of o ane way vabve;
Fig. 28A iHustrates « portion of & pulsatife aspiration system of this invention; and

Figs. 288 - 28D iltustrate various states of an element of the pulsatile aspirstion system

of Fig. 284,
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Diatailed deseription of the drawings

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

Figures, wherein identical refivence numbers indivate identical or functionality similar elements,

W

The terms “distal” or "proximal® are used in the following desoription with respect 1o & position
or divection relative to the treating physiclan, "Distal” or “distally” are a posivon distant from or

¥

in o divection away from the physician,  "Progimal” o Mproximally” or "proximate™ are @

position near o in a direction toward the physician,
16
Acuessing cerehral, coropary and pulmonary vessels involves the use of & number of
commercially available products and conventional procedural steps.  Access products such as
guidewires, guide catheters, sngiographic catheters and microcatheters are deseribed slsewhere
and are regularty wsed in cath lab provedures. It is assomed in the descriptions below - that these
i3 products and methods are emiployed in conjunction with the device and methods of this invention

and do notneed to berdeseribed o detall

The following detailed description is merely exemplary in nature and is not intended to fimit the
invention or the application and usex of the invention.  Although the description of the ivention
20 isin many cases in the context of treatment of intracranial arteries, the invention may also be

used in other body passageways aspraviously described.

Fig. 1; Reference numeral 1 jllustrates an example only of a fumen netwenk: similar in
complexity to cerebral vasculature, Reference numeral 2 is an fHustration representing a clot that
2% s Jodged in the cevebral vasculature network.  Reference numeral 3 shows where the blood

entors the netwark and reference numeral 4 shows where the blood exits the network,

Fig. 2 ilhustrates g schematic representation of the steady state vacuum purnp combined-inlo a
clreuit with the pulse gensration system. This circuit is then connected to the prosimal end of a
30 catheter. A vacuum pump 11 for ereating aspiration suction represented by the approved
standard drafiing symbol. A cyclical reciprocation machine 12 is shown with a plunger 16 that
swoves to and fro dn 2 piston chamber: A fluid eollection container 13 within the aspiration
civeuit cotlects alf the content aspirated from the body. Tubing 14 in the aspiration clrout is

joined to the catheter proximal end at the same point whers the reciprocation connects o the
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catheter proximal end.  This is achieved using a Y junction coupector. A connscior 13 is
provided for connection to the catheter proximal end.  The satheter then passes through a
haemostasis valve to enter the vaseular system, wsually at the common iliac artery (not shown

3

here).

Fig. 3 s a full schematic of the entire system inchuding the vascular and cerebral eirculation
systems. The apparatus of the invention is shown in schematic form 30 and contains a steady
state vacuum pamnp 32 and a pulsatile flow generstor 31. The output of these pumps 1s combined
and conected fo the proximal end of a catheter 34 at the connesior 51, The catheter is
10 introduced into the vasculabure at the bastostasis valve 40 and forwarded to the target location

of the clot 41, When the catheter Gip 35 approaches the clot 41, steady state vacmsm from the

y

~

pump 32 can be applied at the catheter tip. If the aspirate flow s blocked by the clot the pulsatile
flow generator 3 1 cay be engaged to produce a pressure differential waveform @t the catherer tip

to aspivate the clot 41,

Figs. 4 A to C are illustrations of a pulsatile flow generator that produces & pressure output which
matehes a sine wave configuration, A piston 63 is driven backwards and forwards by a rotating
wheal 61 which containg a drive pin 63, This drive pin 63 e¢ogages in a slot of component 62,
which is constrained so that it can ouly move in a3 linesr direction.  Therefore the rotational
20 moverpent of wheel 8 1 is vonverted into finear motion of piston 65 which travels in the divection

~

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

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

pressure pulses that are possible to generate with the reciprocation drive which have varving
28 fregaency.

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

configuration the reciprocal drive shaft (not ¢ bown} is conneted to the plunger of syrings &5

The drive is actoated using trigger 84 and moves the piston 8 backwards and forwards creating

30 apulsatle pressure output at the tip of syeinge 85.

Fig. 7 shows the distal tip of a catheter touching or abutting a blood clot that is lodged in a civeuit
representing cerebral vaseular complexity.  Fig, 8 shows the distal iip of the catheter firmiy

engaged in a blood clut that is siifl lodged in the circuit. fn this example 500mm Hg vacoum was
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apphiad fo the catheoter to gsplraty the olol, howsver the applicstion of this steady state aspiration

energy was not salficient to aspivate theclot Fig shows that the clotin Figo 8 has been fully
aspirated into the cathetsr after a8 small pusdber of reciprocation pulsss (3 18 had been applied
at the tip of the cathete

Pl 104 shows a schematic Hustration of an occhusive elot 201 Jodged in a blood vegsed 208,

Catheter 2073 has been fntroducsd b the vasculstre and the dp 202 iy approaching the et Fig,

103 iflustrates the eatheter 210 io conact with the clot 214, & povtion of the clot 212 has besn
aapirated fnte the catheter Bp 231 blocking the tipand sealing the end of the catheder 210, Asthe
cathieter i» blocked the pressure-inthe vatheter pats different to the prssuwre in the blood vessal

£8, The pressure differcntial scting across the clot is a function of (¥R ~ Paj and this urges the

clot 1o defornt and flow orextrude dnto the catheter Applving & palsatile prexsars differential

increases the energy appled to the clot and helps the clovto deform and flew. - Figl 100

&

Hlusiratzs that when a pulsatile prassure differential is applied o the elot 220 it cxo deform al the
intertace 223 where the clot entars the mcuh of the catheter 221 1o facilitaie full aspistion. The

friction Between the olot 224 and the dnnge sirface of the cathster 222 v also roduced by the

application of the pdsatile pressure differential frotlitaring Hdl asplration of the clotw Fig. 10D

(ol

N3y

shows the olot 232 approaching full aspiration into the cathe

Figs. 11 1o 18 sve a series of graphs of the presswre differential sgajnst thme for @ range of
saveforms.  The pressure differential AP is the pressure acting across the clot as shown o Fig,
108 and is related to the differsnce batwaen the blood pressure o the vessel and the pressure in

the catheter Hp when the tp is ovcluded by the dlet

Fig. 13 shows @ graph of pressure difforentinl agrinst time for g steady state vacuum, In this
eraph, the pressure differential inereases 300 after the vaowun pump is switched o antil #

reaches & platean 301 when steady state-corulitions are ashioved.

Fig. 12 shows a graph of pressure differential againat thme for a pulsatile pressure ditferential

waveforme gengeated by the nventionn  The graph 320 is sindlar to 8 sine wave with a fised

fregueney (Fandramplitads (Ax
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Fig, 14 shows a pressure differential wavetorm with varving frequency where frequency Fi s

differant toF2and is changing with time,

Fig. 13 shows a pressure differential waveform with different decay and rise times. It the

example shown the decay time 11 s shorter thay the rise thne 2 producing a saw tooth waveforn.

Fig. 16 shows g pressure differenttal wavefteny with varying anplitade.  The absolote values of
the amplitude can change with thne as shown here where A1, &2, and & ¥ are all different.  The

maximunn. and minboun values of the anplitude can also changs with tow.

Fig. 17 iustrates apressure ifferential waveform with a trurcated wave, This waveform alfows

for dwell times 400 and 401 at the point of minimum and seaginaum pressare differential.

Fig. 18 .shows a prassuce differential waveform where a dwell time has been Intreduced within
the wave. Maltiple dwell thoes can be introduced in the cycle suoeh as 4530 and 451, or a stogle

dwell ime as shown 452,

Fig, 9 is an iustration of anotber configueation 300 of the invention. o this schematie a pulse
generator (301} 1s a separate apparatus to 8 vacuum pump 502, This pulse generator $01 can
produce a pressure differential waveform at the tp of the cathieter 303 as desoribed slsewhers in

this patent but is non blood contacting.  The pulse geverator S01 creates the W@vemm} b\’

Qeiﬂctz ve wmpusswn m connector u.hmﬁ, 504, This creates the bengfit of not baving to stor'thse

paf't of ti,\ apparatus prior to use, as the convector tubing 504 {s disposable and single use only.
The methed of use is the same ae that deseribed befiwe with the vaguum. puap 502 and pulse
gengrator 301 connected to-the provhmal end of the catheter 383 st & convector 505 with 2
proximal valve / aeal 806, The cathetor 503 is introduced theough the vasculature to the target
focation in a vessel 307 of the clot 08, Tn this case a stentrlever type olt capture device 508 §s

alss shown,

Fig. 20A shows internal details of a pulse generator S50 such as that ilustrated in Fig. 19, Inthis
configuration g .recipmca:{iﬂg plonger 551 san compress the tubing 352 creating a pressiws wave,
The tubing 552 is slaste and recovers s shape as soon as the plunger moves ap. The stroke of

the plunger 560 showsn in Fig. 208 can vary and different plonger widths or nultiple phamgers
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Restation of the cam provides a pulse geaeration capabibity.

Fig, 21 shows an adventageous design’ of the pulse generator \x‘nda mmamu

RE

2]

P

28

.
L7

series. The cam 62 nearest the vacumn punp san t

and may

To redure friction betwesn the canvand the flexible tubing, eact
layer as shown in Rigs. 224 and B. The carn 631 rolates on the seoentric mde 630 compressing

the tabing 653, To reduce the friction the cam Has ¢ low fiiction sitding outsr ring 6352 which

on i rotated

does not rotate relative 1o thevtabing, ?"g, 228 ilustratas how the sara 870 post

relative toFig. 224 but the suter ring 672 has not rotated relative 10 1he adhing wall 673,

Fig. 23 ilusteates an apparates 700 of this fnvention, comprising a vaewun pump 714 and a

\

pulse generating systemn Fige 234 shows a sore detatied  view of the pulse generating

components of the systern,  The vacuunt pumip 714 oy cemprise wdiapluagn. of Yang or pistop

wwontive presewre differenual. This
vacuum pump is c.mmec‘i;ed by mhe 735 {0 @ reception canister 707, which is configured o
recsive aspirated blood or material. A safty valve may be provided within: the eatiister W

pm\-'em‘ flaid o material onfe Tuhe 706 conndcty the

or {notishiown)}
that is jnserted within the patient, and doss
connector or rotating haemostasis valve or similar, Tobe 708 iy be id i plase by clips 709, which

S

ave conflpred so that the assenibly of tube 708, rotating valve 7

oo

oand wwhe TOT can be easily
assembled to or detached from the system (o that they may be disposable slements of the
systern). When olipped into place tubg 708 sita between 3 rotatudle cam 710 and 2 support plats
712, fu ose the System is capable of supplying # steady stote vasuurn by means of the vacwum
pumnp T4 snes awiteh 701 is moved to the "ON" pesition. The vacuuyt pump evacuaies the
canjster TO7 via tube 705, and thus # suction or aspiration foree is wanemitted through tubes 706

and 708 {once rotating valve 711 and camt 710 are in the open position).
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Fig. 235 and Fig. 23¢ llustrate the operation of the palse generating aystem, Rotating valve 711

(xv
~D

comprises & housing 715 with inlet and outlet tube comreciors 717 and 718, and an internal
rotating element 713, When rotating slemert 713 covers the mouth of either connector 717 or

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

R

Thas by rotating or oscillating element 713 5 vacuum pofse may be defiversd through tabe 708,
and this may be beneficlal for the retvieval of stubborn clot material sa praviously deseribed,

However the nature and condition of the materiad bty aapirated may affest the waveform of the

pulse goaceated i tube 708 and ransmitted to the treatment catheter and thus o the patisat, Fig.
24h Hlustates a representative pulse generated by & vacuum pump with a strople onfoff valve
10 such av rotating valve TEHL The vertical axis 851 denotes pressuce and the hovixontal sxis 850

denotes Hme, Prior 1o fnitlating any pulse 2 relatively steady state vacuum level 853 § i prosvided

be 708, Closure of valve 711 disconnects the tube from the vecwsm soures. In a case ¢ {case

3 where the tube 708 is conneoted 10 a catheter which is aspieating Hauid Blood or very soft clot

R

the closure of valve 711 will cause the vacaum in the catheter to decay guiskly, mnd angle 857

o
R

will be steep, allowing the vacuwrn {o deeay quickly from level 854 to 855, Onoe valvs 711 s

opened the vaouum 15 restored and the vaseunt level in the catheter quickly returms 1o original
level H93. I @ case {oase 2) where the tube 708 is connected to a cathster which is aspiriting a
resistant material sueh as fibrin sich thrombos the slosre of valve 711 will cause the vacuum in
the satheter to decay move stowly than in the provisus sese, and augie 337 will be more shatiow,
20 e that the rate of deeny of the veouum is significantly reduced. A rate of change of vacuum
fevel of greater than ¥)Cmmbg / second is necassary in order to sreate an effective pulse it the
catheter. A rate of change of greater than 200mmiy / second is preferred, and a rate of change

er than 400mmHg ¢ second s more preferred, while  rate of

hange of groater than

SOty / scennd i raost preferred.

25
The rotatable cam 714 and support plate 712 provide a msans of inereasing the rate of decay of

the vacuom i tube 708 and any catheter ty which it is connected, parttcalarly in the scenmto in

which tube 708 is cornnected « as fi

Hrating a tal such

rich thramb

&

care ynay be timed ©

o closure ¢

fater tha
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70% before, sinudiancously or after the opering of valve 7110 The fmpact of this system on the

The vertical axiy 751 denotes pressure and the borirontal axis 750 devotes tme.  Priof 10

585

initiating any pulse a relatively steady state vacuuny Jevel 733 s provided in wabe 708 Closurs
of valve 711 disconnects the tube from the vacomn soarce, In acase {vase 3) where the tube 708
is connected to a catheter which is sapirating a resistant material such as fibrin vieh thrombas the

closure nfvalve 71 will cause the vacuum v the catheter to stas to decay slowly at a fiest rate

Rotation of cam 710 o nonpress

10 tube 708 causss the rate of decay of the vacuum to be sigaificanily norcased, Hlustra sted by the

line betwesn poims 755 and 756, A dwsll perlod may be provided batween points 756 and 7

aller which cam 719 is rotated to remove the compression from tube 708 and valve TIT i

£ed
7
z

opened, allowing the vacuom Jevel in tube 708 wrdbop quickly from point 757 fo polat 738,

Again z dwell peviod may be provided at vacwan level 733 before additional polses are

P
a0

provvided.

Sl

Fig 25 is a schematie drasving of another pulsatife aspiration pump systemn 200 of this ivention

comfizured to provide pulses with a rapid rate of changs of vacuum fevel. Catheter 301 is ghown

in the process of aspirating thrombus 907, This aspiration is crmsed by a pressure chifferantial

20 henween the mediors in which the thrombus &s loeated outside the catheter and that of the internal
formen of the catheter. - An sapiration force ie provided 1o the catheter through ntbe 903, whish is
i tarn connected 6 tobe YO8, which s lself conrected to canister 904, Canister 804 {3

evacuated by pump 905 A second "purap® 90T is located betwesn tubes 303 and 908 and

consists vty embodin

it of a piston pamp, similar to a syringe. A pair of one way valves 906

25 and 909 are positioned either side of pision pump 902, so that when the piston moves downwards
{o tubs 903 and henge to catheter 901 before the
valve 906 closes, This cauges ¢ hin the cathster 961
Conversely when the piston moves upward the aysi pirate preferentially  from the
catheter rather than the canister, creatinegapid increase fo the vaenum fovel within the catheter
38

Fig, 26 is @ schematie drawing of snother pulsatile aspiration punp system 850 o this fnvertion

very sintilar vo systern 800, An aspiration force is provided through nube 983, w hich is in

commected to tibe 958 which 1¢ et connected 't Canlater 934, Canistar 854 i evacuated by

ptrmp 955, A second "pumyp” 852 iy Jocated between tubey 953 and 958, Pump 952 consists in

Penumbra, Inc., Ex. 1029, Page 374 of 728
Penumbra, Inc. v. RapidPulse, Inc.



15

E Qe
in

WO 2018/019829 9y PCT/ER0LT/068754
this embodiment of an oscillating diaphragm assembly 963, which is supporied by compression
spring 960 and actuated by the counteracting forces of this spring 960 and eam 961, Cam 951
may be operated by many means, inchiding the gear assembi_y 962 iustrated herein. A pabr of
one way vaives 956 and 959 are positioned either side of pump 952, so that when the diaphragm
moves downwards @ small but limited positive pressure is applied to tube 953 before the valve
956 closes.  This causes a rapid rate of ch.ang,e in the vacuum. level within the catheter 951,
Conversely when the dlapbragm moves upward the system will aspirate prefeventially. from the

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

Figs, 27a snd 27b are schematics of a simple one way valve 1000 of this invention, They are
contigured 1o open easily to allow flow in ope 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 sectfon 1001 with a pair of tube connectors 1002 and
1003 at cither end. The body 1001 has a generslly square or rectangular section, so that flap
1004 can be hinged at an vuter edge snd move fresly from an open 1o 1 clossd pasition. - A stop
1003 ix provided so that the flap is prevented from reaching a fully open position where a change
in flow divectfon would not cause it to close, A second astop 1006 prevents the flap from moviog

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

Fig. 28 is a schematic of a portion of & pulsatile pump system 1050 of this invention. Canister
1031 s vonnested to @ vatuum pump (ot shown) by connscting tube 1052, and 1o a treatment
catheter (not shown) by conmacting tube 1053, In use a vacuum, is generated within the canister
by the vacuum pump and thus blood and theombus are aapirated shrough a treatment catheter and
through tube 1083 fnto the canister. A pulsatile waveform as described in refation to Fig, 24b
can be geoerated by oscillation back and forth of obtgator 1085, which s guided through the
capister by guide port 1086, 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.
28 in varius different positions, and also show a corrupated element 1056 which may be used

to ensure that movement of the obturator does not create feakage into the canistar,

Fig. 28b (and Fig. 28) show tin abturator in the open position whete only the narrow guide

AN

portion 10587 is pommneé within the mouth of tube 1053,

3

_m ﬂ}is position a steady state vaguum

sy be maintained with fittle or no restrietion from the obturator. Fig. 28¢ shows the obtarator
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in the closed position where the tapeved portion 1058 of the obiusator s fully within the mouth of
tuhe 1053, In this position tube 1053 i no longer subject fo the vacman within the canister and
the vacmmn level within the tube {and commestad catheter) will start to decay. The rale of decay
of this vacuum can be significantly accelerated by firther advancerent of the obturator to the
§ position shows in Fig. 28d, which provides a postitve displacernent to the fluid (or gas) within
tube 1053, having a similar effect to the piston and diaphragm movements deseribed in systems

700, 900 and 938,

it will be apparest from the foregoing description that while panicular embodiments of the
10} present invention have been illustrated and described, vavious modifications can be made without
departing from the spirit and scope of the investion.  For example, while the embodinents
describad hereln refer to particular features, the ivention includes embodiments baving different
combinations of features, The nvention also inchudes embodiments that do not include alt of the
specific festures described,
15
The invention is not Hmited to the embodiments hereinbefore described which miay be vatied in

construction and detail,

A
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A system for removing ocelusive clot from a blood vessel comprising~
a cathetery and
an apparates for generating a pudsatile vacuum foree 1o pulse the pressure gradient

at 2 distal end of the catheter

A system as claimed in claim wherein the apparatus comprise a vasuum pump and

pulse genersior.

A system as claimed in claim 2 wherein the pulse generator ic integral with the vacuem

pump.

A systenas clalmed in clain 2 whereln the pulse generator is separate from the vacuan

pump,

A system as claimed fn claim 4 whereeln the pulse generator is located between the

varuum pump and the proximal end of the catheter

A system as claimed fn clabm 4 or § comprising a flexible tubing between the vacuum

punp and the proximal end of the catheter.

A system as claimed in claim 6 whereln the pulse generator is appliad to the flexible

A systam as claimed in claim 7 wherein the pulse generator comprises a reciprocating

plungsr,
A system as claimed in claim 7 wherein the pulse generator comprises a rotatable cam,

A system as chamad in claim 9 whereln the cam comprises an outer bearing to minimise

drag on the tubing,
A systerns as clabmed in claim 10 wherein the outer bearing conyprises a sliding nuter laver

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

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

gross saction along the length thereof.

A system as claimed in any of claims 1to 13 comprising & contraifer for controtling the

apparatus for generating a pulsatile vacoum source.

A svstem as clatmed i claim 14 wherein the controller is adapted to vary the pressure

sver time in a wavefirm,

A system as claimed in claim 3 whereln the waveform has a fixed fregusncy and

amplitude, and equal rige and decay times.

A system as claimed in claim 15 whereln the waveform bas a varying frequency with

time,

A systent as claimed in claim (5 whersin the waveform has varyiog ampibude with tme,

A system as claimed in caim 15 wherein the waveform has different rise and deeay

innes.

A system as claimed in claim 15 wherein the waveform sise and deeay times chaoge with

time.

A sostem as claimed in claim 15 whereln the waveform s a francated of square

waveform incorporating a dwell tme al the peak and trough of each wave.

A systers as claimed in claim 15 wharein the waveform incorporates one or mmore dwell

thmes within sach wave producing a stepped wave contiguration.

A method for removing ovehisive clot from a blood vessel comprising the steps oft-
deliveting a catheter to a location adjacent to an occlusive elot; and

applying a pulsatile vacaem to the clot using the catheter,

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

a waveform.

Penumbra, Inc., Ex. 1029, Page 378 of 728
Penumbra, Inc. v. RapidPulse, Inc.



LR

10

12
R

30

W 2918019838 PCTRPRIT06ETSS

25.

£
-

L4
P

33

28
A method as claimed in claim 24 wherein the waveforms hes a fixed frequency and

amplitude, and equal rise and decay tmes,

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

time.

A method as claimed in claim 24 whersin the w&vcimm has varying smpliude with time,

A method as claimed in claim 24 wherein the wavefurm has a diffe vent rise and decay

e,

A moethod as claimed in claim 24 wherein the waveform rise and deeay times change with

thne,

A method ax claimed in claim 24 wherein the waveform Is a troncated or sguare

waveform incorparating a dwell time at the pesk and trongh of sach wave.

A method as claimed in clain 24 whereln the waveform incorporates one or more dwell

times within each wave producing a stepped wave configuration.

A systern for removing occtusive clot from a hlood vessel comprising:-
a catheter for applying a vacuuy 1o an occlusive cloty and

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

A system as clatmed Tn claim 32 wherein the apparatus {s adapted to apply a variable

pressare 1o the ol at the distal tip of the catheter.

A system as claimed In claim 32 or 33 wherein the variable pressure applied by the
apparitus is adapted to produce a varfable pressure differential hetween the catheter and

the blood pressure arcund the cfet

A systetn as claimed I olaim 34 wherein the vasiahle pressure differential is adapted to
provide additional energy to the clot to overcome the extrusion energy required to deform

and aspivate the slot,
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36, A systery as claimed in claim 34 whereln applyiog a variable pressure differential to the
clat is adapted to changs the friction between the clot and the catheter from static 1o

dynamic friction reducing the total frivtion and fueilitating aspiration into the catheter,

3
37, A system as claimed in claime 34 wherein applying & variable pressure differential to the
clot is adapted to increase the porosity of the clot reducing the deformation force reguired
to aspirate the clot
10 3% A systent as clairoed in claim 34 wherein o plot of pressure differential against time
produces a waveform,
39, A system as claimed ju claim 38 wherein the pressure differential wavefonn is simifar to
a sine wave with fixed frequency and ampiitude, and equal rise and deeay times.
1%
40, A system ag claimed in clain 38 wherein the pressure differential waveform has a
varying frequency with die.
41, A system ay claimed in claim 38 whereln the pressure differential waveiorm has varying
20 amaphitede with time.
42, A systeny as claimed in claim 38 wherein the pressure dif¥erential waveform has different
vise and decay Hmes.
25 43 A system av claimed in claim 38 wherein the pressure differential wavelorm rise and
decay times change with me.
44, A system as claimed in claim 38 wherein the pressure differential waveform is 8
froncated or sguare waveform incorporating a dwell time at the peak and trough of each
33 WavE,

45 A system as claimed o claim 38 wherein the pressure differential wavelorm incorporates

one or more dwell tmes within each wave producing a stepped wave condiguration.

Penumbra, Inc., Ex. 1029, Page 380 of 728
Penumbra, Inc. v. RapidPulse, Inc.



i

3.
h

30

WO I0IR/019829 POTERIOLTOGRTISS

48,

48,

48,

L8y

192
N

$92%
§943

aec]

3

A systom as claimed in clalm 34 and 3% whevein the pressure in the catheter tip is always

less than the surrounding blood pressuce,

A system as claimed inclsinm 34 and 38 wherein the pressure io the catheter tip is greater

than. the surmnunding blood pressure for a fracton of the waveform,

A systeon as clatmed dn claim 38 wherein the pressure differential  waveform is 3

combination of some or all the wavelorms detatied i claims 39 to 45,

& sysiem as olaimed in clalm 48 wherein the pressare differential waveform is pres

pregrammed in the apparatus

A systent as clabmed in claim 49 whersis the pre-programment pressuve - differeatial

wavelorm is optintized for a partiowdar clot type,

A systen as clabmed in claim 38 whevein the pressure differential waveform {s produeced

in the apparatus by moving one or more pistons in a fhuid chamber shnilar to o syringe,

A systent as clajoed fo clain $1 where the piston 15 driven by a rotating mechanical drive

sysiam

A system as claimed iy claim 31 where the piston is deiven by a electromechanical means

such a5 a finesy drive system
A systern a6 claimed i claim 51 where the piston s driven by pieznelentric means,
A system as claimed in claim 51 where the piston is driven by a preumatic ovlinder.

A system as claimed in any of clabms 32 1o 5§ wherein the apparatus - for generating an

additional energy is separate from the catheter

A system as clabmad i sy of claios 32 to 56 wherein the apparatus for generating an

addivional energy is integral with the catheter.
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A svstem as clatmed inclaim 37 whereln the catheter containg a piston,

A system as clabmed n claim 58 wherein the piston is actoated by 3 drive systent external

to the catheter.

A systern as claimed in any of elaims 32 to 39 wherein the addittional energy applied 1o

the clot-comprises a vilwation forge,

A systent as claimed in claim 60 wherein the catheter incorporates 3 vibrating tip.

A system as claimed in claim 60 wherein the froquency of the vibrating tip is variable

from S Hz to greater thay 20,800 He.

A syster as claimed in claim 6 1 wherein the vibrating tp gontais pné or more aspiration

Jumens with a total cross sectional area greater than §.78mm?,

A system as claimed b claim 34 wherein the appatates corsprises a steady state vacuom

ganerator and a pulsatile flow generator,

A method for removing an ocelusive clot from a blood vessel comprising the steps of
delivering a catheter to 8 location adjacent to an veclusive clots
applying 2 vacuum to the clot using the cathetee; and

applying o additional eneegy to the el

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

the cathster.

A method as claimed in claim 66 wherein the additional energy is apphied to the clot via

the catheler as the catheter approaches the clot.

A method as claimed in claim 66 whersin the additional encegy is applied to the clot via

the catheter only after the vatheter fails to aspirate the elot with steady state vaguum.,
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A method as claimed in claim 65 wherein the additional energy is applied v a guide

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

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

catheter or sheath and an intermediate catheter simulianeoust L.

A methed as claimed in claim 65 wherein the additional snergy is applied to the clot via

the catheter In conjunction with the use of a steniriever devige.

A method w5 claimed in claim 65 whereln the additional snergy is applied to the clot

shrough the catheter,

A methed as claimed in any of claims 65 10 72 comyprising:
- defivering the auxiliary apparatus to a location adiacent to the slot: and

b. applying the additional energy directly to the clot,

A method as claimed e claim 73 comprising defivering the catheter and the maxifiary
apparatus stnultaneously,
A system as clabmed tn any of claims 110 22 or 32 (o 64 comprising a capister which ig

configured to receive aspirated bload or material,

A systern ag claimed in claim 75 whereln the system compriges a vacuum pump which is

connected {o the canister,
A system as claimed iy claim 76 whereln the vacuun ts deawn through the canister.

¥

A system as claimed in any of claims 110 22, 32 to 64, or 78 o 77 comprising a first

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

A system as claimed o claim 79 wherein the vacuum pulse generators are configured to
operate separately, at the same time, o at different times to vary the vacuam pulse

fenerated.
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A system as claimed iniany of claims 78 1o 80 wherein the first pulse generator comprises
a valve having a housing and an element which is rotatable and/or os sillatable fn the

housing.

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

adapted to engage a flexible tube.

A system as claimed in olaim 82 wherein the second vacuum pulse generator comprises a

rotatable sam.

A system as claimed o claim 78 wherein the fivst vacuum pulse generator comprises 8

purmp.

A sestem as clairoed i claim 84 fwther comprising non-returm valves located on both

aldes of the pump.

A systent as clabmed tn claim 78 comprising # canister configured to receive aspirated
Kood or material and the frst pulse generator comprises an obturator which i movable

through the canister:
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a distal portion (3), the distal portion having for at least some of its length a corrugated outer surface. A transition portion has a flexural

A catheter has ajacket (10, 11, 5) defining a lumen and a helical support (6). The catheter has a proximal portion (4) and

stiffness which is less than that of the distal portion and more than that of the proximal portion. The transition portion provides an

may

optimum transition in flexural stiffness by way of features of the jacket including geometry of jacket corrugations (15), or overlapping
tubular layers (1073, 1074). The distal end of the distal portion may have an extension of liner material folded over (1072, 1082) to
provide a particularly soft tip. In other examples the liner is terminated (763) before the distal tip. The catheter is particularly suited to
an aspiration device (1350) with a flow restrictor (1353) and the distal portion distal of the flow restrictor. An aspiration system (3500)

employ the catheter with a pump which dynamically applies negative or positive pressure to optimally aspirate a clot.
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“Improved Catheters and Devices and Systems Incorporating such Catheters”

INTRODUCTION

Field of the Invention

The present disclosure relates to catheters and to devices and systems incorporating such
catheters, and to their methods of use. An example is a flexible catheter for endovascular

procedures.

Prior Art Discussion

Most endovascular procedures require the use of flexible catheters, for example, to deliver
contrast injection, to deliver implantable devices, perform vascular procedures, or to aspirate.
Due to the tortuous nature of the vasculature, it is important for catheters to be flexible enough to
travel through vessels without excessive force. However, there is generally a trade-off between
the features of catheter diameter, trackability, flexibility, and kink resistance. An increase in
catheter diameter tends to increase its stiffness, which lowers its trackability and may
dangerously increase vascular sheer forces. An increase in flexibility tends to increase the
tendency of the catheter to kink as it is pushed through the vasculature, which limits the catheter
to vessels with gentle curves. In general, a decrease in wall thickness increases flexibility and
allows access to more tortuous vessels, there being a trade-off between flexural stiffness and

kink resistance.
The invention is directed towards providing a catheter with improved properties for desired
flexural stiffness and flexibility, to thereby allow use in difficult locations such as where there

are significant curves and small dimensions in the patient vessels.

SUMMARY OF THE INVENTION

A catheter has a jacket defining a lumen and a helical support. The catheter has a proximal
portion and a distal portion the distal portion having for at least some of its length a corrugated
outer surface. A transition portion has a flexural stiffness which is less than that of the distal
portion and more than that of the proximal portion. The transition portion provides an optimum
transition in flexural stiffness by way of features of the jacket including geometry of jacket
corrugations, or overlapping tubular layers. The distal end of the distal portion may in some

examples have an extension of liner material folded over to provide a particularly soft tip. In

Penumbra, Inc., Ex. 1029, Page 411 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

WO 2019/115809 0. PCT/EP2018/085064

other examples the liner is terminated before the distal tip. The catheter is particularly suited to
an aspiration device with a flow restrictor and the distal portion distal of the flow restrictor. An
aspiration system may employ the catheter with a pump which dynamically applies negative or

positive pressure to optimally aspirate a clot.

In one aspect we describe a catheter comprising a jacket defining a lumen and comprising a
helical support in jacket material along at least some of its length, the catheter comprising at least
a proximal portion and a distal portion, said distal portion having for at least some of its length a
corrugated outer surface. The catheter preferably comprises a transition portion between said
proximal portion and said distal portion, said transition portion having a flexural stiffness which
is less than that of the distal portion and more than that of the proximal portion. The transition
portion preferably has a corrugated outer surface in which at least some corrugations of the
corrugated outer surface have a smaller depth and/or width than corrugations of the surface of

the distal portion.

Other aspects of the catheter are set out in the attached claims 4 to 88.

We also describe a method of manufacturing a catheter of any embodiment, wherein the jacket is
formed in at least some regions by positioning a membrane over a helical structure, applying
heat so that the membrane reflows such that it forms around the helical structure, winding a
tensioned cinch wire around the outside of the membrane such that it forces membrane material
into grooves between each loop of the helical structure, heat setting the membrane to fix the

corrugations in place, and unwinding the tensioned cinch wire leaving the corrugations behind.

The jacket may include fluoropolymers and said fluoropolymers may be bonded with each other
and/or with other polymers at bonding interfaces. Chemical treatment may be applied at said
interfaces using an etching solution. The etched fluoropolymer may be coated with a thin layer
of urethane such as Chornoflex, and on the application of heat, this layer flows and acts to tie the

fluoropolymer to a second etched fluoropolymer layer or to a different polymer layer.

In one aspect, the method comprises providing the helical support within a polymer jacket which
is bonded to a liner to form a base assembly, placing an outer liner which will not bond to the
polymer jacket over the jacketed coil, winding the cinch wire in a helix onto the outside of the

outer liner under tension thereby imparting a corrugate geometry, heating to reflow or anneal the
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material to set said material into the corrugate geometry, cooling the assembly, removing the

cinch wire, and peeling off the outer liner.

We also describe an aspiration device comprising a catheter of any embodiment described herein
and a flow restrictor, in which the distal portion is distal of the flow restrictor. The catheter may
comprise a transition portion between said proximal portion and said distal portion, said
transition portion having a flexural stiffness which is less than that of the distal portion and more
than that of the proximal portion, and at least part of said transition portion extends distally of

the flow restrictor.

The flow restrictor may comprise a balloon and the balloon is arranged to inflate to block blood
flow before aspiration of a clot into the catheter distal portion. Alternatively it may be used to
block blood flow before precise delivery of an embolic agent to region of the vasculature,

tumour, or organ.

Length of the distal portion is in one case suited to reach specific anatomical locations, such as
the distal internal carotid artery, terminus of the internal carotid artery, proximal MI, distal MI,
proximal M2, distal M2, basilar, or vertebral vessels, wherein the flow restrictor remains in or

proximal of the C1 segment of the ICA.

Various aspects of the aspiration device are set out in appended claims 94 to 110.

We also describe a method of use of an aspiration device of any embodiment, the method
comprising steps of deploying the aspiration device in a patient’s blood vessel, navigating the
distal portion to a clot in the vessel, causing the flow restrictor to block blood flow, applying a

vacuum to the catheter so that the clot is aspirated into the distal portion.

In one example, the method comprises:
performing an angiogram to determine location of an occlusion, and distance between
petrous or cavernous carotid and the occlusion,
choosing a catheter with a distal portion length suitable to reach a clot causing the
occlusion, while ensuring that the flow restrictor does not land beyond the cervical
carotid,

navigating the distal portion of the catheter to the clot,
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activating the flow restrictor such that flow arrest is enabled, and alternative flow
pathways which could reduce the effectiveness of the aspiration are minimised,

applying a vacuum to the lumen of the catheter to aspirate the clot,

if the clot is retrieved, performing another angiogram through the balloon guide catheter
or a diagnostic catheter, and

removing the catheter.

We also describe an aspiration system comprising a catheter of any embodiment, a pump linked
with the catheter proximal portion, and a controller arranged to vary aspiration pressure during
aspiration of a clot. The system may comprise a lumen pressure senor and the controller is
configured to vary aspiration pressure according to sensed pressure within the catheter lumen.

The system may comprise a lumen fluid flow sensor, and the controller is configured to vary

aspiration pressure according to sensed fluid displacement in the lumen.

The controller may be configured to improve the efficiency of aspiration by preventing clogging
of the catheter, and/or to promote maceration and deformation of a clot to enable it to travel

through the lumen.

Various aspects of the aspiration system are set out in the appended claims 113 to 135.

We also describe methods of use of an aspiration system of any embodiment, in which the
controller varies aspiration pressure during aspiration of a clot. There may be a lumen pressure
senor and the controller varies aspiration pressure according to sensed pressure within the
catheter lumen. There may be a lumen fluid flow sensor, and the controller varies aspiration
pressure according to sensed fluid displacement in the lumen. Preferably, the controller
improves efficiency of aspiration by preventing clogging of the catheter, and/or promotes
maceration and deformation of a clot to enable it to travel through the lumen. Also, the
controller may provide a vacuum or a positive pressure based on measured pressure, and change

direction hence altering the pressure and fluid displacement.

The controller may have defined upper and lower limits of pressure or displacement to decide
whether to apply a vacuum or pressurize, and/or it may cause the catheter to cyclically ingest and
if required expel, at least some of a clot, whereby there is deformation of the clot to improve
efficiency of aspiration and prevent clogging of the catheter. The controller may begin to draw

some vacuum so that a negative pressure is measured and in the absence of an occlusion or
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partial occlusion of the catheter tip, this will be a nominal reading, representing free-flow of fluid
through the catheter, and once the catheter is advanced and engaged with the clot, an increase in

the vacuum is observed.

The controller may increase a vacuum to ingest more of a clot and reverse at a low limit of
pressure defined such that during vacuum, a portion of the clot has been aspirated but not so
much that the clot has become irreversibly clogged and the lower limit of vacuum can be set

above a full vacuum pressure to prevent ingestion of too large a clot that could clog the catheter.

Other aspects of the method of operation of the aspiration system are set out in the attached
claims 113 to 135. For example, the controller may set the low limit between -100 mm-HG and
-200 mm-Hg, preferably between -200 mm-HG and -300 mm- Hg, more preferably between -
400 mm-HG and -500 mm-Hg, and more preferably between -600 mm-HG and -700 mm-Hg;
and it may cause direction of fluid displacement of the pump to be reversed thereby increasing

the pressure measured, and unloading a clot.

DETAILED DESCRIPTION OF THE INVENTION

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. 1is a schematic cross-sectional view of a distal end of a catheter;

Fig. 2 is a cross-sectional view of a catheter wall portion having varying depths of

corrugation;

Fig. 3 illustrates an outer surface of the catheter shown in Fig. 1;

Fig. 4 is a cross-sectional view of the full catheter shown in Fig. 1;

Fig. 5 is a schematic cross-sectional view of a catheter wall portion having an outer

tubular layer bonded with an inner tubular layer;

Penumbra, Inc., Ex. 1029, Page 415 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

WO 2019/115809 _6- PCT/EP2018/085064

Fig. 6 is a schematic cross-sectional view of a transition between a distal wall portion and

a proximal wall portion;

Fig. 7 is a schematic cross-sectional view of another transition between a distal wall

portion and a proximal wall portion;

Fig. 8 shows force measured at a lmm displacement in a 3-point bend test of a
conventional catheter design (0. 80A urethane jacket over a 0.005in NiTi coil over on a

0.00lin PTFE Liner), and highly flexible corrugated ePTFE design;
Fig. 9 shows behaviour of a conventional catheter under compression when pushed
against restriction, and Fig. 10 shows behaviour of a corrugated catheter under

compression when pushed against a restriction;

Fig. 11 shows in a catheter use of progressively more flexible (or less “pushable™)

sections of catheter wall within the distal tip, distally of a proximal portion;

Fig. 12 is a section through an outer wall having a corrugated surface, with an inner liner;

Figs. 13 shows a section through a catheter in which the inner liner terminates before the

of the catheter

Fig. 14 shows a cross section of the catheter where the helical support is not exposed to

the inner lumen of the catheter.

Fig. 15 show further constructional details of catheter walls to achieve desired flexibility

at the proximal and distal portions;
Fig. 16 shows an outer tubular layer added to the outside of the corrugated structure
which embeds the helical support to further increase the stiffness of a section of the

catheter proximally of the distal end;

Fig. 17 shows steps for manufacture of a corrugated polymer jacketed catheter section;
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Fig. 18 shows a catheter portion with a liner, a coil and inner and outer tubular layers

respectively and in-fill for increased stiffness;

Fig. 19 shows both the inner and outer tubular layer thickness being increased; in this

instance the coil may be floating or constrained between the outer layer and inner liner;

Fig. 20 shows a catheter portion having a liner, an outer jacket layer underneath a coil,
and two layers outside the coil; in this instance the coil may be floating or constrained in

the jacket material;

Fig. 21 shows, in order to achieve a controlled change in stiffness of the distal tip,
multiple layers being overlapped to achieve a precise level of stiffness; in this instance

the coil may be floating or constrained in the jacket material;

Fig. 22 is a plot showing results of 3-point bend tests to evaluate stiffness;

Fig. 23 shows the distal-most end of the distal portion finished by inverting an inner liner
over the helical support to form a continuous element; in this instance the coil may be

floating or constrained in the jacket material;

Fig. 24 shows a distal portion in which softness is improved by extending inner and outer
tubular layers beyond the last coil of the helical support; in this instance the coil may be

floating or constrained in the jacket material;

Figs. 25A and 25B show further examples of catheter arrangements in which an inner
liner is inverted to return as a continuous element; in this instance the coil may be

floating or constrained in the jacket material;

Fig. 26 shows in a catheter having a proximal end and an intermediate portion an inner
tubular layer of ePTFE material extending along the entire length of the catheter

including a distal end, where it is bent back to be continuous;
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Fig. 27 shows the inner tubular layer being of ePTFE in a distal portion and of PTFE in a
more proximal portion of the catheter; a butt joint is used in which the proximal liner is

concentric within the distal liner;

Fig. 28 shows the proximal region of rib and recess corrugation having an outer tubular
layer comprised of a polymer material and a distal liner transitioning to different material;

alap joint is used in which the distal liner is concentric within the proximal liner;

Fig. 29 shows that for a distance the ePTFE is concentric within the PTFE;

Fig. 30 shows a further arrangement of a helical support in the jacket in which the helical
support is comprised of a tubular layer of Nitinol or other material over a radiopaque

material such as Platinum; in this instance the coil may be floating or embedded;

Fig. 31 shows catheters with radiopaque markers at various positions along its length;

Fig. 32 is a series of diagrams showing a typical prior art setup of a balloon guide

catheter in a thrombectomy procedure to provide proximal flow occlusion;

Fig. 33 shows a balloon catheter with an enhanced flexibility section on the distal tip, and
Fig. 34 is a diagram showing layers and lumens of a dual lumen balloon of the catheter of

Fig. 33;

Figs. 35 and 36 show corrugated tube tips for enhanced flexibility;

Fig. 37 left image shows an Angiogram demonstrating the external carotid, common
carotid and internal carotid artery (ICA), including the C1 and C2 segments, and right

image shows acceptable positioning of the balloon;

Fig. 38 shows the proximal and distal shaft having the same outer diameter, and the
proximal shaft having two concentric lumens, in which the central lumen diameter is less

than that of the flexible distal tip;
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Fig. 39 shows a catheter with a balloon and a distal portion having a smaller outer

diameter than the proximal portion;

Fig. 40 shows a catheter with a non-corrugated proximal region of the distal section;

Fig. 41 shows a catheter device with a radiopaque marker at the distal end of the flexible

distal tip;

Fig. 42 shows a mother and daughter catheter arrangement wherein the larger catheter is
used to occlude inflow to the target vessel, while the smaller catheter is used to retrieve

the clot;

Fig. 43, left diagram, shows the use of a small catheter unable to reach a distal target
vessel (right) during delivery of a drug or embolic and the resulting undesired delivery to
a non-target vessel (top left vessel); and the right hand diagram shows a method wherein
a highly flexible large diameter catheter is chosen to effectively occlude the target vessel,
and can be placed beyond the non-target vessel, so delivery of the embolic only occurs to

the target vessel; it is preferable that the catheter is wedged in the target vessel;

Figs. 44(a) to 44(e) are schematic diagrams outlining relationship between pressure in the

catheter lumen, and the clot behaviour, during aspiration;

Fig. 45 shows a setup used for aspiration of a clot or other material from the body using a

pump;

Fig. 46 is a flow diagram showing steps including pressure monitoring to establish

whether the pump should apply vacuum or pressurize during the aspiration procedure;

Figs. 47(a) to 47(n) are diagrams illustrating operation of the clot removal device in

various examples;

Figs. 48(a) to 48(c) show varying pressure signals between two vacuum levels;

Fig. 49 is a flow diagram showing method steps for positive oscillation or shake signals;
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Figs. 50(a) and 50(b) are plots showing shake signals;

Figs. 51 (a) and 51(b) are a flow diagram and an associated plot for vacuum and positive

oscillation;

Figs. 52(a) and 52(b) are a flow diagram and an associated plot for positive and negative

modulation of aspiration; and

Figs. 53(a) and 53(b) are images of a pump and its components, including a housing, a
connecting tube, an on-off switch, a battery pack, a pulsatile pump, and a motherboard, in
which the pressure sensor is connected to the tube (or “lumen’), which is connected to

the catheter, thereby enabling pressure measurement within the catheter.

Description_of the Embodiments

Various embodiments are depicted in the accompanying drawings for illustrative purposes, and
should in no way be interpreted as limiting the scope of the embodiments. Furthermore, various
features of different disclosed embodiments can be combined to form additional embodiments,

which are part of this disclosure.

Terminology

“Jacket” is the wall of the catheter, and these terms are interchangeable. It may be corrugated in
all or some regions along the length (longitudinal direction). It may include any or all of a
helical support (or “coil”’) surrounded by jacket material, and an inner liner. The inner liner,
where present, defines the lumen, but otherwise the other jacket material defines the lumen. A

liner where present, may be terminated at some location in the catheter.
“Tubular layer” is a layer of material of the jacket.
“Pushability” is understood as the transfer of force and/or displacement applied at a proximal

portion of a catheter, along a length of the catheter, to a more distal portion of the catheter. The

higher the flexural stiffness the greater the pushability.
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“Corrugate” is a rib and recess geometry on the outer surface of the catheter, most often in a

spiral pattern.

“Distal” means further from a clinician in use, closer to a catheter tip in the longitudinal

direction, and “proximal” means closer to the clinician.

Description_of the Embodiments

Fig, 1 illustrates an embodiment of a highly flexible, kink resistant catheter 1. The catheter 1
includes a distal portion 3, a proximal portion 2, a central lumen 5 and a reinforcing structure
such as a helical support 6 that runs the length of the catheter. The proximal portion and/or a
transition between the distal portion and the proximal portion can in various embodiments
include any of the corresponding features of the catheters described in U.S. Application No.
15/647,763, filed July 12, 2017, titled “HIGH FLEXIBILITY, KINK RESISTANT CATHETER
SHAFT,” which is attached in the Appendix. The inner tubular layer and/or the outer tubular
layer can include PTFE, ePTFE, electrospun PTFE, silicone, latex, TecoThane, nylon, PET,
Carbothane (Bionate), SIBS, Tecoflex, Pellethane, PGLA, or Kynar, Polyethylene and cyclic
olefin copolymers, PEEK.

The inner and outer tubular layers (Fig. 1) in at least the distal portion can be formed from a
single section of material or a number different sections of similar or different material. In this
embodiment the outer tubular layer 11 of the distal portion is formed from a polyurethane (e.g.

Pellethane 80AE) and the inner tubular layer 5 is formed from ePTFE and/or PTFE.

In this case the catheter jacket comprises an inner liner 5 and an outer tubular later 11 with a
helical support 6. The highly flexible distal portion 3 (left side) of the catheter is created by
forming corrugations 15 into the outer surface of the outer tubular layer 11. The helical support
6 is encapsulated between the corrugations of the outer tubular layer 11 and the outside of the
smooth inner tubular layer 5 as shown in Fig. 1. The formation of a corrugated wall structure
during bending provides flexibility while reducing the likelihood of kinking. The corrugated
outer surface can also decrease resistance when the outer surface of the catheter contacts a vessel
wall. The depth of the corrugations may be tailored to provide a desired variation in stiffness

along the length of the catheter as shown in Fig. 2.
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As shown in Fig. 1 a parameter “D” is depth of a corrugation and a parameter “W” is the width
of a corrugation. The width is not the distance from peak to peak, rather it is the effective width
of the valley. In effect for many embodiments this is provided during manufacture by tightening
a cinch wire around a tubular layer, heat treating, and removing the cinch wire to provide the
corrugated surface. The width W it approximately the diameter of the cinch wire in this case.
The depth D is not necessarily uniform because the pressure applied by the cinch wire may vary
along the length of the catheter thereby forming deeper indentations in some locations than in

others.

Fig. 2 shows a cross section through a wall of a catheter tip 50, having an inner layer 51, a
helical coil support structure 52, an outer layer 53 with a corrugated surface 53. The depth A of
the corrugations on the left hand side is greater than the depth B on the right hand side. The
section with the lower corrugation depth B may function as a transition region before a tip (left

hand side) with more flexibility.

In the examples of Figs. 1 and 3 the coil is embedded in the jacket; being constrained from

movement relative to the surrounding jacket material.

Additionally, pitch, or corrugation width variations may be used to control the flexibility locally
in the corrugated region. Also, flexibility may be set during manufacture by choosing some
length of the coil to be embedded in the jacket or to be floating, the region with the floating coil
being more flexible. Where the coil is floating it is in the context of the jacket tubular layers
being attached in the spaces between corrugation rubs, such as ajacket tubular layer to an inner

liner.

The outer tubular layer can extend at least a length of the highly flexible distal portion or extend
beyond the distal portion for some distance along the proximal (midsection) length or extend the
entire length of the catheter as shown in Figs. 3 and 4 (which shows the catheter of Fig. 1 in its
full length). Extending the outer tubular layer at least some length beyond the highly flexible
distal portion of the catheter allows for a controlled stiffness transition between the distal and
proximal portions of the catheter and for the formation of a robust joint between the outer tubular
layer and any additional outer jacket materials. Again, flexibility may be set during manufacture
by choosing some length of the coil to be embedded in the jacket or to be floating, as is the case

for any of the embodiments described with reference to Figs. 3 or 4.
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To form the corrugations in a tubular membrane, the membrane can first be positioned over the
helical reinforcing structure. On the application of heat, the outer tubular membrane will reflow
such that it forms around the helical structure. A tensioned wire can then be wound around the
outside of the tubular membrane such that it forces portions of the membrane into the grooves
between each loop of the supporting helical structure. The tubular membrane can then be heat
set to fix the corrugations in place. After this process the tensioned wire may be unwound

leaving eh corrugations behind.

The inner tubular layer can extend into the proximal portion of the catheter to provide an
uninterrupted lumen and to join or improve the joint strength between the highly flexible distal
portion of the catheter and the proximal portion of the catheter. The diameter of the inner
tubular layer can be constant (e.g. smooth surface). The inner tubular layer may form at least
part of or the entirety of the liner as shown in Figure 4. The inner tubular layer can be made

from a low friction material such as ePTFE or PTFE.

As explained above, the outer tubular layer of at least the distal portion is formed from a
polyurethane (e.g. Pellethane 80AE) and the inner tubular layer is formed from an ePTFE and/or
PTFE liner. It is necessary to attach these layers together and this is not easily achieved as

fluoropolymers do not form strong bonds with other materials.

To facilitate bonding between fluoropolymers (e.g. ePTFE and PTFE) and between
fluoropolymers and other polymers such as polyurethanes (e.g. Pellethane) the outer or bonding
surface of the fluoropolymer(s) may be chemically treated using a sodium-based etching solution
such as FluoroEtch. The etching solution removes fluorine atoms from the surface of the

fluoropolymer and prepares it for bonding.

The etched fluoropolymer can then be coated with a thin layer of urethane, such as ChronoFlex.
On the application of heat, this thin ChronoFlex layer flows and acts to tie the fluoropolymer to a
second etched fluoropolymer layer or to a different polymer layer as shown in Fig. 5. This

embeds the coil.

This diagram shows part of the cross-section of a catheter at its distal portion 150. This includes

a liner 151 of ePTFE or PTFE, a tie layer 152 of urethane or FEP tape or FEP powder. Also,

Penumbra, Inc., Ex. 1029, Page 423 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

WO 2019/115809 _14 - PCT/EP2018/085064

there is a Nitinol™ coil 153 in an outer jacket 154 of ePTFE, or urethane material. The nitinol
coil 153 is encapsulated between the outer tubular corrugated layer and the smooth inner tubular
layer 151. The tie layer 151 serves the purpose of attaching the liner 151 to the outer jacket
material. If the liner is of ePTFE material then it will need to be etched to strip the fluorine

atoms so that it will form a better bond with the tie layer.

Again, flexibility may be set during manufacture by choosing some length of the coil to be
embedded in the jacket or to be floating, as is the case for any of the embodiments described

below with reference to Figs. 6 and 7.

The ChronoFlex™ tie-layer 152 is so thin it does not cause any significant change in wall
thickness. An alternative form of tie-layer involves the use of FEP. The fluoropolymer may be
sputter coated with a FEP powder which under heat and pressure forms a bond between the
coated fluoropolymer layer and a second layer. An ultra-thin FEP tape may also be used in the

same application.

The helical support is encapsulated between the corrugations of the outer tubular layer and the
smooth inner tubular layer as shown in Fig. 5. The inner tubular layer and the outer tubular layer
are bonded together in the space between the adjacent loops of the helical support by such
mechanisms as a tie-layer. The helical support is bonded within the helical channel formed by
the corrugated outer tubular layer, i.e., the helical support is molecularly or physically attached
to the outer tubular layer. The helical support may also be bonded to the outside surface of the
smooth inner tubular layer. The distal portion of the catheter retains highly flexibility and kink
resistance because of the advantages inherent in a corrugated outer structure and using materials

of appropriate stiffness and thickness.

In the present configuration, the pitch of the helical support may vary over the length of the
catheter to influence the flexural stiffness of the catheter. For example, the helical support could

have a different pitch at the proximal loops compared to the distal loops.

If the outer tubular layer of the distal portion of the catheter is formed from a fluoropolymer such
as ePTFE or PTFE and the outer tubular layer of the proximal portion is formed from a different
polymer then achieving a good bond, especially one that resists delamination during tracking,

can be difficult. This may be overcome by sandwiching the outer layer of the proximal portion
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of the catheter between the inner and outer tubular layers of the distal portion of the catheter as

shown in Fig. 6.

Fig. 6 shows a portion 200 of a catheter, having an inner lumen 201 with a liner, an outer layer
203 of Pellethane 80AE material, and Nitinol coils 206. On the right hand sider the catheter has
a smooth outer surface 203, and distally in a transition section there are corrugations 204 with a
small depth, and more distally deeper corrugations 205 for more flexibility. The arrangement of
having a transition section between proximal and distal sections may be referred to as a

“sandwich arrangement”.

If the inner tubular layer of the distal portion of the catheter is formed from a different material
or different section of material from that of the inner tubular layer of the proximal portion then
the tubular layers can be joined by creating a small slit or window in one tubular layer and
pulling a spliced length of the other tubular layer through it as shown in Fig. 7. The helical

support is then wound around the outside of these layers thus keeping them together.

Fig. 7 shows a catheter section 250 with a proximal end 251, a transition section 252, and a distal

tip 253, and a spliced proximal layer 260 with a window 261.

In various embodiments the helical support is physically attached by being constrained or
embedded in the catheter wall to move with its surrounding wall material. Such embedding
might be achieved at an interface between the coil and solely the jacket material, or combination

of an interface of the jacket material and the inner liner.

The embedding can be achieved by a very tight fit between the coil and the surrounding material.
Generally, there is no gap between the surrounding wall material and the coil. Due to the three-
dimensional geometry of the coil, when within a surrounding material, it is unable to move

independently.

Due to the manufacturing technique in which the material may be moulded around the coil, there
is no play between the coil and jacket, meaning it cannot move independently. That is to say, the

coil is immovable without concurrent movement or deformation the surrounding jacket material.
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This lack of play, and tightness of fit means there is an interfacial friction between the coil and
surrounding material, further providing constraint, and meaning the coil and surrounding

material must move together.

In other embodiments, the coil may be floating, that is to say there is not a tight fit between the
material in the jacket and the helical coil. In these instances, there is some play between the
helical support and the jacket. This is particularly the case where the jacket material surrounding
the helical support is comprised of ePTFE. In this instance, even in the presence of a relatively
tight geometric fit, the material is quite supple and may allow movement of the helical support

relative to the ePTFE.

In general, the following are some preferred parameter ranges for aspects of the catheter.

For at least some of the length of the catheter the width of the corrugate is no more than 50% of

the pitch of the corrugate.

For at least some of the length of the catheter the width of the corrugate is between 5% and 49%
of the pitch of the corrugate, and more preferably the width of the corrugate is between 15% and

45% of the pitch of the corrugate.

For at least some of the length of the catheter the width of the corrugate is between 20% and

45% of the pitch of corrugate.

For at least some of the length of the catheter the width of the corrugate is at least 10% of the

jacket thickness.

For at least some of the length of the catheter the width of the corrugate is at least 20% of the

jacket thickness.

At the most distal region of the distal portion the width of the corrugate it at least 60% of the

jacket thickness.

At the most distal region of the distal portion the width of the corrugate it at least 60% of the

wall thickness and the depth of the corrugate is at least 70% of the wall thickness.

The ratio of the width of the corrugate to the depth of the corrugate is at least 0.5 in at least one

region of the catheter
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In the embodiments described below the coil may be either embedded or floating in some or all

regions of the catheter, unless stated otherwise.

Referring again to the construction of the catheter structure, we achieve a catheter with a highly
flexible distal tip, to ensure that a smooth transition in flexural stiffness and pushability is
achieved between the flexible distal portion and the proximal portion of the catheter, which may
be of more conventional construction. A smooth transition prevents areas of stress and strain
concentration within the catheter shaft. Such areas have potential for kinking of the catheter,

delamination of layers of material, and/or of damage to key bonds within the catheter.

Bench testing demonstrates the large difference between the stiffness of a conventional catheter
tip design and a highly flexible corrugated design. Smoothly bridging of this gap presents a

technical challenge.

Fig. 8 shows force measured at a 1 mm displacement in a 3-point bend test of a conventional
catheter design (0. 80A urethane jacket over a 0.005in NiTi coil 0.018in (0.45 mm) pitch over
on a 0.00lin (0.025mm) PTFE Liner), and highly flexible corrugated ePTFE design (inner and
outer 0.002in (0.05 mm) wall ePTFE 0.9g/cm3 density, with a 0.005 in (0.125 mm) NiTi coil,
0.018 in (0.45 mm) pitch.

It should be appreciated that while very good catheter shaft flexibility allows the catheter to
navigate extremely tortuous bends at low force and reduced potential for vessel damage, it can
also lead to some compromise in pushability. For clarity, pushability is understood as the
transfer of force and/or displacement applied at a proximal portion of a catheter, across a length

of the catheter, to a more distal portion.

Catheter flexibility may limit the transfer of a displacement applied at a proximal portion of the
catheter to a distal portion of the catheter. This implies a portion of the displacement is absorbed
through global deformation of the catheter as shown in Fig. 9. Fig. 9 shows behaviour of a
conventional catheter under compression when pushed against restriction. In this instance the
length of the catheter 600 has not changed. In general, it is this type of shortening which occurs

in catheters of conventional construction.
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Fig. 10 shows behaviour of a corrugated catheter 650 under compression when pushed against
restriction. In the case of a corrugated outer jacket with a thin inner and outer tubular layer, the
deformation may be accommodated by the catheter wall. The inner and or outer tubular layers of
the catheter can deform locally, particularly in the recess meaning the overall length is reduced.

Some of the global deformation of the catheter as shown in Fig. 9 would also be expected.

This soft compressive behaviour is advantageous at the distal tip as the catheter tip is limited in
its ability to move forward causing vessel damage or dissection. However, in cases in which the
distal tip is very long, some increased pushability in the proximal portion of the tip may be

preferable to allow the physician to navigate the catheter distally and proximally as intended.

In one configuration one or more regions of varying pushability and flexibility are present within
the catheter tip comprised of one or more of the regions of arib and recess construction. Fig. 11
shows in a catheter 700 use of progressively more flexible or less pushable sections of catheter
wall 701 within the distal tip, distally of a proximal portion 702. In one configuration the most

flexible region is on the distal tip of the catheter.

These regions of increased/decreased pushability/flexural stiffness are achieved by a number of
features such as embedding of the helical support, alterations to the inner and outer tubular layers
(wherein the helical support may or may not be floating between the inner and outer tubular

layers), or the use of an in-fill material.

The change in the stiffness or pushability via the transition region may be gradual change or via
multiple steps. Where it is stepped or gradually changed it may be achieved by having a
particular tubular layer terminated, or by a change to the degree of corrugation or a change in

material.

It is envisaged that any or all of these approaches may combined on some or all of the catheter
shaft. Examples are as follows:
A distal tip in which at least some is of corrugated material which embeds a helical
support, wherein the degree of corrugation is altered progressively proximally to achieve
in increase in stiffness. The most distal region may or may not have a liner. The liner is
ePTFE, transitioning to PTFE in a more proximal region. The most proximal portion

may not be corrugated.

Penumbra, Inc., Ex. 1029, Page 428 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

WO 2019/115809 -19- PCT/EP2018/085064

A distal tip in which at least some is comprised of a floating coil between ePTFE layers
with a corrugated design, wherein the thickness of the ePTFE material increases
progressively, or in steps proximally. This may be achieved by increasing the wall layer
thickness, or by the addition of layers material. The ePTFE liner transitions to PTFE in a

more proximal region. The most proximal portion may not be corrugated.

A distal region may be comprised of a floating coil between ePTFE layers of corrugate
design and more proximally a corrugated embedded portion, and more proximally again
of an un-corrugated portion. The ePTFE liner transitions to PTFE in a more proximal
region. A distal corrugated region may be combined with a more proximal corrugated
region with increasing wall thickness, or the addition of a layer of material to the wall to

increase stiffness. The most proximal portion may not be corrugated.

In one configuration the helical support is embedded by being bonded to the outer jacket, of for
example ePTFE material. This has the effect of stiffening the catheter wall construction, when
compared to a floating helical support, thus reducing the flexibility and increasing the

pushability.

In one configuration, in a catheter portion 750 the helical support 752 is embedded in a matrix
753 of continuous porous flexible material such as ePTFE. The outer wall has corrugated
surface, as shown in Fig. 12. An inner tubular layer, or liner 751, as shown in Fig. 12, may not

be required.

While ePTFE provides a very soft flexible material in the catheter construction it is also
compressible due to its porosity. Furthermore, when used as a thin tubular layer which deforms
easily locally, macro pushability can be compromised if an area of the catheter becomes impeded
particularly if the distal tip meets a resistance. To improve pushability while maintaining high
flexibility, an incompressible flexible material may be used for embedding instead of a porous
material such as ePTFE. This means it can accommodate deformation more readily than

materials which are not porous.

The corrugations allow localised deformation, while a region of continuous incompressible
material ensures the efficient transfer of axial force and displacement along the length of the

catheter. By reducing the depth of the corrugations, and correspondingly increasing the
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thickness of the continuous material, the pushability of the catheter can be increased, while the

flexibility is reduced. This may be described as a corrugated jacket design.

In one embodiment the inner tubular layer is comprised of ePTFE. In one configuration the
helical support is transposed from the inner liner such that it is not exposed to the liner. This is
to prevent movement or debonding of the helical support, and to prevent it placing local stress or
strain on the liner of the catheter. The corrugation geometry may be of semi-circular, U-shaped

groove, V-shaped, or square groove.

In one configuration the width of the corrugate at the surface of the catheter is at least 5% of the
wall thickness of the wall. Preferably, in at least one section the width of the corrugate at the
surface of the catheter is at least 10% of the wall thickness at the wall. Preferably, in at least one
region of the distal tip, the width of the corrugate at the surface of the catheter is at least 30% of

the wall thickness at the wall.

In one embodiment the corrugate depth is between 5% and 95% of the catheter wall thickness.
In one configuration the corrugate depth is at least 20% of the catheter wall thickness in at least

one section of the catheter.

In one embodiment, the corrugate depth varies along the corrugated region of the catheter from a
larger depth distally to smaller depth proximally. In one embodiment, the corrugate width varies
along the corrugated region of the catheter from a larger depth distally to smaller depth
proximally. In another embodiment, the corrugate depth varies from a larger depth distally to
smaller depth proximally, while the width is substantially constant along the length of the

corrugated section of the catheter.

In one embodiment the corrugate represents the impression of a circular helical wire wound from
a depth and width of no impression, i.e. no corrugate, to a depth of at least 50% of the wall
thickness. It should be appreciated in that instance that the width of the corrugate is varying
from O to a maximum width equivalent to the diameter of the helical wire, or impression which

remains following removal of the helical wire.

It should be appreciated that a tensile force on the wound cinch helical wire is required to create

the corrugations. For example, a 0.005in 304 Stainless Steel circular cross section wire at 1IN
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tension wound at a force 1N, on an 0.006in wall thickness 80A jacket with an ID of 0.088in will
achieve a 10-20% depth of corrugation. Increasing the tension to IN tension wound at a force
7N will achieve a 40-70% depth of corrugation. Varying levels of force will induce different
degrees of corrugation. It should be appreciated that corrugations of high depth D as shown in
Fig. 1 will allow the catheter section to flex at a relatively low force. This is because the global

bending of the catheter is actually concentrated within the recess of the corrugate.

However, if the corrugation has a very low width, even very deep and numerous corrugations
will have a limit to the degree of bending the catheter can accommodate. This is because
adjacent corrugations will start to touch one another. Therefore, the flexural stiffness will be low
until the adjacent corrugations contact one another, or “bottom-out”, at which point the flexure
stiffness will increase. Bending will then be accommodated by deformation of the rest of the

catheter wall (and no longer primarily within the recesses)

This bottoming-out means the catheter shaft has a lower limit of bend-radius which it can
achieve via deformation within the recess. Further bending deformation beyond the bottoming-
out limit is achievable but is not accommodated by deformation at the recess of the corrugation;
it is accommodated by pressing adjacent corrugations against one another. This is generally at a
very high force compared to the deformation which occurs at lower bend radii while the

deformation is focused in the recess.

The width of the corrugate should be controlled so as to be large enough to accommodate
sufficient deformation within the recess to reach the desired lower limit of bend-radius at
relatively low force of bending. This is important as physicians generally wish to be able to
navigate catheters at low forces so that the potential for vessel damage is reduced, and the

catheters are not deforming the vessels in order to travel forward.

While the width and depth of the corrugation contribute to the flexural stiffness of the catheter,
the width can dominate the lower limit of bend-radius to which the catheter can deform.

Accordingly a larger corrugate width enables a lower bend radius at a low force of bending.

Consider the example of an 0.088in ID (2.2 mm/catheter with a wall thickness of Qoo6in (0.15
mm) with an 0.005in (0.125 mm) diameter Nitinol helical support of 0.018in pitch embedded in
80A, over an ePTFE Liner. A sample with a 0.004in (O.Imm) corrugate width and 0.006in
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corrugate depth will yield a force in 3pt bending of 0.05N at Imm deflection, and a bottom out
bend radius of Smm. A sample with a 0.007in (0.175) corrugate width and 0.006in corrugate

depth will yield a similar force in 3pt bending but bottom out bend radius of 3.5mm.

In order to allow a large catheter to enter the cerebral vessels safely, and to accommodate lower
radii bends such as those of the carotid siphon, the width of the corrugate should be of a

minimum value relative to the pitch and or wall thickness.

In one embodiment the width of the corrugate is no more than 50% of the pitch of the corrugate
(same as the pitch of the helical support). Preferably the width of the corrugate is between 5%
and 49% of the pitch of the corrugate. More preferably the width of the corrugate is between
15% and 45% of the corrugate. More preferably the width of the corrugate is between 20% and

45% of the corrugate.

In one embodiment the width of the corrugate is at least 10% of the wall thickness. Preferably
the width of the corrugate is at least 20% of the wall thickness. In one embodiment at the most

distal section of the tip the width of the corrugate it at least 60% of the wall thickness.

In one embodiment at the most distal section of the tip the width of the corrugate it at least 60%

of the wall thickness and the depth of the corrugate is at least 70% of the wall thickness.

In another embodiment the corrugate represents the impression of a circular helical wire wound
from a depth and width of no impression, i.e. no corrugate, to a depth of at least 70% of the wall

thickness.

In one configuration, the inner tubular layer (liner) terminates in a region proximal to the distal
end of the catheter. This will further reduce the stiffness of the catheter for a corrugated or
uncorrugated configuration. In this instance, particularly in the case wherein the catheter wall is
comprised of a material such as a silicone, urethane or pebax, the region without a liner may be
tacky. In one embodiment the region of inner lumen of the catheter without a liner has
hydrophilic or hydrophobic coating to improve lubricity. This is shown in Fig. 13 for a catheter
portion 760 having a helical support 761 embedded in an outer jacket 762, and in which an inner

liner 763 extends for part of this length but terminates before the distal end (left side).
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In one embodiment the un-lined section is at least lem in length, preferably at least 2 cm in
length. The termination of the liner is advantageous in allowing a more flexible section of the
catheter. However, this can also form a sudden change in flexural stiffness and potential location
for kinking or high stress or strain. This may be managed using a change in corrugation
parameters, or by skiving the liner. In another embodiment, the termination of the liner is a

skive, or angular cut.

In one configuration a section of the un-lined jacket material adjacent to the liner proximally is
less corrugated than the section of unlined jacket distally and proximally. This may be achieved
by decreasing the depth of the corrugation. In another configuration a corrugated section of the
lined jacket adjacent to the unlined jacket has a longer pitch than the section of unlined jacket

distally and proximally.

In one configuration the helical support is transposed from the inner liner such that it is not
exposed to the inner lumen of the catheter as shown in Fig. 14, having a helical support 771 in an
outer jacket 772. This is to prevent pop-out the helical support into the catheter lumen during
bend of the catheter. In one embodiment the distance from the inner lumen to the helical support

is at least 0.005mm.

Referring to Fig. 15, in a catheter portion 780 there is a helical support 781, and an outer jacket
782 and an inner liner 783. The outer jacket 783 has a proximal part 784 without corrugations,
distal part 785 with corrugations. The inner liner 783 terminates proximally of the distal end at
786. This is an example of a configuration n which the most distal section of the distal tip is
comprised of a corrugated jacket without a liner, a more proximal section is corrugated and
contains a liner, at least one section even more proximally is more corrugated, and at least one
section even more proximally again is un-corrugated. In one embodiment all sections of the
jacket are of the same material durometer. In one embodiment the material is urethane of
durometer 80A. In another embodiment more proximal jackets are of a stiffer urethane or pebax
are present. The liner is comprised of ePTFE. In a more proximal section of the shaft, the liner
may transition to PTFE. In one embodiment this transition takes place in a more stiff durometer

material than that of the jacket of the corrugated distal tip.

In one embodiment, a catheter portion 800 has a liner 751, a helical support 752, and an outer

jacket 753 as for the catheter portion 750. However, in this case there is an outer tubular layer
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801 added to the outside of the corrugated structure which embeds the helical support to further
increase the stiffness of a section of the catheter proximally of the distal end, as shown in Fig.
16. This layer may be of the same or different material as the material used to encapsulate the
helical support. Materials of higher stiffness such as PET or Nylon pr PEEK or other polymer
can be used in this instance without significantly adding to the profile. In one embodiment a
layer of PET is added which has a thickness of 0.05 mm or less, preferably 0.025 or less, and

more preferably 0.0125 mm or less.

In order to manufacture a corrugated polymer jacketed catheter section a number of approaches

may be taken. The following steps may be used as shown in Fig. 17:

A conventional catheter construction containing a coil 752 embedded within a polymer
jacket 753 is bonded to a PTFE liner 751 is built to form a base assembly.

An outer liner 811 which will not bond to the polymer jacket is then placed over the
jacketed coil. Fluoro polymers of high flexibility such as FEP or PTFE or more
preferably ePTFE may be used.

A wire 810 is wound in a helix onto the outside of the outer liner under tension imparting
a corrugate geometry on the construction. This may be termed a “cinch wire”

The construction is heated to reflow or anneal the material, setting it into the corrugate
geometry

The assembly is cooled

The cinch wire 810 is removed

The outer liner 811 is peeled off the assembly to complete the process.

An in-fill material may also be used to manage flexibility and increase pushability, and where it
is used it embeds the coil. Fig. 18 shows a catheter portion 850 with a liner 851, a coil 852 and

inner and outer tubular layers 853 and 854 respectively and in-fill for increased stiffness

In one embodiment the material is used only to partially fill the space around the helical support
as shown in Fig. 18. In another embodiment the in-fill material completely fills the helical
channel around the helical support between the inner and outer tubular layers. In yet another
embodiment the in-fill material is melted to form a layer of material on all surfaces within the

helical channel.

In one embodiment the outer and inner tubular layer are comprised of ePTFE or PTFE, and the

in-fill material is PET, PEEK or FEP
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The helical channel may be formed using a helically wound wire (cinch wire) placed temporarily
on the outside of the outer tubular layer. To permanently form the helical channel, the
construction may then be heated such that the in-fill layer melts to flow between the helical
support, the outer tubular layer, and the inner tubular layer. Upon cooling and removal of the
helically wound cinch wire on the outer tubular layer, the corrugate configuration is maintained,

and an adhesive chemical bond is achieved between the components via the in-fill material.

In one configuration the in-fill material may be a polyurethane, pebax, PET, silicone, latex,
TecoThane, Nylon, PET, Carbothane, SIBS, Tecoflex, Pellethane, PGLA or Kynar, Polyethylene
and cyclic olefin copolymers, PEEK.

In one configuration the inner tubular layer and outer tubular layer of ePTFE are bonded to one
another via sintering. It must be appreciated that in the case of a fluoropolymer, and in particular
ePTFE or PTFE for use as the inner and outer tubular layers, the temperature required for the
sintering can exceed 500°C. In this instance it may be preferable to use materials for in-fill with
a high processing and degradation temperatures such as PET, FEP, or PEEK. Other materials

such as urethane or pebax will degrade at lower temperature and are not suitable.

As PET is arelatively stiff material it can be introduced in small volumes to stiffen the corrugate
structure without significant impact on catheter profile or completely filling of the helical

channel. This may provide regions of floating and of embedded coil.

In one configuration an increase in the pushability or stiffness is achieved by changing the
thickness of one or both of the tubular layers. An increase in thickness increases the intrinsic
stiffness of the wall. It also means a reduction in the available space for localised material
bending and deformation. Therefore, the flexibility may be reduced. Furthermore, as the
thickness increases the axial cross-sectional area along the axis of transmission of force and

displacement along the catheter increases.

In one embodiment, both the inner and outer tubular layer thickness are increased, as shown in
Fig. 19 for the catheter portion 950 as compared to the catheter portion 900. In the catheter
portion 900 there is an inner liner 901, a coil 902 and an outer tubular layer 903. In the catheter

portion 950 there is a thicker inner liner 951, a coil 952, and a thicker outer tubular layer 953. In
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another embodiment the inner tubular layer thickness alone is increased. In yet another

embodiment the outer tubular layer thickness alone is increased.

In another configuration the total outer tubular wall thickness may be altered by the addition of
one or more layers of the same material. Referring to Fig. 20 a catheter portion 1000 has a liner
1001, an outer jacket layer 1002 underneath a coil 1005, and two layers 1003 and 1004 outside
the coil 1005.

The total inner tubular layer wall thickness may be increased by the addition of one or more
layers. These layers may be of the same or different materials. In the case of ePTFE, the
combined thickness of the inner tubular layers in an unconstrained configuration may be between

0.025 mm to 0.3 mm, preferably between 0.05 mm and 0.2 mm.

In one configuration the inner and outer tubular layers are comprised of multiple layers of
ePTFE, wherein there is at least one layer between an outer tubular layer and an inner tubular
layer. The total thickness of (for example, ePTFE) tubular layers which are comprised of one or
more layers may be between 0.025 mm to 0.3 mm, preferably between 0.05 mm and 0.2 mm.

The density of the material (again, such as ePTFE) may be approximately 0.9g/cm’

. Increasing
or decreasing the density of the material will necessitate a bigger or smaller wall thickness to

achieve the same effect.

In another embodiment the inner tubular layer thickness is constant along the length of the tip,
but the outer tubular layer thickness is larger in at least one region. In another embodiment the

outer tubular layer thickness is increased proximally at least once along the length of the catheter

tip.

In order to achieve a controlled change in stiffness of the distal tip, multiple layers may be
overlapped to achieve a precise level of stiffness as shown in Fig. 2 1 in which an additional outer
layer 1010 is present for part of this catheter portion. This principle may be used for any number
of layers, to achieve a desired variation in stiffness. Similarly, single thicker layers may be used

proximally, connected to a thinner layer more distally to achieve the same effect.

In one embodiment the tip has one outer tubular layer of 0.025 mm to 0.075 mm across the
length of the tip. A second additional outer tubular layer of thickness 0.025 mm to 0.075 mm is

present in a region more proximally. A third additional outer tubular layer of thickness 0.025 to
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0.075 mm is present in a region even more proximally. A fourth additional layer of thickness

0.025 to 0.075 mm is present in a region even more proximally.

In one embodiment the distal tip comprises an outer tubular layer of 0.05 mm across the length
of the tip. A second additional outer tubular layer of thickness 0.05 mm is present in a region
more proximally. A third additional outer tubular layer of thickness 0.05 mm is present in a
region even more proximally. A fourth additional layer of thickness 0.05 mm is present in a

region even more proximally.

In one configuration the tubular layers are bonded to one another. The bond may be present
across the entire interface of the tubular layers. Alternatively, the bond may only be present at
recesses of the corrugations, in the area where the inner and outer tubular layer are in contact. In
yet another embodiment, the bond is present between the layers at the rib and recess regions of
the corrugations. In another embodiment the material of the inner or outer tubular layer may be

changed to one with a higher stiffness to increase the stiffness of the wall.

It should be noted that some variation in the thickness of the tubular layers may be present
locally following bonding of inner and outer tubular layers, or their constituent layers, due to the
use of local compression (pressure) to ensure a strong bond between tubular layers. This is
particularly so with ePTFE because it is a porous compressible material. This localised

compression may reduce the wall thickness in that area.

To evaluate a subset of the embodiments described above, 8F catheter samples of inner diameter
0.088in were built and tested in a Three Point Bend Test. The force at a Imm displacement was
measured using a SON Load Cell on a Zwick Roel tensile test machine. The distance between
the supports was 20mm. Clear changes in stiffness were achievable using the various

configurations outlined above.

It can be appreciated that the embodiments described above can be used to alter the stiffness of
the catheter wall as desired. For comparison, a 6F Microvention Sofia Plus catheter indicated for
use in neurovasculature is included. Fig. 22 shows results of 3-point bend tests to evaluate

stiffness of various embodiments described above.
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In the neurovasculature, when entering delicate vessels such as Ml, M2, ICA, vertebral and
basilar arteries, an atraumatic tip of critical importance. It is preferable that the distal tip has a
minimum length of its most flexible section such that the catheter tip will deflect or absorb

deformation rather than causing vessel damage.

In one embodiment the distal and flexible sections of the catheter of corrugate rib and recess
design is a minimum of lecm in length and is comprised of inner and outer tubular layers in a
corrugate configuration, with a floating helical support within a helical channel. 1In one
embodiment for an 8F catheter distal tip, the force in 3-point bend test, for a span of 20mm, at

Imm deflection, should not exceed 0.1N.

As shown in Fig. 23, in one configuration, the distal-most end 1050 of the distal portion is
finished by inverting an inner tubular layer 1051 over the helical support to form a continuous

element.

Referring to Fig. 24, in another embodiment, in a distal end 1060 the softness of the distal tip end
is improved by extending inner and outer tubular layers 1061 and 1062 beyond the last coil of

the helical support.

As shown in Fig. 25A, in a distal portion 1070 an inner tubular layer 1071 is inverted at the distal
end 1072 to return as a continuous element. Inner and outer tubular layer are comprised of the
same piece of material and are continuous. An extension of ePTFE at the end 1072 of the
corrugated section is present to improve tip softness. Preferably, an extension beyond the last
coil is between 0.5 and 5.0 mm. More preferably the extension beyond the last coil is between
1.0 and 0.3 mm. The distal portion 1070 also has an outer tubular layer 1073 terminating before
th distal end 1072, and a concentric further outer tubular layer 1074 around the layer 1073 for
part of the length of the layer 1073. This staggered overlapping arrangement provides a

transition portion with stepped changes in flexural stiffness.

Fig. 25B shows a catheter distal portion 1080 with an inner liner 1081 which extends out at the
distal tip to form an extension. In this case there are also overlapping staggered outer tubular

layers 1083 and 1084.
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In the catheter 1070 two or more layers are achieved by using the same piece of material inverted
and returned along the length or a portion of the catheter. In one instance two pieces of ePTFE

are used to achieve one inner tubular layer, and three outer corrugated tubular layers.

In the catheter 1080 additional layers are added discretely. In another embodiment, a
combination of inverted continuous layers and discrete layers is used. The proximal portion of

the catheter (shown un-corrugated) may be corrugated or un-corrugated.

PTFE material is a relatively stiff material compared to eTPFE and so is therefore preferable to
avoid the use of PTFE as an inner tubular layer (liner) particularly in areas which will be subject
to significant bending during passage through tortuous vessels. In one embodiment, as shown in
Fig. 26 , in a catheter 1100 having a proximal end 1101 and an intermediate portion 1102 an
inner tubular layer is of ePTFE material and this extends along the entire length of the catheter

including a distal end 1103, where it is bent back to be continuous with the outer tubular layer.

In one configuration, the inner tubular layer is ePTFE in a distal portion and PTFE in a more
proximal portion of the catheter as shown in Fig. 27 for a catheter 1150 having a proximal end
1151, an intermediate portion 1152, a distal portion 1153. There is a transition region 1154 in
which the outer jacket alayer is merged into and joined with an outer jacket of PTFE material in
the intermediate portion and the transition region. The transition from ePTFE to PTFE may be
achieved by a “butt” joint, in which the inner tubular layers of PTFE and ePTFE are in contact

without overlap.

In another embodiment, a transition from inner tubular layer of ePTFE to PTFE occurs in a
region of the catheter which is not subject to significant bending during use. In one
configuration the device dimensions are suitable for placement in the neurovasculature,
including M2, M1 and distal internal carotid arteries. Preferably, the transition from ePTFE to
PTFE occurs proximal to the petrous segment of the ICA. In one configuration, the transition
from an ePTFE to PTFE inner tubular layer occurs between 3 and 40cm from the distal end of
the catheter, preferably between 5 and 30cm from the distal end, and more preferably at least

10cm from the distal end.

In one configuration, the transition from inner tubular layer of ePTFE to PTFE occurs in a region

proximal to a region of the catheter of rib and corrugation recess. In another configuration the
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transition from inner tubular layer of ePTFE to PTFE occurs proximal to the most flexible region
of arib and recess corrugate design, but still within a region of stiffer rib and recess corrugate

design.

In one embodiment the proximal region of rib and recess corrugate has an outer tubular layer
comprised of a polymer material, as shown in Fig. 28. In one configuration the polymer material
is a urethane or pebax. In one embodiment the polymer material is 80A urethane. Fig. 40 shows
a catheter 1200 having a proximal end 1201, an intermediate portion 1202, a distal portion 1203,
and a transition region 1204. An ePTFE inner tubular layer (liner) 1207 transitions to a PTFE
jacket 1205 in the intermediate portion within a corrugated section of the distal tip. A lap joint is

used in which the PTFE tubular layer 1208 is concentric within the ePTFE tubular layer 1207.

In another embodiment the transition from ePTFE to PTFE may be achieved via a “lap” joint
wherein there is overlap of the tubular layers of ePTFE and PTFE. In one configuration the
overlap between the PTFE and ePTFE is between Imm and 30mm in length. The use of an

overlap increases the area of interface for bonding thus improving the bond strength.

In one instance for a distance the ePTFE is concentric within the PTFE, as shown in Fig. 29. In
this diagram a catheter 1250 has a proximal end 1251, and intermediate portion 1252, and a
distal portion 1253. An inner liner 1260 is bent over at the distal end to form part of the outer
jacket of the distal portion 1253. At a transition region between the intermediate portion 1252
and the distal portion 1253 the inner liner 1260 is within a tube of PTFE material 1261 with an
overlap length of at least 2mm, preferably at least Smm. The tubular layer 1261 extends
proximally within a jacket material 1262 in the intermediate portion 1252. This provides a
configuration with an ePTFE inner tubular layer (liner) transitions to PTFE within a corrugated
section of the distal tip. A lap joint is used in which the ePTFE tubular layer 1260 is concentric
within the ePTFE tubular layer. 1261

In one configuration, a maker comprised of a helical coil of Platinum is present on the distal tip.

In one embodiment, the helical support may be comprised of a radiopaque material such as
Platinum wire. In another embodiment, to leverage the super elastic properties of Nitinol with
radiopacity, the helical support may be comprised of drawn Nitinol tubing filled (such as
Nitinol#l DFT, Fort Wayne Metals) with Platinum or other radiopaque material. This would

allow the physician to observe the distal tip behaviour under x-ray through the procedure. In one
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embodiment the helical support tube is comprised of at least 10% Platinum. Fig. 30 shows such
an arrangement in which a catheter portion 1280 has a radiopaque helical coil 1281 around

which there is a coating 1282, and there is a tubular layer 1283 over the outer jacket.

In one configuration, the radiopacity of the distal tip is further enhanced via a region in which

the helical support pitch is reduced such that an area of greater density of radiopacity is achieved.

Fig. 31 shows catheters with radiopaque markers 1270 at various positions along its length.
Advantages and novel aspects are that allow the physician to ensure that more stiff regions the
catheter are not placed in more delicate region of the vasculature. For example, a proximal
marker at the start of the flexible distal tip can be used to define the region of the proximal
catheter which should not be placed beyond the cervical Cl segment of the internal carotid
artery. An intermediate marker can further be used to differentiate the end of a region of
intermediate flexibility which should not be placed before, within, or beyond the cavernous
segment C4. The region between the intermediate marker and distal marker establishes the
region of highest flexibility which is suitable for placement in the C4-C7 regions of the internal

carotid artery, and more distal vessels.

In one embodiment, in which the device is suitable for placement in the neurovasculature, the
distal flexible tip length is at least 10 cm, and the un-lined distal section is at least 3cm in length.
In another embodiment in which the device is suitable for placement in the peripheral

vasculature, the

Aspiration Device including the Catheter.
A catheter of any example may be used for example for thrombectomy.
Recent clinical data has demonstrated that use of flow arrest using a balloon guide catheter can
improve outcomes during thrombectomy procedures. This is done by:
Reducing flow towards the clot while the balloon is inflated proximal to the clot in the
ICA. Reducing the flow reduces the potential for distal emboli to break off, or be carried
distally, during the clot retrieval using a stentriever or aspiration catheter.
Providing a lumen for aspiration as the clot enters the BGC after it has been captured by a

stentriever or aspiration catheter, and is dragged from the target site.
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The prior art setup of balloon guide catheter in a thrombectomy procedure is shown
schematically in Fig. 32, with a balloon 1300 and a tip 1301. Balloon guide catheters for use in
thrombectomy procedures must facilitate the insertion of a microcatheter, and distal access
catheter. In order to do this, the balloon guide must have an inner diameter in the range of 5F or

greater. Additionally, the catheter typically has an outer diameter in the range of 8F or 9F.

Existing catheter technology, at the dimensions described above, is extremely stiff. This is due
to the catheter materials, design and architecture used. Therefore, the distal tip of the balloon
guide catheter cannot be placed beyond the petrous segment. Excessive stiffness means the
catheter is not flexible enough to track through the tortuosity of the distal ICA and other target
vessels where the clot may be located, and there is a high potential for vessel damage or

perforation.

Ideally, the tip of the balloon guide catheter should be as close to the clot as possible. This
reduces the distance over which the clot must be dragged from the target vessel to the location of
the balloon guide catheter tip. It may also enable the physician to directly aspirate the clot

locally as the tip of the catheter can now engage the clot.

In some scenarios, remote aspiration of the clot is being performed using balloon guide catheters,
while the balloon is inflated. Remote aspiration is a procedure in which the clot is aspirated
without contact of the catheter tip with the clot. This works particularly well in a closed system
where alternative flow pathways are not present. The success of this technique is often limited

by the fact that the tip of the catheter can be a long distance from the clot.

A balloon catheter, whether used for PTA or embolic protection, is typically of a dual lumen,
double layer construction along the length proximal to the balloon. This ensures there are two
lumens; one for the passage of guide wires, catheters, or fluids, and one lumen for inflation. This

dual layer construction is not always as flexible as desired, and is prone to kinking.

There is therefore a need for a balloon guide catheter which can provide flow arrest, but which
also incorporates a very flexible distal portion which can track through a tortuous vessel, such as

the distal ICA or as far as the M I or other vasculature.

Penumbra, Inc., Ex. 1029, Page 442 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

WO 2019/115809 _33. PCT/EP2018/085064

In one embodiment a shaft or section with enhanced flexibility compared to the proximal section
is present distal to the balloon of a balloon catheter. This flexible section enables the tip of the
balloon to be placed more distally in the vasculature. This section of enhanced flexibility may be
comprised of the types described in U.S. Application No. 15/647763, filed July 12,2017, titled
"HIGH FLEXIBILITY, KINK RESISTANT CATHETER SHAFT,” and U.S. Provisional No.
62/599560, filed December 15, 2017, tiled "HIGH FLEXIBILITY, KINK RESISTANT
CATHETER SHAFT" (both included in the Appendix), corrugate construction or other design.

This device may be designed so that the distal tip is flexible enough to reach and touch the clot
for vacuum aspiration. The part which is distal of the flow restrictor (such as the balloon)
includes the distal portion and preferably at least some of the transition portion. There may also

be some of the transition portion proximally of the flow restrictor.

The length of this flexible section may vary such that it can reach specific anatomical locations,
such as the distal internal carotid artery, terminus of the internal carotid artery, proximal MI,
distal MI, proximal M2, distal M2, basilar, or vertebral vessels. This length may also help
ensure that that while the tip of the catheter can reach the target vessel, the balloon does not pass
the cavernous, or petrous segment of the ICA. Inflation of the balloon beyond these segments
can cause vessel damage. The length of the flexible section may be between Ilcmn and 20cm,

preferably between 3cm and 15cm.

The outer diameter of this flexible tip may differ from the outer diameter of the proximal section
of the catheter. In one embodiment the distal section has a larger diameter than the proximal
section. In yet another embodiment the outer diameter has a diameter smaller than the diameter
of the proximal section of the catheter. Variations such as a taper in the diameter of the distal
section may also be used. Differing diameter distal sections can help to ensure access to specific

vessels beyond the area to land the balloon.

Fig. 33 shows a device 350 with a flexible distal catheter tip 1351 extending from a balloon
1352, and proximally of which there is a catheter main section 1353 extending from a Y-piece
1354. Fig. 10 shows the balloon 352 inner layer inflation lumen 1360 and the balloon outer layer

inflation lumen 1361.
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In one configuration, the outer layer of balloon inflation lumen may of enhanced flexibility while
the inner layer of the balloon inflation lumen may be of a conventional construction comprising a
single layer material, braided extrusion, coiled extrusion or other construction. These layers are
shown schematically in Fig. 34, inner layer 1360 and outer layer 1361. In this way the
pushability of the catheter may be maintained by the inner layer, while the outer layer mitigates
compromise in terms of flexibility. Furthermore this construction will help to prevent kinking,
since mechanics dictate that as the ratio of the inner diameter to the outer diameter of a tube
increases, kink resistance is reduced. Use of the enhanced flexibility construction for the outer

layer, traditionally more prone to kinking will solve this issue.

In another embodiment, a balloon catheter of dual layer construction comprises both inner and
outer layer of the balloon inflation lumen of the enhanced flexibility construction. This will

represent an ultra-flexible and kink resistant balloon catheter.

In other configurations, the proximal section may utilise other constructions to inflate the balloon
such as a single lumen design with a vent hole and teak proof seal, a coaxial lumen or other

design.

It should be noted that a balloon guide catheter, with a long distal tip capable of reaching a clot
may be used as a thrombectomy device as follows:
Perform an angiogram to determine location of occlusion, and distance between petrous
or cavernous carotid, and occlusion
Choose a balloon catheter with distal tip length suitable to reach the clot, while ensuring
the balloon inflation does not land beyond the petrous or cavernous carotid
Navigate the distal tip of the catheter to the clot.
Inflate the balloon such that flow arrest is enabled, and alternative flow pathways which
could reduce the effectiveness of the aspiration are minimised
Apply a vacuum to the inner lumen of the catheter to aspirate the clot.
If the clot is retrieved, perform another angiogram through the balloon guide catheter or a
diagnostic catheter.
Remove the balloon guide catheter.

Procedure is finished.
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It may be noted that in the above method, the use of a large diameter distal tip, close to that of

the target vessel will maximise the potential of complete clot ingestion.

In yet another embodiment, enhanced catheter shaft flexibility and kink resistance may be
achieved without additional helical wire support, but instead using a simple tubular construction
with a corrugate architecture. The corrugations may be defined as adjacent circular depressions
in the wall thickness of the tube, or as a continuous helical depression as shown in Figs. 35 and
36 respectively. In these diagrams the tip has an outer layer 1400 with corrugations 1401 (Fig.

35) and an outer layer 1450 with more shallow corrugations for desired flexibility.

The device may be designed so that the distal tip is flexible enough to reach and touch a clot for

vacuum aspiration. The typical target vessels are the M1, M2, M3, distal ICA.

The distal tip should be long enough to reach the target vessel, while also ensuring that the
balloon does not pass the petrous segment of the internal carotid artery (known as C2). This is
because the vessels and surrounding tissue beyond the petrous segment are prone to damage

which can have catastrophic consequences.

It is preferable to ensure that the location of the balloon when inflated is within C1 segment of
the carotid artery. It is also preferable that the balloon be distal to the external carotid artery to
ensure effect flow restriction and or flow reversal. The length of the flexible section may be

between Icm and 20cm, preferably between 3cm and 20cm.

Fig. 37 left image shows an Angiogram demonstrating the external carotid, common carotid and
internal carotid artery (ICA), including the C1 and C2 segments, and right image shows
acceptable positioning of the balloon (2282, in a catheter 2280 proximal of a distal end 2281. It
should not be inflated past the C2 segment. The distal tip length of the catheter should be long
enough to reach the clot while ensuring safe position within or proximal to the C2 segment of the

ICA.

Any or all the embodiments described above to refine the transition from the stiffness of the

proximal portion of the distal tip to the most distal portion may be used.
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The proximal shaft must serve two functions and have at least two lumens; one for balloon
inflation and a main lumen for delivery of fluids and devices, and for aspiration. The flexible tip
only requires one lumen, therefore has potential to have a larger lumen than the proximal section.
In one embodiment the inner diameter of the flexible tip is the same inner diameter as the

proximal shaft.

In another embodiment the proximal and distal shaft have the same outer diameter, and the
proximal shaft has two concentric lumens, in which the central lumen diameter is less than that
of the flexible distal tip as shown in Fig. 38. This drawing shows a balloon guide catheter 2300
with a flexible corrugated distal tip 2302 and a balloon 2301. In this incidence the inner
diameter of a proximal shaft lumen 2303 is less than that of the flexible corrugated distal tip

2302. The proximal and distal shafts have the same outer diameter.

In another embodiment the inner diameter of the proximal shaft is the same as that of the flexible
distal tip. In yet another embodiment, the outer diameter of the distal tip is smaller than that of
the proximal shaft. The distal tip inner diameter may be the same as, or smaller than, the inner
diameter of the proximal shaft. Fig. 39 shows a catheter 1400 with a balloon 2401 and a distal

portion 2402 having a smaller outer diameter than the proximal portion 2403.

In one configuration, the distal tip is comprised of a flexible corrugate section distally, and a
non-corrugated section proximally. Fig. 40 shows a catheter 1500 with a non-corrugated

proximal region 2501 of the distal region 2502.

In one configuration, as shown in Fig. 41 for a catheter device 2600 a radiopaque marker is
present at the distal end of the flexible distal tip. Markers are also present immediately distal and
or proximal to the balloon to define its location. An additional intermediate distal marker may
be present within he distal tip to define a proximal region of increased stiffness unsuitable for

placement in distal to the C2 segment of the ICA.

In one configuration, the balloon catheter is suitable for use via direct carotid access. In this case
a shorter proximal shaft will improve ergonomics for the physician. In this instance the length of
the catheter shaft proximal to the balloon does not exceed 40cm, and preferably does not exceed

30 cm.

Penumbra, Inc., Ex. 1029, Page 446 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

WO 2019/115809 _37.- PCT/EP2018/085064

Flow Restriction Using Larger Bore Catheter via Near Vessel Occlusion or Wedging

The embodiments described above enable the physician to place larger bore catheters more
distally than has been possible using conventional catheter technology. However, it may not be
possible to place a larger catheter in the target vessel due to the vessel diameter being smaller

than the catheter itself. In this instance a larger catheter may be used to achieve flow restriction.

In some instances, additional vessels are present which perfuse the treatment area. For example,
in the case of the anterior cerebral artery, proximal occlusion using a balloon guide catheter
placed in the ICA does not prevent inflow to the target treatment site. This is also a problem in
posterior stroke where there are two significant inflow vessels (left vertebral artery and right
vertebral artery), and the target treatment site is the basilar artery or posterior communicating

artery.

In one embodiment a system is comprised of a “mother” and “daughter” catheter, in which
significant flow restriction, or flow arrest, may be achieved by placing or wedging a large bore
highly flexible mother catheter in a vessel location proximal to the target treatment site. A
smaller daughter catheter may then be passed through the parent catheter to the treatment site. In
this instance a proximal balloon for flow restriction is not required. Near occlusion of the vessel,
without wedging the catheter, will dramatically reduce flow also. This is shown in Fig. 42, in
which there is a large catheter 2702 and a smaller catheter 2703 for aspiration of a clot 2701.

Large bore highly flexible catheters can enable the most distal flow arrest possible

In other instances, such as embolization, flow restriction using a larger bore catheter may also be
advantageous. For example, in embolization, where embolization of non-target vessels is a
major concern, additional embolization procedures are often used occlude adjacent non-target
vessels. Non-target embolization can cause non-target vessel occlusion, or the delivery of a drug
to non-target tissue. This may be avoided if a larger bore highly flexible catheter is placed
distally in the vessel feeding the target region of delivery of the embolic such that the catheter tip
is wedged. Upon injection of the embolic, the wedged condition prevents retrograde flow of the
embolic, thus preventing non-target embolization. Furthermore, the pressure gradient within the
vessel is a reflection of the proximal injection pressure, rather than the hemodynamic pressure,

giving the physician full control of the delivery of the embolic.
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Fig. 43 shows such a configuration, in a catheter 2800 having a distal portion 2801, Left shows
the use of a small catheter unable to reach a distal target vessel (right side vessel) during delivery
of a drug or embolic and the resulting undesired delivery to a non-target vessel (top left vessel)
The right hand diagram shows the use of a method wherein a highly flexible large diameter
catheter is chosen to effectively occlude the target vessel, and can be placed beyond the non-
target vessel, so delivery of the embolic only occurs to the target vessel. It is preferable that the

catheter is wedged in the target vessel.

Furthermore, the distal nature of the vessels targeted in embolization procedures means that
often, only microcatheters are capable of entering the vessels today. This limits the type of
embolic which can be used (e.g. 018 microcoils may need to be used where larger 035 coils or a
plug would e preferred, or the desired particle becomes clogged in the only microcatheter
capable of entering the vessel). The technical success of these procedures (in particular

embolization for BPH) is also limited by the inability to place larger support catheters distally.

A corrugated catheter section with or without a transition arrangement may be used as a
proximal section of a catheter in order to provide flexibility about a particular bend, for
example, as an access sheath to provide controlled flexibility about the iliac arch. The
configurations may could also be incorporated into a more flexible a urethral stent design or

Foley-style catheter, and for a flexible endoscope of corrugate wall.

The device may be used to block blood flow before precise delivery of an embolic agent to

region of the vasculature, tumour, or organ.

Aspiration System with Pressure-Controlling Pump

Aspiration has been shown to be safe for the retrieval of clots from the cerebral vasculature.
However, technique suffers from a number of limitations. In particular, it is frequently the case
that the clot cannot be ingested at the target treatment site. This is particularly the case for

harder, larger diameter, and longer clots.

If not completely ingested, the physician will attempt to withdraw catheter and attached clot
from the patient under continuous vacuum. This manoeuvre carries risk, is time-consuming, and

means the physician has lost access to the target vessel.
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If following angiography the physician determines that the target region has not been reperfused,
additional attempts must be made to retrieve the clot. Up to five attempts, known as passes are
typically required. On average two attempts are required. In 20% to 30% of cases, aspiration is
not successful after multiple attempts, and physicians will switch to the use of a stent retriever
(Almandoz et al. 2015; Lapergue et al. 2017; Blanc et al. 2017; Mohlenbruch et al. 2016).

This further increases procedural time and cost.

As the physician withdraws the catheter proximally towards the access site (typically femoral or
radial artery), there is a likelihood that some or all of the clot may break off. These fragments of
clot, are known as emboli. Distal emboli lead to poor reperfusion outcomes when assessed under
angiography or other imaging. Poor reperfusion, as defined by the TICI scale, is associated with

worse patient outcomes.

Another limitation of the aspiration technology is that it is not always possible to advance the
catheter tip to the face of the clot. This is due to the extreme tortuosity which may be present in
the patient, meaning that often only small diameter catheters such as microcatheters can reach
the clot. Larger bore catheters are known to have a greater potential to aspirate the clot, but are
frequently too stiff to navigate to the clot face. In this instance, the physician may use a smaller

bore catheter, but is less likely to successfully aspirate the clot.

Depending on internal diameter of the catheter, and properties of the clot (diameter, length,
hardness/durometer, elasticity etc.), there is a limit to the amount of clot which can be aspirated
into the catheter lumen. At this limit the catheter may be described as being clogged. Large
lumen catheters can aspirate more clot than small lumen catheters without becoming clogged.
During aspiration, the limit to the amount of clot which can be aspirated may be reached before a
complete vacuum is reached. This implies that the application of further vacuum does not
necessarily increase the amount of clot which is aspirated once a certain limit is reached. This is
shown schematically in Figs. 44(a) to 44(e), showing a catheter tip 3500 being used to attempt
aspiration of a clot 3501. As illustrated, there is incomplete aspiration. It is a limitation of
existing vacuum technology (vacuum pumps and syringes) that the applied vacuum is not

engineered to prevent clogging, or maximise efficiency of aspiration.
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Based on the problems outlined above, it is desirable to enable the clot to be ingested at the
target site in a single manoecuvre. This will save time, reduce procedural complexity, and

minimise potential for clot fragmentation during clot retrieval.

A pump is disclosed, for use in connection with a catheter such as described above in any
embodiment, to aspirate clots or other materials from a blood vessel or other region of the body.
An aspiration device is shown schematically in Fig. 45, having a catheter 3500, a guide 3502,

tubing 3503, and a pump and reservoir assembly 3504.

The invention utilises control and/or, variation of the vacuum pressure and/or, fluid displacement
during aspiration to improve the efficiency of aspiration. Variations in pressure and/or fluid
displacement at the catheter tip can help achieve the following:

- Prevent clogging of the catheter

- Promote maceration and deformation of the clot to enable it to travel through the lumen

The pump 3504 may provide a negative fluid displacement thereby decreasing pressure
(enabling a vacuum) or positive displacement, thereby increasing pressure. The pump is
connected to a catheter, enabling application of a positive or negative pressure the catheter

lumen. The pump incorporates a sensor which measures the pressure in the catheter lumen.

The magnitude of this pressure may be used to decide whether a vacuum or pressurizing signal
should be applied to the catheter. Based on the measured pressure, the pump may change

direction hence altering the pressure and fluid displacement.

In one embodiment, shown schematically in the form of a state diagram in Fig. 46, the pump
uses defined upper and lower limits to decide whether to apply a vacuum or pressurize. These
limits enable the catheter to cyclically ingest and if required expel, at least some of the clot. This
deformation of the clot improves the efficiency of the aspiration, and prevents clogging of the

catheter.

For the purposes of explanation, the initial pressure is defined as O in-Hg in all diagrams before
the pump is switched on Fig. 47 (a). In reality, a non-zero pressure is present due to blood

pressure. This may be in the region of 60 to 120 mm-Hg (2.4-4.8 in-Hg).
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The pump will continuously measure the pressure within the catheter lumen during the
procedure. This measurement will be arterial pressure if the pump is switched off. Once the
pump is switched on, and it begins to draw some vacuum a negative pressure will be measured,
Fig. 47 (b). In the absence of an occlusion or partial occlusion of the catheter tip, this will be a
nominal reading, representing free-flow of fluid through the catheter). Once the catheter is

advanced and engaged with the clot, an increase in the vacuum is observed, Fig. 47 (¢).

Initially when switched on the pump applies a vacuum enabling the catheter to ingest some of
the clot, Fig. 47 (d). While further increases in the vacuum ingest more of the clot, Fig. 47 (e),
the efficiency of increases in the vacuum pressure in ingesting more clot is reduced, Fig. 47 (f).
For this reason, the pump will reverse at some Low Limit of pressure, Fig. 47 (g). The Low
Limit is defined such that during vacuum, a portion of the clot has been aspirated but not so
much that the clot has become irreversibly clogged. An important aspect is that the lower limit
of vacuum can be set well above the full vacuum pressure of -760mmHg to prevent ingestion of
too large a clot that could clog the catheter. In one embodiment, the Lower Limit is set to
between -100 rnm-HG and -200 mm-Hg. In another embodiment the Lower Limit is set to
between -200 mm-HG and -300 mm- Hg. In another embodiment the Lower Limit is set to
between -400 mm-HG and -500 mrn-FIg. In another embodiment the Lower Limit is set to

between -600 mrn-HG and -700 mm-Hg.

The direction of fluid displacement of the pump is now reversed. Upon reversal, the catheter
will begin to pressurize, thereby increasing the pressure measured, Fig. 47 (g). As the catheter is
pressurized (vacuum is reversed), the load which was applied to ingest the clot will be reduced,
thereby unloading the clot, and even allowing some or all of the clot to be pushed distally
towards the catheter tip Fig. 47(h). During this loading/unloading the clot is being macerated

and accordingly becomes more “free” within the catheter.

The pressure is further increased until a High Limit is reached. In one embodiment this High

Limit is defined such that the ingested clot may not be completely expelled from the catheter.

Additional cycling of the clot between the Low Limit and high limit (Fig. 47 (i) to (j)) further
macerates the clot enabling a greater amount of the clot to be ingested for the same Low Limit of

vacuum (Fig. 47 (m)), with eventual complete ingestion of the clot, Fig. 47 (n).
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In one embodiment the High Limit is a negative pressure. In another embodiment, the high limit
may be 0 mmHg. In yet another preferred embodiment, the High Limit is a positive pressure

(Fig. 48 (a) to (¢).

In the absence of a pressure signal from the pump the presence of intra-vascular blood pressure
means there is a force present which supports transport of material from the distal tip of the
catheter towards the pump. In one embodiment, an initial blood pressure reading may be taken
before the procedure is initiated. This reading may be used to calculate the precise High Limit
value required. The mean blood pressure, systolic blood pressure, or diastolic blood pressure
may be used. A novel aspect of this pump system is the incorporation of feedback into the pump
algorithm in order to produce more effective pressure cycling. That is to say, the ability of the
pump to measure the condition in the pump (e.g. pressure or fluid displacement), and continue or

alter its behaviour.

In one embodiment, the applied pressure signal incorporates an oscillation or "shake" signal.
The shake signal implies the application of pulse cycling between two pressure limits as shown
in Figs. 50(a) and (b). The signal provides acute aspiration of the clot in order to cause
deformation and, or, fragmentation of the clot to improve transport through the catheter.
Another aspect is the incorporation of rate based cycling of a negative and positive pressure
signal. Oscillating frequencies can be defined that may cause the elastic modulus of a clot to be

exceeded, thereby, fragmenting the clot in the catheter and promoting easier transport.

The addition of this oscillation is shown in the form of the state diagram in Fig. 49.

In one embodiment the shake signal may be initiated for a predefined number of cycles. In
another embodiment, the shake signal may be used until the pressure has returned to blood
pressure. In this instance the material in the catheter can effectively flow without significant
resistance. In another embodiment, this shake signal may be initiated based on a specific
pressure indicative of catheter occlusion or partial occlusion, and terminated based on

measurement of pressure within the catheter indicative of free-flow, or partial occlusion.

While the figures generally show a triangular wave form of pressure with respect to time, it
should be pointed out that this may not be the case in reality. The graphs are intended to

illustrate the directional changes in pressure which are initiated and controlled by the invention.
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For example depending on the clot properties, and speed of activation or reversal of the pump,
the signals may be more square, saw-tooth, or sinusoidal in form. Furthermore, the resulting

pressure - time relationship may not have any repeating unit at all.

In one embodiment the invention includes both an oscillation or shake signal in the vacuum and
positive pressurize signals. This is shown schematically in Figs. 51(a) and 51(b). In yet another

embodiment, the system my incorporate only a vacuum oscillation.

A range of Lower Pressure and Higher-Pressure limit values may improve efficiency of clot
transport compared to static aspiration technology. In one embodiment it is preferable to specify
a Lower Pressure limit such that the amount of clot which can be ingested is maximised for a
single cycle. In another embodiment, it is preferable that the Lower Pressure limit is specified
such that the amount of clot which is ingested in a single cycle is not maximised, but instead
represents an intermediate condition between a small amount of clot ingestion and maximum clot

ingestion. Real numbers will be added in the future based on experiment.

In another embodiment, the lower limit may be defined in real-time. In one embodiment, a
change in the rate of change of the pressure during the vacuum cycle may be used. For example,
as the catheter becomes clogged, there is generally arapid increase in the vacuum pressure. This
sudden change in vacuum pressure may be used as a signal to switch the direction of the pump.
Similarly, the upper pressure may be defined based on a sudden change in the pressure during
the pressurize cycle. In one embodiment this may be defined in order to identify a condition

where the catheter is de-clogged.

It should be appreciated that the upper and lower limits may be defined by a combination of rate

of change in pressure, or specific pressure value, or a combination of both.

In another configuration, a flow displacement, or flow meter is incorporated. This may be used
to define upper and lower limits to establish the direction of the pump (aspiration or vacuum). In
one embodiment the flow meter can detect if there is no fluid displacement, which is suggestive

of catheter clogging.

In another embodiment, the pump may use positive and negative fluid displacement to

alternately infuse and aspirate the catheter. In one embodiment, the ratio of the infuse-to-
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aspirate cycle may be between 0.01 and 0.99. Preferably the ratio will between 0.1 and 0.9, or

more preferably between 0.4 and 0.9.

In one configuration, the pump is a sterile unit, which can be used within the sterile field, or on
the patient table adjacent to the patient. This enables the physician to perform all manoeuvres
without the requirement of a technician outside the sterile field. The unit may be single use and

disposable.

In one configuration, the pump incorporates a peristaltic pump mechanism. This ensures that
there is no blood contact with the pump parts. The pump may incorporate a reservoir for
collection of aspirate. Figs. 53(a) and 53(b) show a pump and components. Shown are a
housing connecting a tube, an on-off switch, a battery pack, a pulsatile pump, and a
motherboard. The pressure sensor is connected to the tube-lumen, which is connected to the

catheter, thereby enabling pressure measurement within the catheter.

In one embodiment the pump incorporates a series of LEDs or indicators. These are intended to
provide feedback to the physician based on the catheter tip and clot interaction condition. This is
provided by the pressure within the catheter. For example, the pressure range associated with

free-flow within the catheter, or partial occlusion, or complete occlusion, aspirating or clogged.

Furthermore, the indicators may be used to indicate to the physician that the pump is in the

oscillation or shake condition.

A method is disclosed whereby the physician uses the feedback from the indicators to define the

required adjustment of the catheter tip.

Place catheter tip adjacent to the clot. Switch on the pump. If the pump indicates free flow is
observed the catheter should be moved distally to further engage the clot. If the catheter is
aspirating with partial or complete occlusion the physician waits until the pump has free-flow
again. The physic again moves the catheter tip distally to engage the next piece of clot. In this
way the entire vessel can be cleaned of clot. In the event that the pump becomes clogged, a
signal may be provided to the physician that the traditional catheter withdrawal technique may

be appropriate.
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The embodiments described within this filing are in general aimed at enabling the physician to
access regions of the body which provide a challenging anatomy, with highly flexible corrugated
catheters. The catheter designs are optimised by way of transitions, and the addition of other
elements, such as flow restrictors and a highly effective pump. The ability to make larger
catheters while maintaining this type of controlled flexibility enables improved therapy, such as

clot removal, embolic delivery to the body.

The invention is not limited to the embodiments described but may be varied in construction and

detail.
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Claims

A catheter (1) comprising a jacket defining a lumen and comprising a helical support in
jacket material along at least some of its length, the catheter comprising at least a
proximal portion (2) and a distal portion (3), said distal portion having for at least some

of its length a corrugated outer surface (15).

A catheter as claimed in claim 1, wherein the catheter comprises a transition portion (53,
54, 204,782) between said proximal portion (1152) and said distal portion (1153), said
transition portion (1154) having a flexural stiffness which is less than that of the distal

portion and more than that of the proximal portion.

A catheter (780) as claimed in claim 2, wherein the transition portion has a corrugated
outer surface in which at least some corrugations of the corrugated outer surface have a

smaller depth than corrugations of the surface of the distal portion.

A catheter as claimed in claims 2 or 3, wherein the transition portion has a higher flexural

stiffness than the distal portion by the corrugations having a different pitch.

A catheter as claimed in any of claims 2 to 4, wherein the transition portion has a higher

flexural stiffness than the distal portion by the corrugations having a larger width.

A catheter as claimed in any of claims 2 to 5, wherein the transition portion is configured
to provide a gradual controlled stiffness transition between the distal portion and the

proximal portion.

A catheter as claimed in any of claims 2 to 6, wherein the transition portion has a reduced

depth of corrugations which is less than that of the distal portion (782).

A catheter as claimed in any of claims 2 to 7, wherein the transition portion includes an
additional outer tubular layer (801) along at least some of its length, and said outer

tubular layer is not present in the distal portion.

A catheter as claimed in claim 8, wherein said outer tubular layer has a thickness of 0.05

mm or less, preferably 0.025mm or less, and more preferably 0.0125 mm or less.
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A catheter as claimed in claims 8 or 9, wherein said outer tubular layer is of PET

composition.

A catheter as claimed in any of claims 2 to 10, wherein in said transition portion an

increase in stiffness is achieved by a change in thickness of the jacket.

A catheter as claimed in any of claims 2 to 11, wherein the jacket includes an inner liner
(1071) defining said lumen, and in said transition portion an increase in stiffness is
achieved by a change in thickness of the outer jacket material (1073, 1074) around the

helical support or of the inner liner.

A catheter as claimed in any preceding claim, wherein the jacket includes an inner liner
(1071) defining said lumen, and wherein the thickness of the inner liner is between 0.025

mm to 0.3 mm, preferably between 0.05 mm and 0.2 mm.

A catheter as claimed in any preceding claim, wherein the thickness of the jacket is

between 0.025 mm to 0.30 mm, preferably between 0.05 mm and 0.2 mm.

A catheter as claimed in any preceding claim, wherein width (W) of the corrugate is at
least 10% of the jacket thickness, and preferably the width of the corrugate is at least 20%

of the jacket thickness.

A catheter as claimed in any preceding claim, wherein in the distal portion the width of

the corrugate it at least 60% of the jacket thickness.

A catheter as claimed in any preceding claim, wherein in the distal portion the width of
the corrugate it at least 60% of the jacket thickness and the depth of the corrugate is at

least 70% of the jacket thickness.

A catheter as claimed in any preceding claim, wherein the jacket includes an inner liner
(1071) defining said lumen, and the inner liner thickness is constant along the length of

the distal portion, but the outer jacket thickness is larger in at least one region.

A catheter as claimed in any of claims 2 to 18, wherein the jacket thickness is increased
proximally at least once along the length of the catheter distal portion and/or transition

portion.
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A catheter as claimed in any of claims 2 to 19, wherein the transition portion has a
controlled change in stiffness arising from a plurality of layers (1073, 1074) which are
overlapped in a staggered configuration with at least one tubular layer terminating

proximally of termination of another tubular layer.

A catheter as claimed in any preceding claim, wherein the distal-most end (1050) of the
distal portion is provided by an inverted part of a jacket tubular layer forming a
continuous surface at the distal end of the distal portion, said layer being folded over at

the distal end to overlap itself.

A catheter as claimed in claim 21, wherein said inverted layer (1051) overlies the helical

support.

A catheter as claimed in any preceding claim, wherein said distal portion includes an
extension (1082) of a tubular layer extending distally of other layers and of the helical
support and being folded over to form a distal end edge, thereby providing a distal

extension of lower stiffness.

A catheter as claimed in claim 23, wherein the jacket includes an inner liner defining said

lumen, and said extension (1072, 1082) is all or part of the inner liner.

A catheter as claimed in claims 23 or 24, wherein said extension has a length in the range

of 0.5 mm and 5.0 mm, more preferably between 0.5 mm and 0.3 mm.

A catheter as claimed in any of claims 2 to 25, wherein the transition portion includes a

region without corrugations.

A catheter as claimed in any of claims 2 to 26, wherein the jacket includes an inner liner
defining said lumen, and wherein the transition portion includes a joint (1154) between

the inner liner and outer jacket material.

A catheter as claimed in claim 27, wherein said joint is between an inner liner of ePTFE

material and an outer jacket of PTFE material.

A catheter as claimed in any of claims 2 to 28, wherein said transition portion jacket

includes a lap joint (1207, 1208) between concentric tubular layers.
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A catheter as claimed in claim 29, wherein said lap joint is between a tubular layer of

ePTFE material and a tubular layer of PTFE material.

A catheter as claimed in claims 29 or 30, wherein said lap joint has a length of between

Imm and 30 mm.

A catheter as claimed in any of claims 2 to 31, wherein the degree of corrugation in the
transition portion is altered progressively proximally to achieve in increase in stiffness,
the jacket includes an inner liner and said inner liner extends distally and terminates
before the most distal region of the distal portion, said inner liner is of ePTFE

composition, and at least part of the proximal portion is not corrugated.

A catheter as claimed in any preceding claim, wherein the distal portion includes a region

of the helical support being floating in the jacket material.

A catheter as claimed in any preceding claim, wherein the jacket includes material of
ePTFE composition surrounding at least part of the helical support, and thickness of the
ePTFE material increases distally, and the jacket includes PTFE proximally of the ePTFE

material.

A catheter as claimed in any of claims 2 to 34, wherein the transition portion includes a
distal region in which the helical support is floating between jacket material ePTFE
layers, and a proximal region in which the helical support is embedded in the jacket

material.

A catheter as claimed in any preceding claim wherein, at least one region of the helical
support (6) is embedded in jacket material, whereby it is constrained from moving

relative to said jacket material.

A catheter as claimed in a claim 36, wherein the helical support (752) is embedded in the
jacket in a matrix (753) of continuous porous flexible material such as ePTFE, or in a

matrix of a non-compressible material such as a urethane.

A catheter as claimed in any preceding claim, wherein the jacket includes a liner defining

said lumen, and the jacket comprises at least one layer around said liner, and an in-fill
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material (851/854) between said inner liner and said jacket layer, or between a plurality

of tubular layers of material of said jacket.

A catheter as claimed in claim 38, wherein the in-fill material is used only to partially fill

a space around the helical support.

A catheter as claimed in claims 38 or 39, wherein the in-fill material completely fills a

helical channel around the helical support.

A catheter as claimed in claim 40, wherein the in-fill material is melted to form a layer of

material on all surfaces within the helical channel.

A catheter as claimed in any preceding claim, wherein the jacket includes an inner liner
defining said lumen, and a helical channel in the jacket includes melted and cooled in-fill
material between the helical support and the jacket, and in which there is an adhesive

chemical bond at interfaces with the in-fill material.

A catheter as claimed in any preceding claim, wherein the jacket includes an inner liner
defining said lumen, and the inner liner and an outer tubular layer of the jacket are

bonded to one another by sintering.

A catheter as claimed in any preceding claim, wherein the jacket includes an inner liner

(5) defining said lumen.

A catheter as claimed in claim 44, and said inner liner extends between the distal portion

and the proximal portion.

A catheter as claimed in claim 44 or 45, wherein the diameter of the inner liner is

constant, with a smooth lumen surface.

A catheter as claimed in any of claims 44 to 46, wherein the inner liner comprises a low

friction material such as ePTFE.

A catheter as claimed in any of claims 44 to 47, wherein in at least the distal portion the
jacket material comprises polyurethane (e.g. Pellethane 80AE) and the inner liner

comprises ePTFE.
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A catheter as claimed in any of claims 44 to 48, wherein an outer tubular layer of the

jacket is bonded to the inner liner or a tie layer around the inner liner.

A catheter as claimed in claim 49, wherein the distal portion comprises a tie layer

attaching the inner liner to the outer jacket material.

A catheter as claimed in claim 50, wherein the tie layer comprises a fluoropolymer which
is sputter coated with FEP powder which under heat and pressure forms a bond between

the coated fluoropolymer layer and a second layer.

A catheter as claimed in claims 50 or 51, wherein the tie layer comprises FEP or a

urethane.

A catheter as claimed in any of claims 44 to 52, wherein the helical support is bonded to

the outside surface of the inner liner or to a tie layer around said liner.

A catheter as claimed in any of claims 44 to 53, wherein an outer tubular layer of the
jacket of the proximal portion is sandwiched between the inner liner and another outer

tubular layer.

A catheter as claimed in any of claims 44 to 54, wherein the inner liner of the distal
portion is formed from a different material from the inner liner of the proximal portion,
and the liner materials are joined by creating a small slit or window in one layer and
pulling a spliced length of the outer jacket through the slit or window, and the helical

support is wound around the outside of these layers thus keeping them together.

A catheter as claimed in any of claims 44 to 55, wherein the helical support (771) is

spaced apart or transposed from the inner liner such that it is not exposed to the liner.

A catheter as claimed in any preceding claim, wherein the corrugate at the surface of the

jacket is at least 5% of the thickness of the jacket.

A catheter as claimed in any preceding claim, wherein in at least one region the width of

the corrugate at the surface of the catheter is at least 10% of thickness at the jacket.

A catheter as claimed in any preceding claim, wherein in at least one region of the distal

portion, the width of the corrugate is at least 30% of the wall thickness.
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A catheter as claimed in any preceding claim, wherein the corrugate depth is between 5%
and 95% of the jacket thickness in at least one region of the catheter, and preferably the
corrugate depth is at least 20% of the catheter wall thickness in at least one region of the

catheter.

A catheter as claimed in any preceding claim, wherein the corrugate depth varies along a
corrugated region of the catheter from a larger depth distally to a smaller depth

proximally.

A catheter as claimed in any preceding claim, wherein the corrugate width varies along a

corrugated region of the catheter from a larger depth distally to smaller depth proximally.

A catheter as claimed in any of claims 2 to 62, wherein in the transition portion the
corrugate depth varies from a larger depth distally to a smaller depth proximally, while

the corrugation width is constant in said region.

A catheter as claimed in any preceding claim, wherein the corrugate represents the
impression of a circular helical cinch wire wound around jacket material during

manufacture.

A catheter as claimed in claim 64, wherein the corrugate represents the impression of a
circular helical cinch wire wound from a depth and width of no impression with no

corrugate, to a depth of at least 50% of the jacket thickness.

A catheter as claimed in claim 65, wherein the corrugate represents the impression of a
circular helical cinch wire wound from a depth and width of no impression with no

corrugate, to a depth of at least 70% of the jacket thickness.

A catheter as claimed in claim 66, wherein the corrugate represents the impression of a
circular helical wire wound from a depth and width of no impression with no corrugate,

to a depth of at least 95% of the jacket thickness.

A catheter as claimed in any of claims 44 to 67, wherein the inner liner terminates in a

region proximal of the distal end of the distal portion.

Penumbra, Inc., Ex. 1029, Page 462 of 728
Penumbra, Inc. v. RapidPulse, Inc.



10

15

20

25

30

35

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

WO 2019/115809 _53. PCT/EP2018/085064

A catheter as claimed in claim 68, wherein a region (760) of inner lumen of the catheter
without said inner liner (763) has hydrophilic or hydrophobic coating to improve

lubricity.

A catheter as claimed in claims 68 or 69, wherein the un-lined section is at least lcm 1in

length, and preferably at least 2 cm in length.

A catheter as claimed in any of claims 67 to 70, wherein a sudden change in flexural
stiffness at said liner termination is reduced by a change in corrugation parameters, or by

skiving the liner with an angular cut.

A catheter as claimed in any of claims 68 to 71, wherein a region of the un-lined jacket
material adjacent to the liner proximally is less corrugated than in a region of unlined

jacket distally and proximally.

A catheter as claimed in any of claims 68 to 72, wherein a corrugated region of the lined
jacket adjacent to a region of unlined jacket has a longer pitch than a region of unlined

jacket.

A catheter as claimed in any of claims 44 to 73, wherein the jacket (783) has a proximal
part (784) in a catheter proximal portion without corrugations, a distal part (785) in the
catheter distal portion with corrugations, and the inner liner (783) terminates proximally

of the distal end (786).

A catheter as claimed in any of claims 2 to 74, wherein the jacket material comprises

regions of different materials having different durometer values.

A catheter as claimed in any preceding claim, wherein the catheter has a plurality of
radiopaque markers (1270) along its length, and optionally at least part of the helical

support comprises aradiopaque marker.

A catheter as claimed in claim 76, wherein the helical support comprises a radiopaque

material such as Platinum wire.

A catheter as claimed in either of claims 76 or 77, wherein the helical support (6)

comprises drawn Nitinol tubing or wire filled with radiopaque material.
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A catheter as claimed in claim 76 or 77 or 78, wherein the helical support (1281) includes

at least 10 w/w % Platinum.

A catheter as claimed in any of claims 76 to 79, wherein radiopacity of the distal portion

is enhanced by having a length of reduced helical pitch.

A catheter as claimed in any preceding claim, wherein for at least some of the length of

the catheter the width of the corrugate is no more than 50% of the pitch of the corrugate.

A catheter as claimed in any preceding claim, wherein for at least some of the length of
the catheter the width of the corrugate is between 5% and 49% of the pitch of the
corrugate, and more preferably the width of the corrugate is between 15% and 45% of the

pitch of the corrugate.

A catheter as claimed in any preceding claim, wherein for at least some of the length of

the catheter the width of the corrugate is between 20% and 45% of the pitch of corrugate.

A catheter as claimed in any preceding claim, wherein for at least some of the length of

the catheter the width of the corrugate is at least 10% of the jacket thickness.

A catheter as claimed in any preceding claim, wherein for at least some of the length of

the catheter the width of the corrugate is at least 20% of the jacket thickness.

A catheter as claimed in any preceding claim, wherein at the most distal region of the

distal portion the width of the corrugate it at least 60% of the jacket thickness.

A catheter as claimed in any preceding claim, wherein at the most distal region of the
distal portion the width of the corrugate it at least 60% of the wall thickness and the depth

of the corrugate is at least 70% of the wall thickness.

A catheter as claimed in any preceding claim, wherein the ratio of the width of the

corrugate to the depth of the corrugate is at least 0.5 in at least one region of the catheter.
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A method of manufacturing a catheter of any preceding claim, wherein the jacket is
formed in at least some regions by positioning a membrane over a helical structure,
applying heat so that the membrane reflows such that it forms around the helical
structure, winding a tensioned cinch wire around the outside of the membrane such that it
forces membrane material into grooves between each loop of the helical structure, heat
setting the membrane to fix the corrugations in place, and unwinding the tensioned cinch

wire leaving the corrugations behind.

A method as claimed in claim 89, wherein the jacket includes fluoropolymers and said
fluoropolymers are bonded with each other and/or with other polymers at bonding

interfaces.

A method as claimed in claims 89 or 90, wherein chemical treatment is applied at said

interfaces using an etching solution.

A method as claimed in claim 91, wherein the etched fluoropolymer is coated with a thin
layer of urethane such as Chornoflex, and on the application of heat, this layer flows and
acts to tie the fluoropolymer to a second etched fluoropolymer layer or to a different

polymer layer.

A method as claimed in any of claims 89 to 92, wherein the method comprises providing
the helical support (752) within a polymer jacket (753) which is bonded to a liner (751)
to form a base assembly, placing an outer liner (81 1) which will not bond to the polymer
jacket over the jacketed coil, winding the cinch wire (810) in a helix onto the outside of
the outer liner under tension thereby imparting a corrugate geometry, heating to reflow or
anneal the material to set said material into the corrugate geometry, cooling the assembly,

removing the cinch wire (810), and peeling off the outer liner (811).

An aspiration device (1350) comprising a catheter (1353) of any of claims 1to 88 and a

flow restrictor (1352), in which the distal portion (1351) is distal of the flow restrictor.

An aspiration device as claimed in claim 94 wherein the catheter comprises a transition
portion (1400) between said proximal portion and said distal portion, said transition

portion having a flexural stiffness which is less than that of the distal portion and more
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103.

than that of the proximal portion, and at least part of said transition portion extends

distally of the flow restrictor.

An aspiration device as claimed in either of claims 94 or 95, wherein the flow restrictor
comprises a balloon (1352) and the balloon is arranged to inflate to block blood flow

before aspiration of a clot into the catheter distal portion.

An aspiration device as claimed in any of claims 94 to 96, wherein length of the distal
portion (1351) is suited to reach specific anatomical locations such as the distal internal
carotid artery, terminus of the internal carotid artery, proximal MI, distal MI, proximal
M2, distal M2, basilar, or vertebral vessels, wherein the flow restrictor remains in or

proximal of the C1 segment of the ICA.

An aspiration device as claimed in claims 94 to 97, wherein the outer diameter of the
distal portion (2402) differs from the outer diameter of the proximal portion (2403) of the

catheter.

An aspiration device as claimed in claims 94 to 98, wherein the distal portion (2402) has

a larger internal diameter than the proximal portion (2403).

An aspiration device as claimed in any of claims 94 to 99, wherein there is a taper in the

diameters of the distal and proximal portions.

An aspiration device as claimed in any of claims 94 to 100, further comprising a balloon
inflation lumen (2403) and the outer layer of the balloon inflation lumen is of enhanced

flexibility in comparison with a balloon inflation lumen inner layer.

An aspiration device as claimed in any of claims 94 to 101, wherein the catheter
comprises a proximal portion (2301) having at least two lumens, including a first lumen
(2403) for balloon inflation and a second lumen for delivery of fluids and devices, and

the distal portion (2302) is for aspiration.

An aspiration device as claimed in any of claims 94 to 102, wherein said distal portion
lumen has a larger internal width dimension than the internal width dimension of the

second lumen of the proximal portion.
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An aspiration device as claimed in claims 102 or 103, wherein the proximal portion first

and second lumens are concentric.

An aspiration device as claimed in any of claims 94 to 104, wherein the device is for
direct carotid access and the length of the catheter proximal of the flow restrictor does not

exceed 40 cm, and preferably does not exceed 30 cm.

An aspiration device as claimed in any of claims 94 to 105, wherein the flow restrictor

comprises part of the catheter proximal portion.

An aspiration device as claimed in any of claims 94 to 106, wherein the catheter
comprises first (2702) and second (2703) shafts, in which the first shaft is configured to
perform significant flow restriction at a vessel location proximal to a target treatment site,
and the second catheter shaft has a smaller diameter and may then be passed through the

first catheter shaft to the treatment site.

An aspiration device as claimed in any of claims 94 to 107, wherein the flow restrictor

includes a funnel, open at the distal side.

An aspiration device as claimed in any of claims 94 to 108, wherein the flow restrictor is

deployable, or activated, but remains attached to the catheter.

An aspiration device as claimed in claim 109, wherein the flow restrictor is a deployable
funnel, the open side of the funnel is pointing distally, and the catheter is movable

proximally with the funnel while the funnel continues to perform flow restriction.

A method of use of an aspiration device of any of claims 94 to 110, the method
comprising steps of deploying a device of any of claims 94 to 110 in a patient’s blood
vessel, navigating the distal portion to a clot in the vessel, causing the flow restrictor to
block blood flow, and applying a vacuum to the catheter so that the clot is aspirated into

the distal portion.

A method as claimed in claim 111, wherein the method comprises:
performing an angiogram to determine location of an occlusion, and distance

between petrous or cavernous carotid and the occlusion,
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113.

114.

115.

116.

117.

choosing a catheter with a distal portion length suitable to reach a clot causing the
occlusion, while ensuring that the flow restrictor does not land beyond the
cervical carotid, and with a distal tip with an outer diameter as large as will
comfortably fit in the target vessel,

navigating the distal portion of the catheter to the clot,

activating the flow restrictor such that flow arrest is enabled, and alternative flow
pathways which could reduce the effectiveness of the aspiration are minimised,
apply a vacuum to the lumen of the catheter to aspirate the clot,

if the clot is retrieved, perform another angiogram through the balloon guide
catheter or a diagnostic catheter, and

removing the catheter.

An aspiration system (3500) comprising a catheter of any of claims 1 to 88, a pump
(3504) linked with the catheter proximal portion (3503), and a controller configured to

vary aspiration pressure during aspiration of a clot.

An aspiration system as claimed in claim 113, wherein the system comprises a lumen
pressure senor and the controller is configured to vary aspiration pressure according to

sensed pressure within the catheter lumen.

An aspiration system as claimed in claims 113 or 114, wherein the system comprises a
lumen fluid flow sensor, and the controller is configured to vary aspiration pressure

according to sensed fluid displacement in the lumen.

An aspiration system as claimed in any of claims 113 to 115, wherein the controller is
configured to improve the efficiency of aspiration by preventing clogging of the catheter,
and/or to promote maceration and deformation of a clot to enable it to travel through the

lumen.

An aspiration system as claimed in any of claims 113 to 116, wherein the controller is
configured to provide a vacuum or a positive pressure based on measured pressure, and to

change direction hence altering the pressure and fluid displacement.
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120.
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125.

An aspiration system as claimed in any of claims 113 to 117, wherein the controller has
defined upper and lower limits of pressure or displacement to decide whether to apply a

vacuum or pressurize.

An aspiration system as claimed in any of claims 113 to 118, wherein the controller is
configured to cause the catheter to cyclically ingest and if required expel, at least some of
a clot, whereby there is deformation of the clot to improve efficiency of aspiration and

prevent clogging of the catheter.

An aspiration system as claimed in any of claims 113 to 119, wherein the controller is
configured to begin to draw some vacuum so that a negative pressure is measured and in
the absence of an occlusion or partial occlusion of the catheter tip, this will be a nominal
reading, representing free-flow of fluid through the catheter, and once the catheter is

advanced and engaged with the clot, an increase in the vacuum is observed.

An aspiration system as claimed in any of claims 113 to 120, wherein the controller is
configured to increase a vacuum to ingest more of a clot and to reverse at a low limit of
pressure defined such that during vacuum, a portion of the clot has been aspirated but not
so much that the clot has become irreversibly clogged and the lower limit of vacuum can
be set above a full vacuum pressure to prevent ingestion of too large a clot that could clog

the catheter.

An aspiration system as claimed in claim 121, wherein the controller is configured to set
the low limit between -100 mm-HG and -200 mm-Hg, preferably between -200 mm-HG
and -300 mm- Hg, more preferably between -400 mm-HG and -500 mm-Hg, and more
preferably between -600 mm-HG and -700 mm-Hg.

An aspiration system as claimed in any of claims 113 to 122, wherein the controller is
configured to cause direction of fluid displacement of the pump to be reversed thereby

increasing the pressure measured, and unloading a clot.

An aspiration system as claimed in any of claims 113 to 123, wherein the controller is
configured to allow some or all of a clot to be pushed distally towards the catheter tip so

that the clot is macerated and accordingly becomes more free within the catheter.

An aspiration system as claimed in any of claims 113 to 124, wherein the controller is

configured to increase pressure until a sensed pressure high limit is reached.
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134.

An aspiration system as claimed in claim 125, wherein the controller is configured to set
the high limit such that an ingested clot may not be completely expelled from the

catheter.

An aspiration system as claimed in either of claims 124 or 126, wherein the controller is
configured to store an initial blood pressure reading before a procedure is initiated, and to

read this pressure to calculate the high limit value.

An aspiration system as claimed in any of claims 113 to 127, wherein the controller is
configured to use patient mean blood pressure, systolic blood pressure, or diastolic blood

pressure for pump control.

An aspiration system as claimed in any of claims 113 to 128, wherein the controller is
configured to apply pulse cycling between two pressure limits, or rate based cycling of a
negative and positive pressure signal, using defined oscillating frequencies that may
cause the elastic modulus of a clot to be exceeded, thereby fragmenting the clot in the

catheter and promoting easier transport.

An aspiration system as claimed in any of claims 113 to 129, wherein the controller is
configured to initiate a shake signal for a predefined number of cycles, or until the

pressure has returned to blood pressure.

An aspiration system as claimed in any of claims 121 to 130, wherein the controller is
configured to set the low limit in real time, preferably with a change in the rate of change

of the pressure.

An aspiration system as claimed in any of claims 113 to 131, wherein the controller is
configured to recognize a sudden change in pressure of the catheter as a signal to switch

direction of the pump.

An aspiration system as claimed in any of claims 113 to 132, wherein the controller is

configured to receive feedback from a flow meter.

An aspiration system as claimed in any of claims 113 to 133, wherein the controller is
configured to use positive and negative fluid displacement to alternately infuse and

aspirate the catheter.
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135. An aspiration system as claimed in any of claims 113 to 134, wherein the system
comprises an output indicator and the controller is configured to provide feedback to a
physician based on the catheter and clot interaction condition, for example pressure
within the catheter, pressure range associated with free-flow within the catheter, or partial
occlusion, or complete occlusion, aspirating or clogged, to indicate to the physician that

the pump is in the oscillation or shake condition.
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DYNAMIC ASPIRATION METHODS AND SYSTEMS

DESCRIPTION

Field of the Invention

This application generally relates to aspiration methods and systems which allow for
dynamically changing suction pressure over time. Certain embodiments of the systems and
methods have particular application to surgical procedures including, without limitation,
aspiration embolectomy procedures and thrombectomy procedures for improving, for example,

ischemic stroke treatment,

BACKGROUND

Ischemic stroke is a very serious condition in which the normal flow of blood is partially
or completely blocked by an occluding element, resulting in a reduction in blood flow, oxygen
delivery, nutrient delivery, and waste exchange in the downstream tissue bed. This is most
commonly a clot. It is generally necessary to remove the occluding element as quickly as
possible in order to re-establish blood flow to the affected area or areas of the body. Current
methods of removing occluding elements focus on applying endovascular disruptive forces. This
can involve administration of thrombolytic drugs, mechanical occlusion retrieval, and occlusion
removal via intravascular aspiration (suction). Thrombolytic drugs are typically not effective
after a predefined window usually defined as 2-3 hours after symptoms arise from an occlusion.
Mechanical retrieval usually involves a deployable mesh-like grid such as a stent retriever and is
often complicated and dangerous to perform. Aspiration thrombectomy is generally an effective
and commeon treatment for removing an occluding element within the body, especially in the
case of ischemic stroke. Traditional aspiration thrombectomy procedures involve application of a
constant negative pressure (suction) by either a pump or large gauge syringe to facilitate removal
of the occlusion with a catheter. Flow arrest may also be performed using a proximal balloon.
However, under conditions such as a strong integration of an occlusion with a vessel wall, such

conventional aspiration techniques are unsuccessful, The best thrombectomy technology
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currently only achieves recanalization in approximately 85% of cases. As such, there exists a
need for improved techniques for the removal of occlusions and, more particularly,
improvements to aspiration thrombectomy.

U.S. Patent Application Publication No. 2013/0267891 teaches a thrombectomy catheter
system directed to cutting an occluding element with a fluid jet. Fluid is supplied to the catheter
by a source of infusion fluid and a source of positive pressure. The fluid jet is directed into an
exhaust lumen to create a suction effect and carry fluid away from the catheter. The suction
effect of the fluid jet is intended to draw in occlusive material which may then be cut and
removed by the high pressure stream. The catheter tip may be inserted into or through an
occlusion to position occlusive material in proximity of the fluid jet. The fluid jet itseif may have
a variable positive pressure as provided for by a control device which regulates the flow of
infusion fluid into the catheter. Suction, as discussed, is achieved passively by the direction of
the fluid jet into the exhaust lumen of the catheter. This particular type of design places the fluid
jet/aspiration portal in a position that is tangential to the clot or even within the clot itself,
resulting in the application of non-uniform forces across the face of the clot.

Ultrasound augmented fibrinolysis delivers ultrasonic oscillations transcranially or via a
solid medium of a catheter (usually a metal tip) to increase the penetration of fibrinolytic agents
into a clot with the intention of breaking up the clot and permitting the occlusive material to flow
distally. Benefits of ultrasound augmented fibrinolysis, however, may not outweigh the increased

risk of hemorrhage.

SUMMARY

Embodiments of the invention improves aspiration, especially as used in embolectomy or
thrombectomy applications, by providing a dynamic suction force as opposed to a static suction
force traditional to aspiration thrombectomy. This can provide improved disruption
characteristics. Dynamic suction forces, in contrast to static suction forces, provide repetitive
loading to induce material fatigue in an embolus. Subjecting clots to material fatigue via a
dynamic aspiration profile (e.g. a cyclic aspiration profile) may reduce the clot’s load-to-failure
and time-to-failure as compared to existing suction thrombeciomy techniques. This has several

advantages, notably: the load applied to cause the clot to fail (fracture or break loose) is applied
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in several repetitive loading cycles. The forces applied during any one of these repetitive cycles
may be far less than the force necessary to cause the clot to break loose. The additive effect of
these repetitive loading cycles causes the clot to fracture and break loose so that it can be
removed, This mechanism of failure is commonly referred to as fatigue failure. An everyday
example of fatigue failure is observed when a paper clip is repeatedly folded back and forth, and
after several cycles the clip easily breaks. While the total load necessary to break a clot free
remains constant, when using an exemplary embodiment loading may be applied in smaller
incremental steps, and it is the additive effect of these smaller incremental steps resulting in the
fatigue of the clot and breaking the clot free from the vessel wall. By applying the load in small
incremental “doses” the risk of damage to the surrounding blood vessel is reduced. In existing
conventional devices, the suction forces necessary to break a clot free are essentially applied in a
“single dose”. Embodiments of the present invention are designed to circumvent this “all or
nothing” loading limitation of conventional suction devices and reduce the risk of damage to the
surrounding tissues by exploiting fracture mechanics to induce the release of the clot from the
surrounding vessel wall. The use of repetitive loading cycles also provides the benefit of
removing a greater percentage of clots, including those which are particularly entrenched. A
reduction in time-to-failure provides the benefit of reducing the elapsed time to reperfusion of
the occluded tissue. Generally, dynamic aspiration shows an improvement in overall clot
clearance rate and clot clearance time. By using a catheter that places the suction forces *face
on” to the occluding clot a larger surface area of the clot can be engaged than with suction
devices that use a tangential approach. This improves the efficiency and efficacy of the process
of applying the repetitive loading forces to the clot. Negative pressure and negative pressure
oscillations are delivered by a fluid medium which may be, for example, one or more liquids,
gases, or a combination thereof.

According to one embodiment, an appliance for aspiration control is provided which
includes a conduit and a chamber. The conduit has a first end connectable to be in fluid
communication with a catheter and a second end connectable to be in fluid communication with
a source of suction such that fluid of a first pressure from the source of suction extends through
the appliance from second end to the first end. The chamber is connected to the conduit between
the first end and the second end and is in fluid communication with the conduit. An opening or

hole of the chamber may be selectively opened or closed, or enlarged or narrowed. The opening
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permits fluid of a second pressure which may be different from the fluid of the first pressure to
be mixed with the fluid of the first pressure.

According to another embodiment, an appliance for aspiration control may include a first
conduit, a second conduit, and a valve. The first conduit has a first end connectable to be in fiuid
communication with a catheter. The second conduit has a second end connectable to be in fluid
communication with a source of suction such that fluid of a first pressure from the source of
suction extends through the appliance between the second end and the first end. The chamber
may be in fluid communication with and connected to the first conduit and the second conduit. A
valve is arranged in the chamber which is selectively operable to reduce or prevent fluid
communication between the first conduit and the second conduit and displaceable such that a
volume of the chamber between the first end of the first conduit and the valve is selectively
variable.

According to yet another embodiment, a method of aspiration is provided which includes
steps of positioning a distal end of a catheter adjacent an occlusion,exerting a suction force at the
distal end of the catheter with a source of suction in fluid communication with a proximal end of
the catheter, and dynamically varying the suction force with a device in fluid communication
with the catheter and the source of suction by variably opening the device.

According to yet a further embodiment, there is a method of aspiration which includes
steps of positioning a distal end of a catheter adjacent an occlusion, exerting a suction force at
the distal end of the catheter with a source of suction in fluid communication with a proximal
end of the catheter, and dynamically varying the suction force with a device in fluid
communication with the catheter and the source of suction by variably urging a displacement of
a valve in the device such that a volume between the distal end of the catheter and the valve is
selectively variable.

According io still another embodiment, a method of performing an embolectomy may
include steps of positioning a distal end of a catheter adjacent an embolus, providing a negative
pressure in the catheter with an aspiration source, changing the negative pressure repetitively
with an appliance to produce a dynamic suction force at the distal end of the catheter, and
removing at least part of the embolus by aspiration with the catheter. The dynamic suction force

provides repetitive loading to induce material fatigue in the embolus.
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According to yet a further embodiment, an aspiration system may comprise a catheter
insertable into a body, an aspiration source providing a negative pressure in the catheter, and a
device which repetitively changes the negative pressure to produce a dynamic suction force at a

distal end of the catheter.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A and 1B are, respectively, a schematic of a conventional aspiration system for
suction thrombectomy and an aspiration profile;

Figures 2A-2C are, respectively, a schematic of an aspiration system for dynamically
varying a suction force, an aspiration profile, and an aspiration method,

Figures 3A-3C are cyclic aspiration profiles;

Figures 4A and 4B show, respectively, another aspiration system with an aspiration
device for dynamically varying a suction force and a stochastic aspiration profile thereof:

Figure 5 shows yet another aspiration system with an aspiration device for dynamically
varying a suction force;

Figure 6 shows an aspiration system with an electromagnetically operated aspiration
device for dynamically varying a suction force;

Figures 7 shows an aspiration system with an aspiration device having an oscillating
spring element;

Figures 8A-8C are aspiration systems with aspiration devices having an oscillating valve
element; and

Figures 9A and 9B are example dynamic aspiration methods;

Figure 10 is a method of performing an embolectomy; and

Figures 11A-11D show catheters usable with all embodiments of the invention.
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DETAILED DESCRIPTION

As a matter of terminology, it should be appreciated that a reduction in positive pressure
is equivalent to an increase in negative pressure, and vice versa. As generally used herein,
*pressure” (without an indication of being positive or negative), “negative pressure”, and
“vacuum pressure’” are used interchangeably. “Positive pressure” (with the adjective “positive”
explicitly provided) is the opposite of “pressure”, “negative pressure”, and “vacuum pressure”.
Positive pressure supplies a pushing force. “Negative pressure”, in contrast, supplies a suction
force. However, it should be noted that “pressure-relieving” means a reduction in the magnitude
of either positive pressure or negative pressure. “Pressurizing”, on the hand, means an increase in
the magnitude of either positive pressure or negative pressure. “Magnitude” means the scalar or
absolute value of a parameter,

Furthermore, terms such as “control” and “controlling” do not necessarily imply absolute
control, but rather indicate having an influence or effect that is intended and/or predictable. The
term “dynamic” does not preclude temporary or brief plateaus or temporary intervals of constant
pressure. Rather, over the course of an aspiration procedure (e.g. thrombectomy), the aspiration
profile includes a plurality of deliberate variations in the suction force/pressure (this sometimes
being referred to as a dynamic suction force). These variations may be repetitive, cyclic,
rhythmic, stochastic, or otherwise. A combination of these variation types may also be used
together. The terms “dynamic aspiration” and “dynamic suction” may be used interchangeably
with the term “impact aspiration”. It is noted that “constant pressure”, particularly as used in
describing the prior art, may include incidental perturbations such as caused by adjustments in
the position of a catheter tip relative a thrombus. Such incidental perturbations to an aspiration
profile or suction force do not alone provide sufficient basis for characterization of an aspiration
profile as “dynamic”.

Referring now to the drawings, and in particular Figures 1A and 1B, a schematic
representation of a conventional aspiration system 100 is shown for removal of an occlusion 102
from a biological fumen, for example the lumen of an artery 104. After an incision is made and
the catheter 106 inserted into the lumen, an aspiration source 108 at a distal end of the catheter
106 applies a negative pressure to a fluid within the catheter. A suction force is indicated by

arrow 101. In general, the catheter 106 is placed immediately adjacent the occlusion 102 such
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that the occlusion blocks most or, more typically, the entire distal opening of the catheter 106.
The aspiration source 108, for example a pump or syringe, creates a vacuum condition within the
catheter of increasing negative pressure until a plateau is reached, as shown in the aspiration
profile 150 of Figure 1B. Once a plateau is reached, the occlusion 102 experiences a constant
suction force until, ideally, the occlusion or occlusive elements thereof break free of the arterial
endothelium and are drawn into the catheter.

In some aspiration systems, a catheter or an extending element thereof is used to pierce or
penetrate the occlusion in conjunction with the application of a constant suction force. Although
this approach can in some cases aid in the breakup and removal of the occlusion, it has certain
drawbacks. One very serious risk is the escape and travel of occlusive material from the initial
site of occlusion to a distal portion of the lumen or to another lumen branching therefrom. This is
referred to as the distal migration of thrombi and can result in a new clot.

Referring now to Figure 2A, an aspiration system 200 is shown according to an
embodiment of the invention. The aspiration system 200 generally comprises a catheter 206, a
source of suction 208 (i.e. an aspiration source), and an appliance 210 for affecting the aspiration
profile of the catheter. In contrast to the aspiration system 100 of Figure 1A, an appliance 210 for
aspiration control is provided in fluid communication with both the catheter 206 and the source
of suction 208. Generally, appliance 210 permits alteration of an aspiration profile at the distal
end of the catheter 206 and, more specifically, provides for changing the negative pressure in the
catheter 206 repetitively to produce a dynamic suction force at the distal end of the catheter.
Appliance 210 includes a conduit 212 and a chamber 214 connected to and in fluid
communication with the conduit 212. In the embodiment shown, chamber 214 adjoins the
conduit 212 between a first end 212a and a second end 212b of the conduit 212. The conduit’s
first end 212a is connectable to be in fluid communication with the catheter 206, while the
second end 212b is connectable to be in fluid communication with the source of suction 208. The
connections are such that a fluid of a first pressure from the source of suction 208 extends
through the appliance 210 from the second end 212b through the first end 212a. The suction
force provided by the negative pressure is indicated at arrow 201.

Chamber 214 has one or more openings 216 which permit fluid of a second pressure to be
mixed with the fluid of a first pressure. However, the second fluid is not introduced at a constant

volumetric flow rate but rather influenced according to a changing configuration of appliance
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210 or, more specifically, a changing configuration of the opening 216. An opening 216 may be
selectively opened and closed or enlarged and narrowed, for example. Variables such as
maximum/minimum sizes of the opening 216, a rate of change for enlargement or narrowing of
the opening 216, or the pressure differential between the first fluid and the second fluid may be
selected or changed to achieve a particular dynamic aspiration profile. Repetitive or redundant
variation of these or other variables provides control over the fluid flow (arrow 203) through an
opening 216 and thus the negative pressure and aspiration profile at the distal end of the catheter
206.

An aspiration system 200 may further include a stabilizing balloon 205 or similar
structure near or at the distal end / tip of the catheter 206. After inflation, a balloon 205 stabilizes
the catheter 206 relative the vessel 204 to minimize or eliminate movement of the catheter
resulting from dynamic changes in the suction force. This feature, like other features taught
herein, is shown with aspiration system 200 by way of example and may optionally be included
with other embodiments.

Appliance 210 may include a customized or commercially available valve for regulating
the opening/closing or enlarging/narrowing of an opening 216. The valve may be but is not
limited to a three-way valve available from companies like Clippard Instrument Laboratory Inc.
(Cincinnati, Ohio, USA) or Harvard Apparatus (Holliston, Massachuseits, USA). Other suitable
valves will oceur to skilled persons in the art in view of the teachings herein.

The first fluid and the second fluid may be respectively referred to as first and second
aspiration mediums. The aspiration mediums may be compressible fluids, such as air, or
incompressible fluids such as water or saline. Generally, catheter 206, conduit 212, chamber 214,
and any connecting tubules are primed with aspiration medium. A biofilter 217 may be provided
at a junction of conduit 212 and chamber 214. In some embodiments, the second aspiration fluid
may be provided at a positive pressure.

Figure 2B shows an example aspiration profile 250 according to a repetitive alternation
of opening 216 between an open state and a closed state. A four-pointed star indicates the
opening of opening 216 and six-pointed star indicates a closing of opening 216. In this example,
the second fluid which passes through opening 216 during an open state is of a substantially
constant pressure. This contributes to controlled maximum and minimum negative pressure

equilibriums as indicated at lines 252a and 252b, respectively. Like the first fluid, the second
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fluid may be, for example, ambient air (also referred to simply as “ambient”), water, or saline. A
cycle time and fluctuation behavior of a negative pressure in the catheter 206 may be controlled
and regulated by changing a state of opening 216. Opening 216 may have two or more discrete
states (e.g. fully open and fully closed, such as in the example just described in relation to Figure
2B) or may have a continuously variable state.

Figure 2C is a method 260 of aspiration, reference being made to the aspiration system
200 of Figure 2B for illustrative purposes. At step 261, a distal end of catheter 206 is positioned
adjacent an occlusion 202. At step 262, a suction force is exerted at the distal end of the catheter
206 with a source of suction 208 in fluid communication with the proximal end of the catheter.
At step 263, the suction force is dynamically varied with a device or appliance 210 in fluid
communication with the catheter 206 and the source of suction 208, The dynamic variation is
achieved by variably opening the device at one or more openings 216.

A variety of different profiles and waveforms may be achieved for the dynamic pressure
provided by an aspiration system 200 or other aspiration systems and devices according to
embodiments of the invention. Figures 3A-3C show, respectively, example cyclic aspiration
profiles 310, 320, and 330 with solid black lines. Generally, aspiration may be characterized by
at least a pressure profile and, especially for cyclic aspiration, a frequency profile. Aspiration
pressure may be varied for any frequency in at least two general ways. Down-cycling (DC)
involves a brief pressure-relieving impulse in each cycle. A majority of time may be spent at
maximum treatment pressure. Up-cycling (UC) involves a brief pressurizing impulse in each
cycle. In this case, a majority of time may be spent at minimum treatment pressure. Such
differences in DC and UC pressure variation are illustrated by way of example in aspiration
profiles 310 and 320. UC regulation may be achieved by supplying a plurality of pressurizing
pulses to aspired fluid of a catheter. DC regulation may be achieved by supplying a plurality of
pressure-relieving pulses to aspired fluid of a catheter.

For comparison, Figures 3A-3C include dashed lines representative of constant pressure
aspiration profiles. With traditional constant pressure aspiration methods, pressure is increased
up to an equilibrium steady-state pressure that is maintained until a thrombus is removed or else
the removal is deemed unsuccessful. Dynamic aspiration is found to improve overall clot
clearance rate and clot clearance time yet can involve less total loading to an occlusion. In

contrast to static loading, dynamic loading from dynamic aspiration supplies repetitive and
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variable loading to induce material fatigue in an embolus. “Material fatigue”, or simply
“fatigue”™, is a term used herein according to its meaning in materials science. [t involves the
progressive weakening of a material as a result of repetitive loading and unloading from, for
example, cyclic loading. Over time, a material subject to cyclic loading exhibits localized
structural damage. Generally, microscopic cracks begin to form at stress concentrations, for
example the surface of a material, sharp edges, or slight structural imperfections. The cracks
grow and reach a critical size at which point sudden propagation of the crack causes fracturing of
the material.

Many materials exhibit what is referred to as a linear elastic behavior. Under loading a
material deforms, and upon removal of such loading the material fully recovers its original
conformation. When forces acting upon the material exceed what is called a yield strength, the
material begins to deform plastically (as opposed to elastically) and the original conformation
cannot be recovered. [t is worth noting that fracturing of a material can result from cyclically
applied loads which are significantly smaller than the loads associated with or greater than the
material’s yield strength. For occlusions such as clots, conventional static aspiration applies a
constant load to a clot. This can require a suction force which exceeds the yield strength or
ultimate tensile strength of the clot. In contrast, dynamic aspiration as taught herein may cause
fracture and break-up of a clot applying smaller suction forces which are repetitively varied to
induce material fatigue. One possible advantage of using smaller suction forces is a reduction in
the risk of damaging a vessel wall and causing hemorrhage. The fracture of a clot, and thus its
material failure, may be achieved by loading the clot cyclically, with or without a net fluid flow.

Dynamic aspiration profiles, cyclic or otherwise, may have any one or more of a plurality
of parameters changed over time to control/influence the pressure realized in a catheter and to
which an occlusion is subjected. Such parameters include but are not limited to static baseline
aspiration pressure, frequency, aspiration medium, and pressure waveform. Dynamic aspiration
profiles may furthermore have fixed or modulated frequencies and amplitudes. This allows
tuning of an aspiration system for optimized treatment efficacy.

Different frequencies of cyclic aspiration may be used to improve clot clearance in
comparison to static aspiration. For some embodiments higher frequencies are more effective,
particularly frequencies above 1 Hz. In some embodiments, frequencies may be at least 10 Hz

and, for still some other embodiments, frequencies may be at least 50 Hz. In comparison to
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ultrasound augmented fibrinolysis, embodiments with dynamic aspiration may employ lower
frequency and higher amplitude oscillations aimed at mechanically dislodging and disrupting the
clot so that it can be aspirated from the vessel.

In some embodiments, frequency may be varied while aspiration is applied to an
occlusion. For example, a method of aspiration may include applying a first frequency and, over
the course of an interval of time or at the conclusion of an interval of time, changing to a second
frequency. A plurality of frequencies may be used. In an example embodiment, the aspiration
frequency may start at a low frequency and progressively stepped up to higher frequencies (e.g. 5
Hz to 10 Hz to 15 Hz to 20 Hz and so forth up to a final operating frequency). Alternatively,
aspiration frequency may be stepped down. Occlusions such as clots vary significantly from one
patient to another. In additional to possible material property differences between clots (e.g.
stiffness, elastic modulus, or the like), the adherence of the occlusive element to the wall of the
lumen (e.g. artery) and the material properties of the lumen wall itself will also vary from one
patient to another. Embodiments of the invention provide for variation and selection of one or
more aspiration profile characteristics including frequency on a patient-by-patient basis.

As previously stated, embodiments such as that illustrated in Figure 2ZA may provide for a
second aspirating medium which has a positive pressure. The value of the positive pressure may
be selected according to a desired aspiration profile. A larger magnitude of the positive pressure
of the second aspirating medium may be used to increase the rate of change of suction force at
the distal end of the catheter. In a single cycle or period of a cyclic aspiration profile, the rate at
which the negative pressure increases or decreases is influenced by the pressure differential
between the first aspirating medium and the second aspirating medium. Increasing the positive
pressure of the second aspirating medium increases this pressure differential and thus increases
the rate of change, and vice versa. As a result, for a given cycle/oscillation of a selected time
duration, the rate of change of suction/vacuum pressure in the catheter and thus the total change
of suction/vacuum pressure in the catheter can be selectively varied. As an example, Figure 3C
may show a larger amplitude/total vacuum pressure differential if the second aspirating medium
was provided a non-zero/larger positive pressure, This may hold true despite the frequency
remaining the same. As illustrated, Figure 3C shows a realized pressure differential (at the
catheter tip) of approximately 14inHg resulting from oscillating a source differential (e.g. the

aspiration pump at -25 inHg and atmospheric pressure) at a frequency of approximately 6.3 Hz.
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If the second aspirating medium in Figure 3C operated at a positive pressure (e.g. 10 inHg) rather
than atmospheric pressure, the rate of pressure change would increase due to the increased
pressure differential between aspiration mediums. For example, in this scenario the realized
pressure differential may be increased to 20 inHg, up from 14 inHg, while operating at the same
frequency (approximately 6.3 Hz). This may be beneficial in cases where the operating
frequency of dynamic aspiration must be increased as it would provide a more significant
perturbation load onto the occlusion. In a similar way the second aspiration medium could be
placed under a vacuum to lower the amplitude of pressure oscillations (e.g. if the vasculature was
more sensitive to larger perturbations). Additionally, it will be obvious to one skilled in the art
that, along with bulk modulation of aspiration medium operating pressures, the real-time
modulation of these pressures is encompassed in this description. This enables the operator to
control both the frequency and amplitude of aspiration individually while providing dynamic
aspiration treatment.

Generally, frequencies used for dynamic aspiration are lower than frequencies used with
ultrasound thrombectomy procedures. For the latter, frequencies employed are typically in the
MHz range (i.e. in excess of | MHz). The purpose and function of ultrasound has been limited to
improving the penetration of thrombolytic agents into clots. A solid metal transducer or probe
provides ultrasonic waves adjacent a clot to induce local cavitation. The primary rationale with
this technique is that it maintains complete disbursement of the thrombolytic agent onto the clot,
rather than letting it settle in the vessel. Provided the very high frequencies and low amplitudes
involved, there is effectively no substantial fluid flow and the clot is subjected to static loading
conditions. Thus, material fatigue and failure therefrom do not occur. Generally, there is no
significant displacement of the clot prior to dissolution by the thrombolytic agents.

In contrast to ultrasound techniques, embodiments of the present invention generally
employ frequency ranges well below MHz and, for some embodiments, below KHz. Frequencies
in the KHz can undesirably cause heating of the epithelium and vessel damage resulting in
increased procedural complications such as hemorrhage. The frequencies employed in some
embodiments of the present invention allow for fluid flow, generally back-and-forth according to
the aspiration profile. There is no requirement for net fluid flow. However, there may be net fluid
flow, particularly if a second aspirating medium is admitted to the system or the occlusion is a

partial occlusion which aillows for a small amount of luminal fluid to be aspirated from the vessel
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into the catheter. Furthermore, epithelial heating is generally avoided. In some embodiments, a
thermocouple may also be included at the tip of the catheter to sense local temperature. If an
elevated temperature is detected, chilling of, for example, the catheter may be performed.

Amplitudes of dynamic aspiration profiles may vary between embodiments. Generally,
the realized pressure differential (i.e. the magnitude of the difference between the maximum and
minimum pressure achieved at the catheter tip) may be between 0 and -100 inHg. In some
embodiments, the pressure differential may be between -5 and -20 inHg. Absent an auxiliary
source of aspiration, the magnitude of the baseline pressure is preferably maintained above zero
(i.e. a vacuum is maintained). An example of this is provided in profile 330 of Figure 3C.
Providing a non-zero suction force in the catheter at all times reduces the risk of occlusive
material breaking free of a clot and traveling distally in the vessel.

Figure 4A shows an aspiration system 400 for another exemplary embodiment of the
invention. Like appliance 210 of aspiration system 200 in Figure 2A, appliance 410 of aspiration
system 400 includes a conduit 412 with first and second ends (412a and 412b, respectively) and
a chamber 414, Fluid communication is provided among these elements. Arranged within
chamber 414 between an opening 416 and conduit 412 is a turbulent element 418. Fluid flow
through chamber 414 induces vibratory or chaotic movement of turbulent element 418, resulting
in an arrhythmic or stochastic aspiration profile 450 in catheter 406 such as shown in Figure 4B
by way of example.

As yet another example variation, an appliance 510 of aspiration system 500 is shown in
Figure SA. Appliance 510 includes within a chamber 514 a vibrational element 518 that restricts
fluid flow of a fluid of a second pressure into the appliance 510. A choke point 516 serves a
similar function to the opening 216 of aspiration system 200, although vibrational element 518
may be semi-rigid, deformable, and/or displaceable (e.g. displaceable with respect to a wall of
chamber 514 or where a first part 518a and at least a second part 518b of vibrational element 518
are displaceable relative to one another). As a fluid is drawn or forced through chamber 514, the
geometry of choke point 516 rapidly fluctuates or vibrates, resulting in a vibratory aspiration
profile in catheter 506 which may be similar to that as shown in Figure 4B.

Figure 6 shows an exemplary aspiration system 600 which is electromagnetically
operated. An appliance 610 is in fluid communication with both a catheter (not shown) and an

aspiration source 608. Appliance 610 includes a chamber 614 in which a magnet or magnetic

Penumbra, Inc., Ex. 1029, Page 510 of 728
Penumbra, Inc. v. RapidPulse, Inc.



30

WO 2014/151209 PCT/US2014/025211

14 -

element 618 is arranged. A confroller 619, which may be attached to chamber 614, controls coil
621. A position of magnetic element 618 within chamber 614 is regulated by controller 619 and
coil 621. Specifically, coil 621 may be selectively and repetitively energized by controller 619
such that magnetic element 618 is attracted or repulsed by the electromagnetic force of energized
coil 621. Recurrent displacement of magnetic element 618 variably restricts the flow of aspired
medium through opening 616. A preselected energizing pattern may be provided by controller
619 to coil 621 such that the aspiration profile of the aspiration system 600 is dynamically (e.g.,
cyclically) variable,

Figure 7 illustrates an exemplary embodiment with an aspiration system 700. Five
schernatics, labeled 1 through 5, show aspiration systern 700 at various stages of operation.
Generally, aspiration system 700 comprises a catheter (not shown), an aspiration source 708, and
an appliance 710. Inside of a chamber 714 of appliance 710 is a biasing mechanism 721 such as
a spring. A plunger 718 is displaceable in chamber 714 and substantially fills a cross-section
thereof. Chamber 714 includes an opening 716 which may be open to an aspirating medium or
ambient air. Plunger 718 is arranged such that fluid communication between opening 716 and
conduit 712 is restricted or blocked. A second opening 715 of chamber 714 is provided on a side
of plunger 718 opposite the first opening 716. A sealing element 719 of appliance 710 selectively
seals second opening 715.

Referring now the progression of schematics | through 5, schematic 1 shows sealing
element 719 sealing the second opening 715. Aspiration source 708 is turned on, establishing a
vacuum pressure in conduit 712 which is in fluid communication with chamber 714 up to
plunger 718. The resulting suction force exerted on plunger 718 acts in a direction opposite that
of the biasing force of biasing mechanism 721. The biasing mechanism 721 exerts an upward
force on plunger 718 and a vacuum pressure in conduit 712 and a bottom portion of chamber 714
exerts a downward force on plunger 718. The suction force overcomes the biasing force and
pulls the plunger 718 downward toward second opening 715. Schematic 2 of Figure 7 shows an
intermediate stage in which the seal on second opening 715 is still intact and the plunger 718 is
still being drawn downward by the vacuum pressure overcoming the biasing force of biasing
mechanism 721. At schematic 3, plunger 718 releases sealing mechanism 719, opening the
second opening 715 to a fluid ef a second pressure {e.g. ambient air). In effect, the vacuum is

broken. Fluid of a second pressure is drawn into chamber 714, reducing the aspiration pressure in
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conduit 712 and thus in the catheter in fluid communication therewith. The drop in vacuum
pressure in a bottom portion of chamber 714 results in a decreased suction force acting on
plunger 718. The biasing mechanism 721 is no longer overcome, and the biasing force drives the
plunger 718 back toward opening 716, away from second opening 715 as shown in schematic 4.
As the plunger 718 returns to its starting position, it causes sealing mechanism 719 to re-
establish a seal on second opening 715, This returns the aspiration system 700 to its starting
conditions, at which point the cycle repeats. The aspiration profile of the system fluctuates
dynamically according to the repetitive opening and sealing of second opening 715 and
admission of a second fluid of a lesser pressure through the second opening and into the system.

Referring now to Figure 8A, an aspiration system 800 is shown which allows dynamic
variation of the suction force at a distal end of a catheter 806. As shown, the distal end of the
catheter is placed adjacent to and therefore blocked by occlusion 802. Arranged between the
catheter 806 and aspiration source 808 is an appliance 810 for aspiration control. Generally,
appliance 810 includes a first conduit 812, a second conduit 813, a chamber 814, and a valve
817. First conduit 812 has an end 812a which is connectable to be in fluid communication with a
catheter 806. Similarly, second conduit 813 has an end 813b which is connectable to be in fluid
communication with aspiration source 808. Chamber 814 is connected to and in fluid
communication with both the end 812a of conduit 812 and the end 813b of conduit 813. In some
embodiments, conduits 812 and 813 may simply be input and output terminals of the chamber
814. Valve 817 is arranged in chamber 814 with conduits 812 and 813 on opposite sides of the
valve. In effect, the total volume of chamber 814 may be defined according to a division into two
smaller volumes. A first volume of space 814’ exists between the end 812a of the first conduit
812 and the valve 817. A second volume of space 814" exists between the end 813b of the
second conduit 813 and the opposite side of valve 817, Although aspiration system 800 shows a
configuration in which conduits 812 and 813 are arranged on opposite sides of chamber 814 such
that valve 817 is arranged in between the conduits, this is but one example of how the chamber
814 may be divided into at feast two volumes of space 814" and 814",

Valve 817 is selectively operable to reduce or prevent fluid communication between the
first conduit 812 and the second conduit 813. Furthermore, the valve 817 is displaceable such
that the volume 814’ and the volume 814" may be selectively varied. In cases where force

distributions are such that valve 817 remains substantially unmoved during an aspiration force
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oscillation, valve 817 may nevertheless be urged in either of at least two directions, one opposite
the other, such that volumes 814" and 814 are variably subjected to compressive or tensile
forces. The effect of these functionalities will now be explained with respect to the five
schematics labeled 1 through 5 in Figure 8 A, where each numbered schematic represents
aspiration system 800 at a different stage of operation. It should be understood that some
numeric labels are not repeated for each schematic to avoid cluttering the drawings, but
structures which appear substantially identical between schematics should be regarded as the
same structures.

The operation of aspiration system 800 of Figure 8A will be explained in connection with
the process 900 of Figure 9A. At step 901 and with reference to schematic | of Figure 8A, the
aspiration source 808 (e.g. a vacuum pump) is turned on. As previously discussed, aspiration
system 800 is configured such that fluid communication is provided from the aspiration source
808 through appliance 810 to catheter 806 such that a suction force at the distal end of catheter
806 is supplied to occlusion 802, With the aspiration source 808 turned on and the distal end of
catheter 806 occluded by the occluding element of occlusion 802, the pressure inside the tubing,
chamber 814, and catheter 806 is reduced to a base operating pressure (e.g. -24 inHg). As the
system pumps down (and thus the negative pressure increases), valve 817 allow open
communication between volume 814’ and 8§14 and, correspondingly, catheter 806 and pump
808. With valve 817 open, the enclosed spaces of the entire aspiration system 800 are able to
achieve an equilibrium pressure.

At step 902 and with reference to schematic 2 of Figure 8A, a pressure oscillation is
initiated. Valve 817, which is displaceable within chamber 814 relative to ends 812a and 813b,
may be actively displaced in one or more directions by an actuator 830 such that the volume 814’
between the first end 812a and the valve 817 may be increased or decreased. By way of example,
aspiration system 800 allows a linear displacement of valve 817 which, according to the
embodiment illustrated in Figure 8A, is to the left and to the right. In this case, actuator 830
comprises an electromagnet and valve 817 is fixedly coupled to magnets 832. Actuator 830 may
be energized according to two different polarities. In a first polarity, the electromagnet of
actuator 830 repulses the one or more magnets 832 and thus urges or drives valve 817 toward
end 812a. Urging of valve 817 toward end 812a supplies a compressive force on volume 814°

and a tensile force on volume 814”. A displacement of valve 817 toward end 8§12a may provide a
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minimum value to volume 814" and a maximum value to volume 8147, At step 902, the
electromagnetic is switched (from a first polarity or an off state) to a second polarity, whereby
magnets 832 are attracted to the electromagnetic coils of actuator 830. That is to say, actuator
830 urges valve 817 away from end 812a and toward end 813b, as indicated by arrow 833.
Displacement of valve 817 in the direction 833 (that is, to the right as illustrated), may cause
valve 817 to passively close. Alternatively, the valve 817 may be actively closed. Valve 817
closes prior to the completion of displacement in direction 833 such that volume 814° and the
volume of the lumen of catheter 806 together form a closed system. Urging of valve 817 in
direction 833 (which may or may not be accompanied by displacement in the same direction and
an increasing value of volume 8147) causes an increase in negative pressure (i.e. an increase in
the magnitude of the vacuum pressure) in catheter 806. For example, the negative pressure may
increase from an equilibrium pressure of -24 inHg to -28 inHg. Generally, the aspiration source
808 maintains the pressure on the pump side of valve 817, that is the pressure in volume 8147, at
the base operating pressure (e.g. -24 inHg).

Schematic 3 of Figure 8A is a continuation of schematic 2 and illustrates the increasing
value of volume 814" as the valve 817 is urged and displaced in direction 833. The vacuum
pressure (VP) dial 836 illustrates the increasing negative pressure in respense to the increasing
value of volume 814°. Vacuum pressure may increase up to a peak negative pressure (e.g. -30 in
Hg).

At step 903 of Figure 9A and with reference to schematic 4 of Figure 8A, pressure in
volume 814’ and catheter 806 may be returned back to the baseline pressure. As illustrated,
actuator 830 is de-energized such that it does not act on valve 817 to urge it in direction 833.
This allows the valve 817 to passively return to its original starting position according to a
displacement in the direction of arrow 838. A force providing such displacement in direction 838
derives from the proportionally greater vacuum pressure of volume 814” as compared to the
vacuum pressure of volume 8147, Alternatively, actuator 830 may be energized according to its
first polarity which repels magnets 832. In this manner, actuator 830 urges valve 817 toward end
812a (in direction 838). Thus valve 817 may be actively displaced in direction 838 by the
electromagnetic force of actuator 830. In a fully static situaticen, e.g. there is no blood flow

around the occlusion 802, valve 817 may only open once it returned to its starting position. So
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long as a higher vacuum pressure exists for volume 814’ as compared to volume 8147, the valve
817 may stay pulled closed.

As was previously indicated, valve 817 may be actively opened and closed independent
of the displacement of valve 817 within chamber 814. In some embediments, the valve may be
selectively maintained in an open state or in a closed state despite a movement of valve 817 in
direction 833 or 838 and irrespective of the valve’s position relative ends 812a and 813b.

Schematic 5 of Figure 8A shows the aspiration system 800 back in its starting
configuration. Process 900 or a similar process according to the teachings herein may be
repeated with a selected frequency, resulting in a cyclic oscillation of the one or more forces
acting on valve 817 in directions 832 and/or 838. This may in turn supply physical oscillation of
the valve 817 in directions 832 and 838 in reaction to such forces. A starting position ora
maximum displacement position of valve 817 to either end of chamber 814 may be varied. Valve
817 may be actively (e.g. manually) opened to allow movement of the valve and adjust the
values of volumes 814" and 814",

Figure 9B shows a dynamic aspiration method 950 which is also usable with the
aspiration system 800, for example. At step 951, a distal end of a catheter 806 is positioned
adjacent an occlusion 802. At step 952, a suction force is exerted at the distal end of the catheter
802 with a source of suction 808 in fluid communication with a proximal end of the catheter 806.
At step 953, the suction force is dynamically varied with an appliance/device 810 in fluid
communication with the catheter 806 and the source of suction 808. The dynamic variance of the
suction force may be provided by variably urging a displacement of a valve 817 in the appliance
810 such that a volume 814” between the distal end of the catheter and the valve 817 is
selectively variable. Steps 952 and 953 may at times be performed individually or performed
simultaneously.

An actuator 830 may comprise one or more electromagnets. In the aspiration system 800
of Figure 8A, actuator 830 includes an electromagnetic coil positioned at a proximal end of
chamber 814 adjacent conduit 8§13. Displacement of valve 817 toward the actuator 830
corresponds with increased vacuum pressure in volume 814’ and catheter 806. Figure 8B shows
an alternative embodiment in which an electromagnetic-based actuator 850 has an
electromagnetic coil arranged at a distal end of chamber 814 adjacent conduit 812. By this

arrangement, displacement of valve 817" away from the actuator 850 corresponds with increased
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vacuum pressure in volume 814° and catheter 806. In other words, actuator 850 may provide for
a negative pressure pulse by actuating valve 817" such that magnets 832 (and thereby valve 817)
is repelled away from the actuator 850. In the example embodiment of Figure 8A, a negative
pressure pulse in catheter 806 is created by actuating valve 817 such that magnets 832 and valve
817 are attracted toward the actuator 830.

Figure 8C shows an alternative embodiment in which an actuator 860 comprises a first
electromagnetic coil 830a and a second electromagnetic coil 850a. The aforementioned operation
and details of actuator 830 (Figure 8A) are also applicable to electromagnetic coil 830a. The
aforementioned operation and details of actuator 850 (Figure 8B) are also applicable to
electromagnetic coil 850a. Actuation of valve 817" can be performed by any one or both of
electromagnetic coils 830a and 850a providing individual repulsive and/or attractive forces or
paired repulsive and/or attracted forces. Electromagnetic forces exerted by coils 830a and 850a
on magnets 832 is inversely proportional to the square of the distance between a coil and the
magnet. It will be clear to those of skill in the art that the actuators of embodiments of Figures
8A-8C or other embodiments according to the invention may be configured according to the
desired electromagnetic force and pressure characteristics. As an example, it may be desirable to
ramp a vacuum pressure oscillation as quickly as possible at the start of the oscillation. In this
case, arranging the electromagnetic coil and the magnets adjacent one another for the start of a
pressure oscillation (such as is provided by actuator 850 in Figure 8B and electromagnetic coil
850a in Figure 8C) provides a maximum electromagnetic force at the start of a pressure
oscillation.

In some embodiments, an actuator 830, 850, or 860 may take a form other than an
electromagnet. For example, the actuator may be a pneumatic or mechanical actuator. These are
but some example mechanisms for actuating a valve 8§17, 817°, or 817" to urge it one or more
directions in chamber 814 and, in some embodiments, cause its displacement. In some
embodiments, valve 817 may be a customized valve or, alternatively, a commercially available
valve allowing pressure to either side of the valve to be alternated manually, such as by an
actuator 830. Suitable commercially available valves may include but are not limited to motor
actuated valves and solenoid valves provided by companies like Sizto Tech Corporation (Palo
Alto, California, USA). Other suitable valves and actuation mechanisms will occur to skilled

persons in the art in view of the teachings herein.
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For embodiments including those discussed for illustrative purposes herein, the appliance
or device providing dynamic aspiration may be located at a distance from a patient on which a
medical procedure is being performed. Thus, sterilization requirements may be less rigorous and
therefore less expensive than required for a catheter, for example. Alternatively, for some
embodiments, regulatory appliances, devices, or actuating mechanisms such as those examples
detailed in Figures 2A-2C, 4A-4B, 5, 6, 7, and 8A-8C may be arranged in the catheter such that
it operates closer to the target occlusion.

With continued reference to Figures 8A-8C, a valve 817, 817, or 817" may inciude a
flexible surface to which is attached a stretch sensor 840 for detecting a deflection of the flexible
surface. Stretch sensor 840 may be, for example, a piezoelectric strip or film. Deflection readings
of a sensor 840 are usable for such purposes as determining catheter placement and the material
properties of the aspiration target (e.g. a thrombus or clot). As the device is cycled an output
waveform from the sensor 840 may indicate if the catheter 806 is occluded (e.g. by occlusion
802). As valve 817 moves in direction 833 (i.e. to the right as illustrated in Figure 8A), negative
pressure develops in catheter 806 more significantly if the catheter 806 is occluded. A greater
pressure differential of volume 814" as compared to volume 814" increases deflection of the
flexible surface of valve 817. Furthermore, the material properties of occlusion 802 may also
influence the surface deflection and thus be detected by sensor 840. A rigid occlusion material
may produce a sharper pressure-development curve as compared to a soft occlusive material
which may deform under loading and thus decrease the realized pressure.

Dynamic aspiration may be performed in conjunction with continuous aspiration or as a
stand-alone treatment. Generally, maintaining a vacuum throughout the procedure minimizes a
risk of distal migration of thrombi. As with current static aspiration techniques, cyclic aspiration
may be paired successfully with supplemental treatment methods such as the use of a separator
wire.

It is noted that the teachings herein may be effective for any occlusien, including both
total and partial occlusions. Occlusions are possible anywhere in the circulatory systern, acute
ischemic stroke and deep vein thrombosis being two of many examples. Figure 10 shows a
method 1000 for performing an embolectomy. At step 1001, the distal end of a catheter is
positioned adjacent an embolus. At step 1002, a negative pressure is provided in the catheter

with an aspiration source. At step 1003, the negative pressure is repetitively changed with an
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appliance to produce a dynamic suction force at the distal end of the catheter. At step 1004, at
least a part of the embolus and preferably an entirety of the embolus is removed with the
catheter. The dynamic suction force provides a repetitive loading to induce material fatigue in
the embolus, as discussed above.

Referring now to Figures 11A-11D, a variety of catheters may be used for various
aspiration systems according to the invention. In some exemplary embodiments, ordinary or
conventional catheters such as uni-luminal catheter 1106 of Figure 11 A may be employed.
Alternatively, Figures 11B and 11C shows a catheter 1106 which may be used with any
embodiments such as those shown in Figures 2A-2C, 4A-4B, 5, 6, 7, and 8A-8C as well as other
exemplary embodiments. Catheter 1106’ comprises two coaxial tubes 1106a and 1106b, the
former being of a smaller diameter and arranged inside the latter. The primary “dynamic
aspiration” tube 1106a is arranged inside a secondary “stabilizing aspiration” tube 1106b. The
arrangement of the secondary "stabilization aspiration” catheter | 106b over/around the primary
"dynamic aspiration™ catheter 1106a helps stabilize the clot 1102 against the catheter 1106 so
that the full suction force delivered via the primary tube 1106a acts on the clot 1102. Generally,
both tubes 1106a and 1 106b may be operated with negative pressure. The principles of dynamic
aspiration may be applied to either primary tube 1106a or secondary tube 1106b, or to both. For
example, dynamic aspiration through the secondary (outer) tube 1106b may be more effective at
disrupting the bonds between the clot 1102 and the vessel wall as compared to a fully-engaged
catheter. Utilizing any combination of dynamic and static aspiration with the primary and
secondary tubes, along with variable magnitudes of pressure, may be utilized according to
alternative exemplary embodiments of the invention.

Figure 11D shows yet another alternative exemplary embodiment for a catheter usable
with any embodiment of the invention as taught herein. Catheter 1 106” is similar to catheter
1106" and comprises a primary tube [ 106a and a secondary tube 1106b. In this case, a terminal
end to primary tube 1106a is axially displaced with respect to a terminal end of secondary tube
1106b. More specifically, primary tube 1106a extends beyond a terminal portion of secondary
tube 1106b such that a terminal portion of primary tube 1106a is not surrounded or enclosed by
the wall of the secondary tube 1106b. Alternatively, secondary tube 1106b may extend beyond a

terminal portion of primary tube 1106a such that a terminal portion of secondary tube 1106b
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does not surround or enclose primary tube 1106a. In short, either the primary tube or secondary
tube may be axially recessed with respect to the other.
It should be noted that the term “tube”, such as used with respect to elements 1106a and

1106b, may be used interchangeably with the term “catheter”, “tubule”, or the like.

Example 1

An example embodiment corresponding with aspiration system 200 of Figure 2A was
tested by placing a three-way valve (Harvard Apparatus, Holliston, Massachusetts, USA)
between a vacuum source (Penumbra aspiration pump, Penumbra, Alameda, California, USA)
and the catheter (Penumbra 5SMax reperfusion catheter) to establish open continuity between the
vacuum source, the catheter tip, and air (the aspiration medium) when the valve was opened.
Temporarily closing the valve to air (e.g., with a finger) allowed the pump to establish a vacuum
at the catheter tip. Subsequently removing the finger reopened the system to air and rapidly
diminished the vacuum at the catheter tip. Impact aspiration is performed by repeatedly opening
and closing the valve to air so that cyclic pressure profiles are developed at the catheter tip. For
tests in which water was used as the aspiration medium, the three-way valve was submerged in
water. Care was taken to ensure that the system was primed with the aspiration medium before
experimentation.

Synthetic polyurethane clots (Concentric Medical, Mountain View, California, USA)
were extruded with a cylindrical template cut to a specific clot size using Traceable Digital
Calipers (Control Company, Friendswood, Texas, USA). They were then placed in a flow model
consisting of a Penumbra SMax reperfusion catheter (1.37 mm tip internal diameter) inside rigid
plastic tubing (2.5 mm internal diameter, 4 mm outside diameter) submerged in water. The clots
were positioned directly adjacent to the catheter tip and exposed to either suction alone
(Penumbra aspiration pump) or cyclic aspiration via the aspiration system 200 shown in Figure
2A. The test was performed until either the clot was removed or 5 minutes had elapsed. If the
clot was not completely cleared within 5 min (the standard dwell time of current stent retrievers),
the trial was considered unsuccessful. Although not employed in this particular example, what is
referred to as the ADAPT technique may be used in accordance with the invention. Per the
ADAPT technique, the aspiration catheter is withdrawn after partial engagement of the occlusive

element.
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Pressure profiles were generated by placing an Equus 3620 Innova Vacuum Gauge
(Equus Products, Irvine, California, USA) distal to the three-way valve during experimentation.
Using reduced speed playback of the vacuum gauge fluctuations, recordings were made of the
pressures generated during static aspiration and 15 cycles of impact aspiration at frequencies of 1
and 2 Hz, as well as a third group labeled 'Max Hz' where the experimenter cycled the system as
fast as possible. The 'Max Hz' category was necessary to capture impact aspiration performance
at higher frequencies while acknowledging that accurately reproducing frequencies above 2 Hz is
not possible with a manual opening and closing of opening 216. The actual frequency for the
‘Max Hz' trials was determined by dividing the number of cycles by the time elapsed.

Statistical analyses were made based on a one-way (static loading vs cyclic loading and
UC impact aspiration clot clearance trials) or two-way analysis of variance (all other analyses),
Holm-Sidak pairwise multiple comparison procedure (o = 0.05).

Example pressure cycle dynamics are provided in Figures 3A-3C. The Penumbra pump
acting alone provided an adequate pump-down time, rapidly creating and maintaining a baseline
vacuum pressure shown in the Figures by the dotted curve. Both down-cycling (DC) and up-
cycling (UC) cyclic aspiration are shown in Figure 3A and 3B.

The Penumbra pump alone—that is without an appliance 2 10——creates a rapidly
developing static pressure curve that reaches a peak value of -24.5 inHg. Cyclic aspiration
provided by appliance 210 creates a dynamic pressure curve where the pressure cycles between a
maximum and minimum value at a specific frequency (maximum and minimum relating to the
magnitude of pressure). Impact aspiration cycles between -23.8 (SD 0.09) inHg and 0 (SD Q)
inHg at 1 Hz, between -22.0 (§D 0.11) inHg and 0 (§D 0) inHg at 2 Hz and between -18.9 (SD
0.8) inHg and -5.0 (SD 2.42) inHg at Max Hz (approximately 6.3 Hz). These values are
represented in Figures 3A-3C. The relationship between frequency and pressure differential for
the three impact aspiration values is remarkably linear with linear curve-fitting yielding an
equation of y = 47.654x - 653.4 with an r° value of 1.

To provide just one illustrative example, a thrombectomy model was created in which
static suction alone would be insufficient treatment. A synthetic clot diameter was increased until
a static suction Penumbra system was unable to clear the clot from the model.

A comparison was made between a static loading method and cyclic loading method.

Aspiration with the Penumbra pump alone failed to clear a single clot (n=10) whereas the
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combined clearance rate of impact aspiration was 91.43% (64 cleared, n=70). Impact aspiration
was significantly better at clearing clots from the flow model than static aspiration with the
Penumbra pump alone (p<0.001) despite cyclic loading delivering less total force to the clot than
static loading. The discrepancy between total force delivered and experimental outcome indicates
that the dynamics of loading play a significant role in the success of the procedure.

Different cyclic frequencies were also evaluated. Impact aspiration had successful
clearance rates of 849 (1 Hz, n=23), 100% (2 Hz, n=25) and 90% (Max Hz, n=20) and clearance
times of 35.1 (SD 22.8) seconds (1 Hz, n=21), 40.7 (8D 55.4) seconds (2 Hz, n=25), and 7.8 (SD
6.8) seconds (Max Hz, n=18). Aspirating at Max Hz was significantly faster at clearing clots than
at 1 Hz (p<0.001) or 2 Hz (p=0.024). While Max Hz cycling was not 100% successful in this
example (noting that all clearance failures occurred with air as the aspirating medium), the
downward trend in clot clearance time shown in Figure 3D is a good indicator that increasing
frequency is the correct path to more effective treatments. In this example, 6.3 Hz (Max Hz) was
the only frequency that maintained uninterrupted net aspiration pressure as both | Hz and 2 Hz
had minimum pressures of 0 inHg. In many embodiments, a non-zero negative pressure is
maintained in the catheter for the duration of an aspiration procedure.

When air was used as the aspirating medium, impact aspiration had an overall clearance
rate of §5% (n=40) and an average clearance time of 34.7 (SD 49.3) seconds (n=34). When water
was used as the aspirating medium, impact aspiration had an overall clearance rate of 100%
(n=30) and an average clearance time of 23.8 (SD 22.7) seconds (n=30). Impact aspiration using
water as the aspirating medium was more effective at clearing clots than when air was used as
the aspirating medium (p=0.019). There were no significant differences between the two
aspirating mediums in clearance time. It is likely that the pressure reaches maximum and
minimum more quickly with water, providing more total time at maximum pressure, more abrupt
pressure perturbations, and steeper pressure development slopes in the ramping phases.

Using DC pressure profiles in impact aspiration resulted in a clearance rate of 60%
(n=10) and an average clearance time of 80.7 (§D 94.8) seconds (n=6). Using UC pressure
profiles resulted in a clearance rate of 96.67% (n=60) and an average clearance time of 24.3 (§D
24.8) seconds (n=38). Compared with DC, UC pressure profiles were more effective in the
general ability to clear clots from the flow model (p<0.001) and faster at clearing the clots from

the flow model (p<0.001). The more efficacicus UC method differs from DC impact aspiration
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in that its pressure dynamics are characterized by two rapid perturbations (pressure on and off)
with virtually no static Ioading between them. DC impact aspiration, on the other hand, has a
relatively long static loading period between its two perturbations. In this example it appeared
that a prolonged static force may decrease the efficacy of the technique.

In some embodiments such as those shown in Figures 2A and 8A, the catheter requires
only a single port, although additional ports may optionally be used. A single port catheter
provides an exhaust lumen independent of additional lumens (e.g. a lumen for supplying positive
pressure infusion fluid). A suction force of the catheter/exhaust lumen extends into the vessel in
a direction parallel with the distal end of the catheter and the center longitudinal axis of the
surrounding vessel walls. This minimizes suction applied to the walls, which can damage or
collapse the vessel. In contrast, U.S. Patent App. Pub. No. 2013/0267891 provides a fluid jet
parallel with an exhaust lumen of a multi-port catheter, where the fluid jet causes a suction force
which is not parallel with a longitudinal axis of the exhaust lumen and the surrounding vessel
walls. For example, according to Figure 5 of the publication, a passive suction force caused by
the fluid jet is perpendicular to the catheter tip and thus perpendicular to a wall of the vessel in
which the catheter is used. Such a configuration may also require rotation of the catheter and
penetration of a clot with the catheter for removal thereof. In contrast, embodiments of the
present invention may be used without a need to rotate a catheter and without penetration of a
thrombus with the catheter. Full engagement of a thrombus may immediately be achieved
without penetration of the thrombus.

As shown in exemplary embodiments herein, an appliance (e.g. appliance 210 of Figure
2A or appliance 810 of Figure 8A) is separate but attachable to a source of suction (e.g.
aspiration source 208 of Figure 2A or aspiration source 808 of Figure 8A). In some alternative
embodiments, an appliance and aspiration source may be integral. An aspiration source may be
provided for a dynamic aspiration sysiem where the aspiration source includes an appliance or
suction regulatory device which dynamically varies the suction force supplied by the aspiration
source to a catheter in fluid communication therewith.

Generally, a fluid communication pathway from the distal end of a catheter to a suction
source defines a suction line. A negative pressure is provided in a suction line. In the example

embodiments herein, for example aspiration system 200 of Figure 2A or aspiration system 800 of
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Figure 8A, an appliance/device for providing dynamic aspiration is arranged along the suction
line.

Although certain features and elements of the invention have been described in relation to
particular illustrative embodiments, it should be understood that all features and elements
disclosed are not limited to the embodiments shown and described. These serve only as
illustrative examples, and features and elements of one embodiment may generally be used with
some other embodiment, as will be evident to those of skill in the art.

While some embodiments of the present invention have been disclosed herein, one
skilled in the art will recognize that various changes and modifications may be made without

departing from the scope of the invention as defined by the following claims.
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CLAIMS
What is claimed is:

1. An appliance for aspiration control, comprising:
a conduit having
a first end connectable to be in fluid communication with a catheter, and
a second end connectable to be in fluid communication with a source of suction
such that fluid of a first pressure from said source of suction extends through said appliance from
second end to said first end; and
a chamber connected to said conduit between said first end and said second end and in
fluid communication with said conduit, said chamber having an opening which is variably
opened or closed, or
enlarged or narrowed,
wherein said opening permits fluid of a second pressure which is different from said fluid

of said first pressure to be mixed with said fluid of said first pressure.

2. The appliance of claim |, wherein said fluid of a second pressure is ambient air, water, or

saline.

3. The appliance of claim 1, wherein said first pressure of said first fluid is more negative than

said second pressure of said second fluid.

4. An appliance for aspiration control, comprising:

a first conduit having a first end connectable to be in fluid communication with a
catheter;

a second conduit having a second end connectable to be in fluid communication with a
source of suction such that fluid of a first pressure from said source of suction extends through
said appliance between said second end and said first end;

a chamber in fluid communication with and connected to said first conduit and said

second conduit; and
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a valve arranged in said chamber which is selectively operable to reduce or prevent fluid
communication between said first conduit and said second conduit and urgeable in at least one
direction such that a volume of said chamber or force conditions between said first end of said

first conduit and said valve is selectively variable,

5. The appliance of claim 4, further comprising a stretch sensor attached to a flexible surface of

said valve, said stretch sensor detecting deflections of said flexible surface.

6. The appliance of claim 4, further comprising an actuator which actively urges said valve in
one or more directions in said chamber such that a fluid in said volume of said chamber between

said first conduit and said valve is subjected to a pressurizing or pressure-relieving force.

7. The appliance of claim 6, wherein said actuator includes at least one electromagnet that

attracts or repels said valve in said chamber when energized.

8. The appliance of claim 4, wherein said valve is operable between an open state and a closed

state.

9. A method of aspiration, comprising the steps of:

positioning a distal end of a catheter adjacent an occlusion;

exerting a suction force at said distal end of said catheter with a source of suction in fluid
communication with a proximal end of said catheter; and

dynamically varying said suction force with a device in fluid communication with said

catheter and said source of suction by variably opening said device.

10. The method of claim 9, further comprising the step of supplying a plurality of pressure-
relieving pulses to aspired fluid of said catheter, said pressure-relieving pulses controlling a

frequency of an aspiration profile of said suction force.
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11. The method of claim 9, further comprising the step of supplying a plurality of pressuring
pulses to aspired fluid of said catheter, said negatively pressuring pulses controlling a frequency

of an aspiration profile of said suction force.

12. The method of claim 9, wherein said dynamically varying step induces a cyclic aspiration

profile with a frequency of at least 1 Hz.

13. The method of claim 9, wherein said dynamically varying step induces a cyclic aspiration

profile with a frequency of at least 50 Hz.

14. The method of claim 9, wherein said dynamically varying step induces a stochastic aspiration

profile for said suction force.

15. A method of aspiration, comprising the steps of:

positioning a distal end of a catheter adjacent an occlusion;

exerting a suction force at said distal end of said catheter with a source of suction in fluid
communication with a proximal end of said catheter; and

dynamically varying said suction force with a device in fluid communication with said
catheter and said source of suction by variably urging a valve in said device in at least one
direction such that a volume or force conditions between said distal end of said catheter and said

valve is selectively variable.

16. The method of claim 15, wherein said changing step supplies a plurality of pressure-relieving
pulses to aspired fluid of said catheter, said pressure-relieving pulses controlling a frequency of

an aspiration profile of said dynamic suction force.

17. The method of claim 135, wherein said changing step supplies a plurality of negatively
pressuring pulses to aspired fluid of said catheter, said negatively pressuring pulses controlling a

frequency of an aspiration profile of said dynamic suction force.
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18. The method of claim 15, wherein said changing step induces a cyclic aspiration profile with a

frequency of at least | Hz.

19. The method of claim 15, wherein said changing step induces a cyclic aspiration profile with a

frequency of at least 50 Hz.

20. A method of performing an embolectomy, comprising the steps of:

positioning a distal end of a catheter adjacent an embolus;

providing a negative pressure in said catheter with an aspiration source;

changing said negative pressure repetitively with an appliance to produce a dynamic
suction force at said distal end of said catheter; and

removing at least part of said embolus by aspiration with said catheter,

whereby said dynamic suction force provides variable loading to induce material fatigue

in said embolus.

21. The method of claim 20, wherein said changing step supplies a plurality of pressure-relieving
pulses to aspired fluid of said catheter, said pressure-relieving pulses controlling a frequency of

an aspiration profile of said dynamic suction force.

22. The method of claim 20, wherein said changing step supplies a plurality of negatively
pressuring pulses to aspired fluid of said catheter, said negatively pressuring pulses controlling a

frequency of an aspiration profile of said dynamic suction force.

23. The method of claim 20, wherein said changing step induces a cyclic aspiration profile with a

frequency of at least 1 Hz.

24. The method of claim 20, wherein said changing step induces a cyclic aspiration profile with a

frequency of at least 50 Hz.

25. The method of claim 20, wherein said changing step induces a stochastic aspiration profile

for said dynamic suction force.
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26. The method of claim 20, wherein said changing step is performed along a suction line

between said catheter and said aspiration source.

27. An aspiration system, comprising:
a catheter insertable into a body;
an aspiration source providing a negative pressure in said catheter; and
a device which repetitively changes said negative pressure to produce a dynamic suction

force at a distal end of said catheter.

28. The aspiration system of claim 27, wherein said device supplies a plurality of pressure-
relieving pulses to aspired fluid of said catheter, said pressure-relieving pulses controlling a

frequency of an aspiration profile of said dynamic suction force.

29. The aspiration system of claim 27, wherein said device supplies a plurality of negatively
pressuring pulses to aspired fluid of said catheter, said negatively pressuring pulses controlling a

frequency of an aspiration profile of said dynamic suction force.

30. The aspiration system of claim 27, wherein said device induces a cyclic aspiration profile

with a frequency of at least 1 Hz.

31. The aspiration system of claim 27, wherein said device induces a cyclic aspiration profile

with a frequency of at least 50 Hz.

32. The aspiration system of claim 27, wherein said device induces a stochastic aspiration profile

for said dynamic suction force.

33. The aspiration system of claim 27, further comprising a suction line connecting said catheter

and said aspiration source, wherein said appliance is arranged along said suction line.
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Decision Granting Request for
Prioritized Examination (Track /) Examiner Art Unit AIA (FITF) Status
BRIAN W BROWN OPET Yes

1. THE REQUEST FILED 18 July 2019 IS GRANTED .

The above-identified application has met the requirements for prioritized examination
A for an original nonprovisional application (Track ).
B. 0 for an application undergoing continued examination (RCE).

2. The above-identified application will undergo prioritized examination. The application will be
accorded special status throughout its entire course of prosecution until one of the following occurs:

A. filing a petition for extension of time to extend the time period for filing a reply;
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filing a request for continued examination ;

filing a notice of appeal;
filing a request for suspension of action;
mailing of a notice of allowance;

mailing of a final Office action;

I @ mmoo

completion of examination as defined in 37 CFR 41.102; or

abandonment of the application.

Telephone inquiries with regard to this decision should be directed to BRIAN BROWN at (5671)272-5338.
In his/her absence, calls may be directed to Petition Help Desk at (571) 272-3282.

/BRIAN W BROWN/
Petitions Examiner, OPET

U.S. Patent and Trademark Office
PTO-2298 (Rev. 02-2012)
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Date Mailed: 08/01/2019

Receipt is acknowledged of this non-provisional utility patent application. The application will be taken up for
examination in due course. Applicant will be notified as to the results of the examination. Any correspondence
concerning the application must include the following identification information: the U.S. APPLICATION NUMBER,
FILING DATE, NAME OF FIRST INVENTOR, and TITLE OF INVENTION. Fees transmitted by check or draft are
subject to collection.

Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a corrected Filing Receipt, including a properly marked-up ADS showing the changes
with strike-through for deletions and underlining for additions. If you received a "Notice to File Missing Parts" or
other Notice requiring a response for this application, please submit any request for correction to this Filing Receipt
with your reply to the Notice. When the USPTO processes the reply to the Notice, the USPTO will generate another
Filing Receipt incorporating the requested corrections provided that the request is grantable.

Inventor(s)
Derek Dee Deville, Coral Gables, FL;
Matthew A. Palmer, Miami, FL;
William T. Bales JR., Miami, FL;
M. Sean McBrayer, Coral Gables, FL;
Eric Petersen, Homestead, FL;
Richard Cartledge, Boca Raton, FL;
Applicant(s)
Syntheon 2.0, LLC, Miami, FL;
Assignment For Published Patent Application
Syntheon 2.0, LLC, Miami, FL

Power of Attorney: The patent practitioners associated with Customer Number 27316

Domestic Priority data as claimed by applicant
This appln claims benefit of 62/701,086 07/20/2018
and claims benefit of 62/750,011 10/24/2018

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.
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Permission to Access Application via Priority Document Exchange: Yes
Permission to Access Search Results: Yes

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 07/31/2019

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 16/516,232

Projected Publication Date: 01/23/2020
Non-Publication Request: No

Early Publication Request: No
** SMALL ENTITY **
Title

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH
ASPIRATION CATHETER

Preliminary Class
604
Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition Applications: No

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
page 2 of 4
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patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).
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SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 16/516,232
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 CFR 1.16(a), (b), or (c)) N/A N/A N/A 75 N/A
SEARCH FEE
(37 GFR 1.16(K). ), or () N/A N/A N/A 330 N/A
EXAMINATION FEE
(37 CFR 1.16(0), (B} or (@) N/A N/A N/A 380 N/A
oy CRRIAE) 20 minus 20- < 5 -| 000 | om
NOEPENDENTOLAWS [ 4 s - | ’ . 230 -| 230
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(837 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL 1015 TOTAL
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
L Total B i = =
=S (37 Cng 16(7)) Minus x = OR =
2 Independent * Minus | *** =
5 (37 CFR 1.16(h)) X = OR -
<§( Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
(CGolumn 1) (Column 2) (Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE(S) RATE(S) FEE(S)
E AMENDMENT PAID FOR
L Total Minus ** = -
= (37 CF?H.IE(H) X OR -
% Independent * Minus | *** = M _ OR _
L (37 CFR 1.16(h)) = =
<§( Application Size Fee (37 CFR 1.16(s))
OR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16()))
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1.
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POWER OF ATTORNEY TO PROSECUTE APPLICATIONS BEFORE THE USPTO

Fherely revoke all previois powers of attorney given in the apphication identified in the sttached
statement under 37 CFR 3.73{6)
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PTO/AIA/96 (08-12)

Approved for use through 01/31/2013. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

STATEMENT UNDER 37 CFR 3.73(c)
Syntheon 2.0, LLC

Application No./Patent No.: 16/516,232 Filed/Issue Date: 07/18/2019
Titleg: ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH ASPIRATION CATHETER

Syntheon 2.0., LLC . a Limited Liability Company

Applicant/Patent Owner:

{Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.)
states that, for the patent application/patent identified above, it is (choose one of options 1, 2, 3 or 4 below):
1. The assignee of the entire right, title, and interest.

2. |:| An assignee of less than the entire right, title, and interest (check applicable box):

L] The extent (by percentage) of its ownership interest is %. Additional Statement(s) by the owners
holding the balance of the interest must be submitted to account for 100% of the ownership interest.

D There are unspecified percentages of ownership. The other parties, including inventors, who together own the entire
right, title and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

3. |:| The assignee of an undivided interest in the entirety (a complete assignment from one of the joint inventors was made).
The other parties, including inventors, who together own the entire right, title, and interest are:

Additional Statement(s) by the owner(s}) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

4. |:| The recipient, via a court proceeding or the like (e.g., bankruptcy, probate), of an undivided interest in the entirety (a
complete transfer of ownership interest was made). The certified document(s) showing the transfer is attached.

The interest identified in option 1, 2 or 3 above (not option 4) is evidenced by either (choose one of options A or B below):

A. An assignment from the inventor(s) of the patent application/patent identified above. The assignment was recorded in
the United States Patent and Trademark Office at Reel 49796 , Frame 914 , or for which a copy
thereof is attached.

B. D A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows:

1. From: To:

The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
2. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

[Page 1 of 2]
This collection of information is required by 37 CFR 3.73(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to
process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount
of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark
Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND
TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0-9199 and select option 2.
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3. From:

4. From:

5. From:

6. From:

STATEMENT UNDER 37 CFR 3.73(c)

To:
The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

|:] Additional documents in the chain of title are listed on a supplemental sheet(s).

As required by 37 CFR 3.73(c)(1)(i), the documentary evidence of the chain of title from the original owner to the
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11.

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08]

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee.

/gregory |. mayback/ 2019-07-29

Signature Date

Gregory L. Mayback 40719

Printed or Typed Name Title or Registration Number
[Page 2 of 2]
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is 35
U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the
information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related
to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark
Office may not be able to process and/or examine your submission, which may result in termination of proceedings
or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is
required by the Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the
course of settlement negotiations.

3. Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

4. Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be required
to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under
authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA
regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

8. Arecord from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C.
151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the
public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by either a published application, an application open to
public inspection or an issued patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Electronic Acknowledgement Receipt

EFS ID: 36725738
Application Number: 16516232
International Application Number:
Confirmation Number: 6733

Title of Invention:

REMOVAL WITH ASPIRATION CATHETER

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS

First Named Inventor/Applicant Name:

Derek Dee Deville

Customer Number:

27316

Filer:

Gregory L. Mayback/Chris Mendez

Filer Authorized By:

Gregory L. Mayback

Attorney Docket Number: Syn2.0/ROAR
Receipt Date: 30-JUL-2019
Filing Date:
Time Stamp: 12:03:28

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment

no

File Listing:

Document . . File Size(Bytes Multi Pages
u Document Description File Name ile Size( y M Y I. . 9
Number Message Digest | Part/.zip| (if appl.)

283064
2019-07-29_Syn20_Roar_Execu
= — - 1
1 Power of Attorney ted_POA_86082-9.pdf no
918023767dc275805eb014caed1edd27c0S]
Warnings:
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Information:

117939
) Assignee showing of ownership per37 | 2019-07-29_Syn20_Roar_State no 3
CFR3.73 ment373_86082-9.pdf
19160442791869deeb2f3d74c99a1fe3bf9)
efa
Warnings:
Information:
Total Files Size (in bytes){ 401003

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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DocCode — SCORE

SCORE Placeholder Sheet for IFW Content

Application Number: 16516232 Document Date: 07/18/2019

The presence of this form in the IFW record indicates that the following document type was received
in electronic format on the date identified above. This content is stored in the SCORE database.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist. The TIFF images in the IFW
record were created from the original documents that are stored in SCORE.

Drawing

At the time of document entry (noted above):
e USPTO employees may access SCORE content via DAV or via the SCORE web page.

e External customers may access SCORE content via PAIR using the Supplemental Content
tab.

Form Revision Date: March 1, 2019
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4 UTILITY

PATENT APPLICATION
TRANSMITTAL

(Only for new nonprovisional applications under 37 CFR 1.53(b))

\_

Attorney Docket No.

Syn 2.0/Roar

First Named Inventor

Derek Dee Deville

Title Aspiration Thrombectomy System and Methods for Thrombus Removal with Aspiration
Priority Mail Express® N / A
Label No. j

APPLICATION ELEMENTS

See MPEP chapter 600 concerning utility patent application contents.

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

ADDRESS TO:

1. D Fee Transmittal Form
(PTO/SB/17 or equivalent)

2. Applicant asserts small entity status.
See 37CFR 1.27

3. D Applicant certifies micro entity status. See 37 CFR 1.29.
Applicant must attach form PTO/SB/15A or B or equivalent.

4, Specification [Total Pages 83 ]
Both the claims and abstract must start on a new page.
(See MPEP § 608.01(a} for information on the preferred arrangement)

5.[v] Drawing(s) (35 u.s.c. 113) [Total Sheets 29 ]

6. Inventor’s Oath or Declaration [Total Pages 6 ]
(including substitute statements under 37 CFR 1.64 and assignments
serving as an oath or declaration under 37 CFR 1.63(e}}

a. Newly executed (original or copy)
b. D A copy from a prior application (37 CFR 1.63(d))

7. Application Data Sheet  * See note below.
See 37 CFR 1.76 (PTO/AIA/14 or equivalent)

8. CD-ROM or CD-R

in duplicate, large table, or Computer Program (Appendix)
l:‘ Landscape Table on CD

9. Nucleotide and/or Amino Acid Sequence Submission
(if applicable, items a. — c. are required)

a. I:I Computer Readable Form (CRF)
b. D Specification Sequence Listing on:
i. D CD-ROM or CD-R (2 copies); or

ii.I:l Paper

c. D Statements verifying identity of above copies

ACCOMPANYING APPLICATION PAPERS

10. I:l Assignment Papers
(cover sheet & document(s))
Name of Assignee

11.[_] 37 CFR 3.73(c) Statement
(when there is an assignee)

12. D English Translation Document
(if applicable)

|:| Power of Attorney

13. |:| Information Disclosure Statement
(PTO/SB/08 or PTO-1443)
I:l Copies of citations attached
14. |:| Preliminary Amendment
15. |:| Return Receipt Postcard
(MPEP § 503) (Should be specifically itemized)
16. |:| Certified Copy of Priority Document(s)
(if foreign priority is claimed)

17. |:| Nonpublication Request
Under 35 U.S.C. 122(b){(2){B){i). Applicant must attach form PTO/SB/35
or equivalent.

18. Other: Request for Prioritized Examination

interest in the matter. See 37 CFR 1.46(b).

*Note: (1) Benefit claims under 37 CFR 1.78 and foreign priority claims under 1.55 must be included in an Application Data Sheet (ADS).
(2) For applications filed under 35 U.S.C. 111, the application must contain an ADS specifying the applicant if the applicant is an
assignee, person to whom the inventor is under an obligation to assign, or person who otherwise shows sufficient proprietary

19. CORRESPONDENCE ADDRESS

The address associated with Customer Number; 27316

OR I:' Correspondence address below

Name

Address

City State Zip Code

Country Telephone Email

signature | /Gregory L. Mayback/ Date 2019-07-18
 mpe | Gregory L. Mayback crmgpatn [ 40719

This collection of information is required by 37 CFR 1.53(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO
to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete,

including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on
the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND

TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (6 U.S.C. 552) and the Privacy Act (56 U.S.C 552a). Records from this system of
records may be disclosed to the Department of Justice to determine whether disclosure of these
records is required by the Freedom of Information Act.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in
the course of settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be
required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this
system of records may be disclosed, as a routine use, to the International Bureau of the World
Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

7. Arrecord from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that
agency’s responsibility to recommend improvements in records management practices and programs,
under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the
GSA regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35
U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine
use, to the public if the record was filed in an application which became abandoned or in which the
proceedings were terminated and which application is referenced by either a published application, an
application open to public inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local
law enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or
regulation.
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Attorney Docket Number | Syn2.0/ROAR

Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention | s opRATION CATHETER

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2:

[ Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)}

Inventor Information:

Remove

Inventer (1
Legal Name

Prefix| Given Name

Middle Name

Family Name

Suffix

‘ El IZ)erek

e

IDeviIIe

E

Residence Information (Select One) e US Residency

Non US Residency

Active US Military Service

[Coral Gables

City

State/Province

L Country of Residencd | US

Mailing Address of Inventor:

Address 1

b500 Oak Lane

Address 2

City | t)oral Gables

I State/Province | FL

Postal Code | }.33156

| Countryi | ‘US

Inventor 2

Remove

Legal Name

Prefix| Given Name

Middle Name

Family Name

Suffix

‘ El Matthew )A Palmer ‘ El
Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service
City | Miami State/Province | FL Country of Residencd | US
Mailing Address of Inventor:
Address 1 2790 SW 64 Court
Address 2
City | |Vliami | State/Province | FL
Postal Code | [p3156 | Countryi | ‘US
Inventor 3
Legal Name
Prefix| Given Name Middle Name Family Name Suffix

| [] Jitiam

T

Iaales

pr- [

Residence Information (Select One) (®) US Residency

Non US Residency

Active US Military Service

EFS Web 2213
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L Attorney Docket Number | Syn2.0/ROAR
Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

City | Miami State/Province | FL Country of Residencd S

Mailing Address of Inventor:

Address 1 7630 S.W. 54 Avenue

Address 2

City | |Vliami I State/Province | FL

Postal Code | [p3143 | Countryi | us

Inventor 4

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
‘ El IVI }Sean IVIcBrayer ‘ El
Residence Information (Select One) (® US Residency Non US Residency Active US Military Service

City | Coral Gables State/Province | FL Country of Residencd | s

Mailing Address of Inventor:

Address 1 5940 Sunrise Drive

Address 2

City | [eoral Gables | state/Province | FL

Postal Code | 3133 | Countryi | ‘US

Inventor |5

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
‘ El IEric ‘ I:’etersen ‘ El
Residence Information (Select One) (@ US Residency Non US Residency Active US Military Service

City | Homestead State/Province | FL Country of Residencd S

Mailing Address of Inventor:

Address 1 P7025 SW 197 Avenue

Address 2

City | '—Iomestead | State/Province | FL

Postal Code | }33031 | Countryi | ‘US

Inventor |6

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
‘ El Fichard ‘ l’:altledge ‘ El
Residence Information (Select One) (8) US Residency Non US Residency Active US Military Service

City | Boca Raton State/Province | FL Country of Residencd | US
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Attorney Docket Number | Syn2.0/ROAR

Application Data Sheet 37 CFR 1.76 —
Application Number

Title of Invention ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH
ASPIRATION CATHETER

Mailing Address of Inventor:

Address 1 P268 Acorn Palm Road

Address 2

City | laoca Raton | State/Province | FL

Postal Code | [p3432 | Countryi | ‘US

All Inventors Must Be Listed - Additional Inventor Information blocks may be

generated within this form by selecting the Add button.

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).

[ ] An Address is being provided for the correspondence Information of this application.

Gustomer Number P7316

Email Address mhpatents@dickinsonwright.com | | Add Email ] [Remove Email

Application Information:

Title of the Invention SPIRATION CATHETER

Attorney Docket Number| Syn2 0/ROAR Small Entity Status Claimed [

Application Type Nonprovisional v
Subject Matter | Hility -
Total Number of Drawing Sheets (if any) 29 Suggested Figure for Publication (if any) | 48

Filing By Reference:

Only complete this section when filing an application by reference under 35 US.C. 111(c) and 37 CFR 1.57(a). Do not complete this section if
application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e., "Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the description and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a). )
1
Application number of the previously Filing date {YYYY-MM-DD) Intellectual Property Authority or Country
filed application

Publication Information:
[] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Req uest Not to Publish. | hereby request that the attached application not be published under

35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral international agreement, that requires
publication at eighteen months after filing.
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Penumbra, Inc., Ex. 1029, Page 595 of 728
Penumbra, Inc. v. RapidPulse, Inc.



PTO/AIA/14 (02-18)

Approved for use through 11/30/2020. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | Syn2.0/ROAR

Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).

Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer
Number will be used for the Representative Information during processing.

Please Select One: e Customer Number US Patent Practitioner ‘ (O Limited Recognition (37 CFR 11.9)
Customer Number P7316

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, 365(c), or 386(c) or indicate
National Stage entry from a PCT application. Providing benefit claim information in the Application Data Sheet constitutes
the specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78.

When referring to the current application, please leave the “Application Number” field blank.

Prior Application Status | Pending -

Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)

[Claims benefit of provisional ~| 62701086 L018-07-20

Prior Application Status | Pending v Remove

Filing or 371(c) Date
Application Number Centinuity Type Prior Application Number (YYYY-MM-DD)

Claims benefit of provisional -~ 62750011 2018-10-24

Additional Domestic Benefit/National Stage Data may be generated within this form

by selecting the Add button.

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55. When priority is claimed to a foreign application
that is eligible for retrieval under the pricrity document exchange program (PDX)I the information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(i)(1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g){1).

Remove

Application Number Countryi Filing Date (YYYY-MM-DD) Access Codei (if applicable)
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Attorney Docket Number | Syn2.0/ROAR

Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

Additional Foreign Priority Data may be generated within this form by selecting the
Add button. Add

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition
Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also

contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[] 16, 2013.

NOTE: By providing this statement under 37 CFR 1.55 or 1.78, this application, with a filing date on or after March

18, 2013, will be examined under the first inventor to file provisions of the AlA.
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Attorney Docket Number | Syn2.0/ROAR

Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly sighed and filed with the application, applicant has provided written
authority to permit a participating foreign intellectual property (IP) office access to the instant application-as-filed (see
paragraph A in subsection 1 below) and the European Patent Office (EPQO) access to any search results from the instant
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 helow, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an
application. After the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind
authorization for access by a foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/69 must be used as appropriate.

1. Authoerization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX)} - Unless box A in subsection 2 (opt-out of authorization) is checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO), the Japan Patent Office
(JPO), the Korean Intellectual Property Office (KIPO), the State Intellectual Property Office of the People’s Republic of
China (SIP0O), the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTO in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related biblicgraphic data, and (3) the date of filing of this Authorization. See 37 CFR 1.14(h)

().

B. Search Results from U.S. Application to EPO - Unless box B in subsection 2 (opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search
results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed. See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit a
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2_ Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s}

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant
[] application-as-filed. If this box is checked, the USPTO will not be providing a participating foreign IP office with
any documents and information identified in subsection 1A above.

B. Applicant DOES NOT authocrize the USPTO to transmit to the EPO any search results from the instant patent
[] application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.
NOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
application in accordance with 37 CFR 1.14.
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Attorney Docket Number | Syn2.0/ROAR

Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant }

If the applicant is the inventor (or the remaining jeint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.

® Assignee Legal Representative under 35 U.S.C. 117 Joint Inventor

Person to whom the inventor is obligated to assign. Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

R

Name of the Deceased or Legally Incapacitated Inventor:

If the Applicant is an Organization check here. X

Organization Name Syntheon 2.0, LLC

Mailing Address Information For Applicant:

Address 1 3755 S.W. 119 Avenue
Address 2
City Miami State/Province FL
Country ‘ s Postal Code 33186
Phone Number 954-991-5420 Fax Number 844-670-6009
Email Address mhpatents@dickinsonwright.com
Additional Applicant Data may be generated within this form by selecting the Add button. Add

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title
37 of CFR to have an assignment recorded by the Office.
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Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

Assignee (1

Complete this section if assignee information, including non-applicant assignee information, is desired to be included on the patent
application publication. An assignee-applicant identified in the "Applicant Information" section will appear on the patent application
publication as an applicant. For an assignee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here. X
Organization Name Syntheon 2.0, LLG
Mailing Address Information For Assignee including Non-Applicant Assignee:
Address 1 13755 SW 119 Avenue
Address 2
City [Mliami I State/Province FL
Countryi s I Postal Code 33186
Phone Number 954-991-5420 | Fax Number 844-670-6009
Email Address mhpatents@dickinsonwright.com
Additional Assignee or Non-Applicant Assignee Data may be generated within this form by o

selecting the Add button.

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 CFR 1.33(b). However, if this Application
Data Sheet is submitted with the INITIAL filing of the application and either box A or B is not checked in
subsection 2 of the “Authorization or Opt-Out of Authorization to Permit Access” section, then this form must
also be signed in accordance with 37 CFR 1.14{c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic
entity (e.g., corporation or association). If the applicant is two or more joint inventors, this form must be signed by a
patent practitioner, all joint inventors who are the applicant, or one or more joint inventor-applicants who have been given
power of attorney (e.g., see USPTO Form PTO/AIA/81) on behalf of all joint inventor-applicants.

See 37 CFR 1.4(d) for the manner of making signatures and certifications.

Signature |/gregory |. mayback/ Date (YYYY-MM-DD)| 2018-07-18
First Name Fregory L. Last Name | Nayback Registration Number 0719
Additional Signature may be generated within this form by selecting the Add button. Add
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Application Data Sheet 37 CFR 1.76

Application Number

ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

Title of Invention |, qpiRATION CATHETER

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.5.C. 122 and 37 CFR 1.14. This
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related to a patent
application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection of this information
is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/cr examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.S.C. 552) and the Privacy
Act (5U.5.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

Arecord from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
acontract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.5.C.
552a{m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the International Bureau of the World Intellectual Property Organization, pursuant to the Patent CooperationTreaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.5.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 U.5.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of
records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.5.C.
122(b) or issuance of a patent pursuant to 35U.5.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the public if the record was filed in an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential viclation of law or regulation.
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Undgr the Papecyary Reduction Aot o 1998, no persons are requined 1 riepond 18 srliection of infonmatien waiess it dizplays # vaid OMB toaiisl numier.

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.78)

Titeof | ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR
Invention | THROMBOSIS REMOVAL WITH ASPIRATION CATHETER

Az the halow names inventor, | haraby devlare that:

Thia declaration §

8 ditacted 10 8 The aflached apphcation, o

United States apphicalion of POT international application number

fited on

Thi above-identified application was mads or guthorized to e made by e

I balieve thatt am the original Inventor or an-origing! Tnint inventor of & claimed invertion inthe spplicating.
G ¥

| hereby scknowladge that any willfil false statement made in this daciaration s punishable under 18 US.0. 100
Ly fing orimprisonment of not mars thaniive (8) yaars, or both,

WARNING:

Patiionarapglicant s sautiched fo avald stiiniting personsl infrmation in docuinents filad in & pitent applination thatmay
sontribote to identty theft. Personalinformation such as social sesurity numbaes, bank atoount numbars, of oredit card ravbers
{other than @ chack oreredit card autharization form PTD-2038 submittad for payment putposes) is nevar required by e USPTO
to suppaert a patition or an application. s fype of personal information s insludad in documents sobmitad o' the USPTO,
petitionerelspplicants should nongider redacting such peraonal information from the doouments befdre submilting them to tha
USFTO., Peliioner/applicant is advised thal the recond of @ palent appiication i availabie to the public after publication of the
agplication {unless g non-publication mquest in compliance with 37 OFR 1,213} is mate in the application) or issuanes ofa
palant. Furtheermors, the reeord from an abandoned application May alse ke avasiabio to the'public if the application is
referenced in & publishad application or avvissusd patent (see 37 OFR 1,14). Checks and oredit cars guthorization forms
PTO-2038 sulimitted for payment purposes are not retainad in the application file and therefore are nat publicly avaiidble,

LEGAL NAME OF INVENTOR

inventor: Serek Dee Deville Dite {Ophana) ?;/? 5‘: ,t"f; 9

Sigraturg: ,,«-*‘f‘f“" 7

ot T

-

Mote: Arcapphoetion data shisat (FTO/SE/14 o equivalent), including naming the antie invertive entity, rrust sccompany this R 6 must Hava
besn praviously fled. Use an additional PTO/AIANN form for aach additional inventor,

This cofization of inforanation ie required by 36 LS., 116 ang 37 OFR 1.6%. The infarmation (s rageires o oLIaRy ue fatsin & benesit By the pubiiz which is is 8e fend
iy the USPTO to prod 5 Qn appicatinn, Confidntialby is govarned By 3530850, 122 800 37 OFR 141 and 114 This colisetion s #stimatieg fo tele  minite o
Ang: srapsing, and suboarting tes somplesey spmication form 10 the USETO: Time will vary depengiog upon e ndhilusl 0ass. Ay
commrsnts onthe Brouet of Hine vou ouire to carmpete this forrm sadior sigyestions o1 redusing this busden; shoul he santd io the Thiet inds ion Cffiren 1.8,
Patent and Trademark Offics, W5, Departmant oS Commstos. PG, Box 1450, Afexandsia, VA 225131480, DO NOT SEND FEES OR CUMPLETED FORMS TGO
DRERE SEMD TO: Commissionst for Eatents, P.O. Box 1458, Alexandria, VA 223339450,
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Undey the Papsrvork Ridustisn &t of 1385, 00 pevsonis are reduiiad 8 respond-ora collactinn of Infaraekon Grisss it Hisplays 5 valid BB control rsmbey;

DECLARATION {37 CFR 1.83) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET {37 CFR 1.78)

Tieof |A ATION THROMBEGTGMY SYSTEM AND METHODS FOR
favention | THROMBOSIS REMQ\!‘AL WITH ASPIRATION CATHETER

Ag the below named inventor, | heraby daglare that:

- o (
Hhis declaration Eﬁj The attached applicatinn, or

is dirgcted to;

f United States applisation or PCT intermationa) applivation number

filsd on

The above-identified spplication was mads of authorized to be mada by me.

foelisvethat i am the origingl inventarar an arigingd joirt nventor of a claiman nvention in the applicstion,

thereby acknowledge hat any willfu! fsise Statament mads i this deciaration s punishable under 18 180, 1009
by fine or ingrisonmant of ol mare tha i {Syvears, or both,

WARNING:

Petiionevapplicant is cautioned to gwoid sUbmitting persoial informativn in documanta fled it & patent application that may
ooniribite to dentity el - Persaral infarmating such as sonigt seclrity numibens, bank ascount rbars, or crenit card numbérg
{other thar a check ar-oredit card authorization O PTO-2038 submitiad for nayment purpases) is nevar required by the USPTO!
o supporta patition of ay applidation. 1 this typeof personal information is includsd in documents submitted o e USPTO,
petitioners/applicants ehsuld donsiter redacting such persanal information fom thedocumants before submitling them o the
USPTO. Petitivner/znglicant is advised that the record f 7 patent application s available 1o tha bublic after publication of the
apgiisation {unless a non-publication requsstin compliance with 37088 1.213a) is rmade in the application) or issuance af g
patent. Furhermore, e record from an abancahed applisation may alko be avaliahie o the public if the application is
referenced i1 a publishett spplicativn or zn issuad patent (sée 37 CER 1.14). Chacks and oredit card authorzation forms
 FTOWZ038 submitted for payment purposes ‘are notretained inthe application Me gnd trerefore arenot publicly availatis.

LEGAL NAME OF INVENTOR

e/
invertor: Matthew/ 4 gdimet / Date (Optonan 2= f2~19

Signature: 4 ; ,f‘{ mﬁ“‘\wwﬁm‘.«m‘..

Note:Ar application data sheat (FTORBNE br sguivalent; including raming the entire nvetive anbity; must accomgany NS To6m of must Have
besh graviobsly fled. Use an additonal RYQAINOY for for sach andiional inventor,

Ti8and 37 UFR L83
ity S govened by 38 S ECH
13 he sorpleted sppifostion

This cofiaeton of infarmation & Heqted Sy 35 LRSS
by e USETO 4 poxceystan application. Confident
momplste, induding gaivering, pRIpaTng, and s

& frformalion i requined 1o obiRir or fatan & bl by the sl whizh s iy fike {ang
: & This collection 1§ extmate 3 ke 1 minute to
: RO Vimewill ysiy depending wpsn the intssdual case, Ary
SO the amount of Bme o enquive fo Sompisis Bls fon sndor suggestions Toragu i NS Dirden  should e sent 1o the e mation Officer. 1.5
et angd Trademark Offce, U8 Depatirent &8 Conies ros. PO Ba 1950, Alskandris; VA Z23I31450 DO NOTSEND FRES OR COMSLETER FORM
THIS ADBRESS. SEND TO: Commissioner for Batents P.O. Box 1450, Aloxandris, VA 223134480,
Fyon nepd sexisiano in oueling e farm, oall 1SS0S 198 and zelset Spfon 2.
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DECLARATION {37 CFR 1 SS} FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.78)

Titls of ASPERATION TﬂROMBECTOMY SYSTEM AND METHODS FQR
tnvention | THROMBOSIS REMOVAL WITH ASPIRATION CATHETER ~

Ag the below riamead inventor, | hereby deglare that

This dectaration @8 :
e : § The atiached 7,0
is girected o == &¢ application, o

1

L Linfted States application or FOT internationst applivating nimber

filed or

The sbove-dentifed sppiication was mads or guthorized to be made by e,

believe thal | arm the-odginalinventor or an ariging! joint inventor of 2 daimed invention in'te appiication.

| hereby acknowledge that any willful false statemend made in this daclaration is punishable under 18 US.C. 10
by fine o impnsonment of not mata than five {8} years, or both,

WARNING:

Patitionarappliicant s caulined to avold sulmitting personal information in dotuments fled i a patent appication that may
conributa o identity thall. Personal information such as soclal securty rumbers, barnk aosount rumbers, or credit oand numbars
tother than @ check ororedit carg autharization fomy PTRI038 submitted oy paymant purposes) is naver required By the USPTQ
to suppon a petition of an apphication. If this tyoe of parsonal information is included In documenty submiied tothe’ USPTO,
petitionersfappiicants shoeiuld consider radacting such personal inforation from e documants before sulamitiing them fothe
UBPTO. Psiitioner/spplicant is ddvised that the redand of & patant applicatipn is svailable to the public after publication of the
application {unless a nor-publication reguastin compliance with 27 COFR 1 213{(8) i piade in-the applivation) or issuance of s
patent. Furthermare, thi record from an abandoned application may alss be availabls to the public if the application s
referenced in & published spplication or an lssued patent {sae 37 OFR 1,14}, Chscks and areditcard ssthorization forms
PTO-2038 submitted for payment purposes dre not retained in the spplication file and therefore sre nod publicly svaiiable:

LEGAL NAME QF INVENTOR

tnventor: William 7. Bcll@? Date (Opticnal) : é}?j S S;/ 2019

Signsture: ll A

Mate: A spplication data shest (PTC/SBMY o syulvatent), insluding naming the entire inventhe entify, must accompany this form or roust have
paan praviously filed. Use an additionst FTO/ANGS Torm for sach additional inventar,

The mformation i reauinad 1o obaln o istain e Nenalit By thehpultis wiich s 16 He {and
a1 TCTRE dattecting 1s eslimated 0 take RG]
wany hEne spon iy individuat Gess. Ay

fei

This raflection of fosrmisiion s raquired By 35 B Co 113 and A7 CFR 168,
By the USPTO o process) an appiication. G aliy s poverned By 38U 8.0, 122 and 3V OFR 1
somplele, Feluding gethedng, praparing, sod sebmiting the comgleted s\sgam:atiaﬂ ?orm x‘n ﬁ‘,«ﬁ SPTQ, Time w S
rRRents o the amount-of thme you require i iompiete this formy and : sl beosant 6 the Shi mation Offiver, LG,
Pateal and Tragemark Office, U8 Deparitient of Commiaide, .0, Boy : 23131 DO NOT SEND FEER DR CC«&‘PW‘: FORMSE TG
THIS ADDRESE. SEND T Commissioner for Palsals; P.O. Bux “!45& Aiemndria U’A 25343 4458,
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DECLARATION {37 CFR ’§,$3-) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CER 1.76}

| IBECTOMY SYSTEM AND METHODS FOR
lovention | THROMBOSIS REMOVAL WITH ASPIRATION CATHETER

As the below named invantor, | hereby declare that

The attached appheation, or

| This declaration Fﬁ“
is direotad to; S
o

[ Unitad States apolication o PCT international application mraber

Madan

The aboveidentifiad spptcation was mads o aithorized o ba mads by o

Loslisve that Fan the original inventor of an origing! foind inventor of 8 claimed invention in the application.

I hereby acknowledge that any willhg faise Ratement made in this daciaration is punishable dnder 1BUS L. 1007

by fine or impaisonment of ast more than five (5} vears, orboth,

WARNING:

Petiticherapplicant is sauticned to svoid submiting personal intornation in documents Nedina patent applicadion that may
contibite o dently thef. Petsanal information such s socialsscurity numthan, bank aocoundt numbers, of cradit card numbers
{other than a chack or cradit card authorization form PTO2028 submitied for payment putposes) s never raquired by the USPTO
te:supporta padition or sh application, 3 his type of persortal infdrmation is indluded i dodumenty sutmilted to the URPETO
petitionersfapplinanis should consider redacting such personsl information from the decuments bafore submitting thent o the
HUSPTO. Petitivnerapslivant is atfvisad What the rentrd of a patent apglizatior is avallable tothe pobiic afist publication of the
application {(unlsss @ non-putlication redusst in compltance with 37 CFR .21 3ia) iy madein the application} or sauance of a
patert. Furtharmobe, the record fom an abpndoned application may also be avaiisbly to the public if the application is
referenced in & published application of an issuad patentisen 37 OFR 1,14} Chaoks and cradit card: authorization formvg
FTO-2088 submitted for pavment porposes are rotetained inthe application fis and tharefore sk not pestslichy available,

LEGAL NAME OF INVENTOR

veaniay; M. Sean McBrayer Date (Oohonad): s/‘i f; ¢ ““‘g’ { ¢

K ?\ “A,».:‘s;‘“z» —

Signature:

Nate: Ag appiication dats sheet (FTOBBH o ses;fm’vaﬁent}. including naming e antire inventive eritity. must accomparny this faresor must Bsve
been previously fed. Use an sdditonal PTCIAIRO T Torm for ganhy sdditions! invantos.

This coliztion of informatinn s Teiuieed By 2548 5.0, 15 and &7 CPR 1

B3.The infareiation s fequined i cdtain of retain & benell! By the putlic whish s o fle fand
Ry iB overnad by 35 G50 128 &rg 37 OFR 111 ana 1 40, Y eofisation ie estmated 1 ke 1 minut to
e sampeted spgivation Yorin o e USRS Tinpe witt vavy depbnding upor 8 vidual
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ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH

ASPIRATION CATHETER

Abstract of the Disclosure

A thrombectomy removal system includes a catheter having a distal end and defining a lumen
filled with a liquid column having a proximal portion and a distal portion, a vacuum source, a vent
liquid source, and a vacuum and vent control system configured to cyclically connect or disconnect
the vacuum source and the vent liquid source to change a level of vacuum at the distal end and
substantially prevent forward flow. The vacuum source and the vent source are respectively
fluidically connected to the vacuum and vent valves. A manifold connects the proximal portion
to the vacuum and vent sources through the valves. Control of the valves prevents forward flow
of the distal portion out from the distal end during each cycle. Each cycle can have states including
vacuum-only, first double-closed, vent-only, and second double-closed. A time of the double-

closed states can be no greater than 30 ms.
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CLAIMS

What is claimed is:

1. A clot removal system, comprising:

a catheter having a distal end and defining a lumen filled with a liquid column having a proximal

portion and a distal portion;

a controllable vacuum valve;

a vacuum source fluidically connected to the vacuum valve;

a controllable vent valve having a vent liquid input;

a vent fluid source containing a vent liquid and fluidically connected to the vent valve to retain the

vent liquid at the vent fluid input;

a manifold connected to the catheter, to the vacuum valve, and to the vent valve, the manifold

fluidically connecting the proximal portion of the liquid column in the lumen:

to the vacuum source through the vacuum valve; and

to the vent fluid source through the vent valve;

a controller connected to the vacuum valve and the vent valve and configured to selectively open

and close the vacuum valve and the vent valve such that:

responsive to opening the vacuum valve, the vacuum source is fluidically connected to the

liquid column in the lumen; and
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responsive to opening the vent valve, the vent fluid source is fluidically connected to the

liquid column in the lumen,
the controller configured to cyclically open and close the vacuum valve and the vent valve to:
change a level of vacuum at the distal end; and
prevent forward flow of the distal portion out from the distal end during each cycle.
2. The system according to claim 1, wherein the controller is configured to cyclically open and
close the vacuum valve and the vent valve in a repeated cycle comprising a double-closed state in

which the vacuum valve is closed and the vent valve is closed.

3. The system according to claim 2, wherein a time of the double-closed state is no greater than

30 ms.

4. The system according to claim 1, wherein the controller is configured to cyclically open and
close the vacuum valve and the vent valve in a repeated cycle comprising a vent-only state in
which the vacuum valve is closed and the vent valve is open.

5. The system according to claim 4, wherein a time of the vent-only state is no greater than 50 ms.

6. The system according to claim 1, wherein the controller is configured to selectively open and

close the vacuum valve and the vent valve cycle in a repeated cycle comprising:

a vacuum-only state in which the vacuum valve is open and the vent valve is closed,;

a first double-closed state in which the vacuum valve is closed and the vent valve is closed;

a vent-only state in which the vacuum valve is closed and the vent valve is open; and
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a second double-closed state in which the vacuum valve is closed and the vent valve is closed.

7. The system according to claim 6, wherein a time between an opening of the vent valve and a

closing of the vent valve is between approximately 10 ms and approximately 50 ms.

8. The system according to claim 6, wherein a period of the cycle is between approximately 6 Hz

and approximately 16 Hz.

9. The system according to claim 6, wherein a period of the cycle is between approximately 8 Hz

and 12 Hz.

10. The system according to claim 1, wherein the change in the level of vacuum at the distal end

is greater than approximately 15 inHg in no greater than approximately 50 ms.

11. The system according to claim 1, wherein the change in the level of vacuum at the distal end

is greater than approximately 20 inHg and no greater than approximately 30 ms; and

12. The system according to claim 1, wherein the change in the level of vacuum at the distal end

is greater than approximately 25 inHg and no greater than approximately 20 ms.

13. The system according to claim 1, wherein:

the lumen has an internal diameter of between approximately 0.038” and approximately 0.106”;

and

the controller is configured to cyclically open and close the vacuum valve and the vent valve at a

frequency of between 2 and 16 Hz.

14. The system according to claim 1, wherein:
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the lumen has an internal diameter of between approximately 0.068” and approximately 0.088”;

and

the controller is configured to cyclically open and close the vacuum valve and the vent valve at a

frequency of between 2 and 16 Hz.

15. The system according to claim 1, wherein the controller is configured to cyclically open and
close the vacuum valve and the vent valve in a repeated cycle and prevent forward flow of the
distal portion out from the distal end during each cycle by regulating timing of the vent valve.

16. The system according to claim 1, wherein the controller is configured to cyclically open and
close the vacuum valve and the vent valve to retain a level of pressure at the distal end at less than

physiological pressure.

17. The system according to claim 1, which further comprises a shaft and the vacuum valve and

the vent valve are mounted together on the shaft.

18. A clot removal system, comprising:

a catheter having a distal end and defining a lumen filled with a liquid column having a proximal

portion and a distal portion;

a controllable vacuum valve;

a vacuum source fluidically connected to the vacuum valve;

a controllable vent valve having a vent liquid input;

a vent fluid source containing a vent liquid and fluidically connected to the vent valve to retain the

vent liquid at the vent fluid input;
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a manifold connected to the catheter, to the vacuum valve, and to the vent valve, the manifold

fluidically connecting the proximal portion of the liquid column in the lumen:

to the vacuum source through the vacuum valve; and

to the vent fluid source through the vent valve;

a controller connected to the vacuum valve and the vent valve and configured to selectively open

and close the vacuum valve and the vent valve such that:

responsive to opening the vacuum valve, the vacuum source is fluidically connected to the

liquid column in the lumen; and

responsive to opening the vent valve, the vent fluid source is fluidically connected to the

liquid column in the lumen,
the controller configured to cyclically open and close the vacuum valve and the vent valve in a
repeated cycle comprising a double-closed state in which the vacuum valve is closed and the vent
valve is closed to:

change a level of vacuum at the distal end; and

prevent forward flow of the distal portion out from the distal end during each cycle, and
a time of the double-closed state is no greater than approximately 30 ms.

19. A clot removal system, comprising:

a catheter having a distal end and defining a lumen filled with a liquid column having a proximal

portion and a distal portion;
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a vacuum Source,

a vent liquid source; and

a vacuum and vent control system configured to cyclically connect or disconnect the vacuum

source and the vent liquid source to:

change a level of vacuum at the distal end; and

substantially prevent forward flow

20. A clot removal system, comprising:

a catheter having a distal end and defining a lumen filled with a liquid column having a proximal

portion and a distal portion;

a vacuum source;

a vent liquid source; and

a vacuum and vent control system configured to cyclically fluidically connect to the proximal

portion at least one of’

vacuum from the vacuum source;

vent liquid from the vent liquid source; and

neither the vacuum nor the vent liquid, and

thereby change a level of vacuum at the distal end and substantially prevent forward flow.
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CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the priority, under 35 US.C. § 119, of copending U.S.
Provisional Patent Application Nos. 62/701,086, filed July 20, 2018, and 62/750,011, filed October

24, 2018; the prior applications are herewith incorporated by reference herein in their entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0002] Not Applicable

FIELD OF THE INVENTION
[0003] The present systems, apparatuses, and methods lie in the field of thrombus removal. The
present disclosure relates to an aspiration thrombectomy system and methods for thrombus

removal with aspiration catheter.

BACKGROUND OF THE INVENTION

[0004] Ischemic strokes are usually caused by a blood clot that blocks or plugs a blood vessel in
the brain. This blockage prevents blood from flowing to the brain. Within minutes, brain cells
begin to die, which, if not treated rapidly, causes brain damage or death. The costs associated with
removing a clot are significant. Most treatments involve thrombectomy: the removal of the clot
by aspiration, mechanical retrieval, or some combination thereof.

[0005] Removal by aspiration is effected by placing a source of vacuum, e.g., an aspiration or
vacuum catheter, upstream of the clot and drawing the clot into or against the distal end of the
catheter. Conceptually, aspiration is effective but some significant problems occur in practice.
The basic configuration for an aspiration catheter includes a length of hollow catheter having a
proximal end fluidically connected to a vacuum or suction pump. In this configuration, operation
of the suction pump causes fluid and particulates at the distal end of the catheter to enter the distal
opening of the hollow lumen and travel to the proximal end of the lumen near or into the suction
pump. Conventional aspiration catheters are threaded through a balloon guide catheter. In one
exemplary procedure, the balloon of the guide catheter is guided into the internal carotid artery of
the brain. The balloon is inflated to occlude the vessel. The aspiration catheter is threaded through
the balloon guide catheter and out the distal end of the guide catheter past the balloon. The distal

end of the aspiration catheter is advanced to the clot that is occluding the brain vessel. Suction
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connected to the aspiration catheter is turned on to cause flow reversal. Ideally, this system
aspirates the clot entirely out of the neurovasculature and to the proximal end of the aspiration
catheter so that extraction and re-establishment of blood flow could be confirmed. In practice,
however, this rarely occurs.

[0006] Thrombi are frequently of a larger diameter than the catheter being used to aspirate them.
For aspiration to be successful, the thrombus must deform to conform to the inner diameter of the
aspiration catheter. During conventional aspirations, it is common for applied vacuum to partially
draw a thrombus into the distal opening of the aspiration catheter’s lumen, thereby deforming some
of the thrombus to the catheter’s inner diameter. At this point, the thrombus becomes lodged
completely within, partially within, or at the distal opening of the aspiration catheter, a condition
that can be referred to as corked or corking. In effect, the distal end becomes a suction cup grasper
for the clot. When this situation occurs, a surgeon’s only option is to use the aspiration catheter as
a fishing line to pull the clot back through the balloon guide and out of body. The other option is
not viable, that is, reversing the suction to pressurize the clot and eject it forcibly and
uncontrollably out of the distal opening of the aspiration catheter. Such action is dangerous to the
patient for many reasons, the primary one being that forcibly and uncontrollably ejecting the clot
may cause the clot to move further distally within the vessel in which it was originally lodged.
That distal movement would not only cause the clot to be further within the vessel —i.e., in an even
smaller diameter of the vessel than when it was originally lodged — but it could permanently lodge
the clot into that vessel, making it impossible to remove, or it could burst the vessel. Those of skill
in the art know that these situations are to be avoided because of the serious potential risks to the
patient.

[0007] Even when the surgeon uses the aspiration catheter to fish out the clot, there is no
assurance that the entirety of the clot will be removed. Pieces of the clot can break off during
movement, when that occurs, the pieces re-embolize within the same vessel or within different
vessels that might be even more difficult to remove.

[0008] When all or most of the clot is drawn out from the patient, it is difficult to confirm that
the entire thrombus was removed. A significant disadvantage of current thrombus removal devices
is the inability of a surgeon to ascertain thrombus capture/removal without the full withdrawal of
a given therapeutic device from a patient’s anatomy. Even systems capable of fully aspirating a

given thrombus are problematic, because the reservoirs into which aspirated contents are deposited
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are located outside of the sterile field in an operating room setting. This location, outside the sterile
field, makes it difficult or impossible for physicians operating aspiration catheters to easily
visualize and appraise aspirated thrombus material.

[0009] To confirm thrombus removal can require the surgeon to attempt aspiration again. The
aspiration and balloon guide catheters have to be cleaned out, access to distal anatomy has to be
re-established, and, when the aspiration catheter finally is located back at the embolism site, the
same issues may be present again with whatever embolus material remains. A disadvantage of
these procedures is the significant increase in procedure time, which not only significantly
increases the cost (as each minute in an operating room is expensive), it also increases the
surgeon’s stress, which decreases the success rate of the operation.

[0010] First-pass recanalization rate is a metric used to determine the efficacy of thrombectomy
systems. Most current systems offer rates of between 30% and 60%. A system that increases the
first-pass recanalization rate is valuable and desirable.

[0011] Even with an attempt to maintain vacuum pressure utilizing manual periodic cycling,
prior art systems are not capable of avoiding positive pressures at the distal end of the catheter.
Prior art systems are not able to react quickly enough to keep the distal end of the catheter from
experiencing a positive pressure. When positive pressure exists at the distal end of the lumen,
liquid from inside the lumen exits out from the distal end of the catheter in a distal direction. This
is referred to as forward flow. The prior art do not have a fast enough reaction time to quell forward
flow. Forward flow, therefore, can and does remove thrombi off of the distal end and risk sending
thrombi further distally in the vasculature. Such systems cannot guarantee removing all forward
flow eliminating positive pressure at the distal end of the catheter.

[0012] Thus, a need exists to overcome the problems with the prior art systems, designs, and

processes as discussed above.

SUMMARY OF THE INVENTION

[0013] The systems, apparatuses, and methods described provide an aspiration thrombectomy
system and methods for thrombus removal with an aspiration thrombectomy system that overcome
the hereinafore-mentioned disadvantages of the heretofore-known devices and methods of this

general type and that provide such features with increased first-pass recanalization rate by
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completely pulling the embolus out and, thereby, reducing the instance of aspiration catheter
obstruction/clogging by the embolus.

[0014] The systems, apparatuses, and methods provide an aspiration thrombectomy system that
completely vacuums up the clot so that clots are no longer dragged out of vasculature while half
hanging out of a catheter tip. The aspiration thrombectomy system moves the vacuumed clot all
the way to the proximal end of the vacuum channel and allows the surgeon to confirm
recanalization of the vessel in which the clot formerly resided (for example, by injecting contrast
through the catheter that remains in place after clot removal) and provides structure to indicate to
the surgeon that the thrombus has been removed and that flow has been restored.

[0015] The systems, apparatuses, and methods provide an aspiration thrombectomy system that
can be coupled with conventional aspiration catheters to significantly increase the efficacy of such
catheter and pump systems. Vacuum level is indicated herein in two different ways:

1) as the absolute level of pressure, where a “high vacuum” approaches zero absolute
pressure. This is the “absolute pressure” way of measuring vacuum. A perfect vacuum
would be zero, and atmospheric pressure would be indicated by measuring the height of a
column of mercury that can be supported by a standard atmosphere (760 mm Hg). Hence,
lower values indicate an increased level of vacuum relative to the ambient atmospheric
pressure.

2) The pressure relative to atmospheric pressure may be indicated. This way of measuring
pressure relative to a standard atmospheric pressure is known as “gage pressure.” The most
common way of measuring pressure in the vacuum realm (below atmospheric pressure) is
by using a gage calibrated so that one atmosphere reads zero (standard atmospheric
pressure), and the highest possible level of vacuum would be indicated as “29.92 inches of
mercury” Common mechanical vacuum gauges work this way, so this usage has become
common.

Herein, the “gage pressure” is used as method of indicating vacuum level; i.e., “zero inches of
mercury” means atmospheric pressure, no suction at all. A high number (e.g., 25” Hg) means a
high level of vacuum suction. (The highest possible level of vacuum measured this way would be
29.92” Hg.) “Vacuum” as used herein is a condition below normal atmospheric pressure. In the
instant application, the units of pressure for vacuum is pounds per square inch (“PSI”).psi”), inches

of mercury, or mmHg. Depending on the context of use of the word vacuum, a “high” vacuum is
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referred to herein as a low pressure that is lower than atmospheric pressure. Vacuum also refers
to a negative pressure(s) and a pressure above atmospheric pressure is referred to as a positive
pressure. In some instances, however, use of the word “high” with respect to pressure can mean a
greater negative or can mean a greater positive based on the context. Likewise, use of the words
“low” or “lower” with respect to pressure can mean a lesser negative or can mean a lesser positive
based on the context

[0016] Thrombi are frequently of a larger diameter than the catheter being used to aspirate them.
In order for aspiration to be successful, the thrombus must deform to conform to the inner diameter
of the aspiration catheter. During conventional aspirations, it is common for applied vacuum to
partially draw a thrombus into the distal opening of the aspiration catheter’s lumen. At this point,
the thrombus becomes stuck with some of the thrombus resting within the catheter’s inner diameter
and some of the thrombus protruding from the distal end.

[0017] The systems, apparatuses, and methods provide an aspiration thrombectomy system with
an unclogging structure and technique that temporarily halts vacuum at the distal end of the
aspiration catheter, pushes the thrombus distally out of the lumen, and then re-applies vacuum —
an occlusion-vacuum-pressure sequence of operation. Upon re-application of the vacuum, the
thrombus accelerates back into the catheter and deforms to a diameter allowing it to be completely
aspirated. Each halting of the vacuum, thrombus pushing, and reapplication of the vacuum is
controlled by the surgeon.

[0018] The systems and methods operate an aspiration/suction catheter with a mechanism to stop
the vacuum and then press the distal fluid column in reverse, i.e., a positive displacement without
a check valve, referred to herein as a column shift. All functions can be controlled with a single
handle, including vacuum shut off and column shift while limiting the amount and the force for
the column shift. When the controller is actuated, a positive amount of exit flow is created without
possibility of overshooting. The exiting movement of fluid is limited to a specific volume and/or
pressure and is automatically and precisely controlled. Itis the user who controls when the column
shift occurs and when it returns. A trap is disposed at an exit to catch and display the thrombus.
A vent can be opened to atmosphere to clear fluid in the trap and show what thrombus remains.
[0019] With the foregoing and other objects in view, there is provided, a vacuum catheter for
removing an object from within a human vessel comprising a vacuum tube defining an interior

vacuum channel comprising a proximal opening for receiving application of vacuum and a distal
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capture opening fluidically connected to the proximal opening, the distal capture opening
configured to receive therein the object responsive to application of the vacuum, and comprising
an intermediate section between the proximal opening and the distal capture opening, and a
vacuum interruption controller comprising a body through which a portion of the intermediate
section passes and an extrusion compressor movably disposed with respect to the body towards
and away from the portion of the intermediate section such that, in a rest state, the extrusion
compressor does not occlude the vacuum channel and, in an actuated state, the extrusion
compressor first occludes the vacuum channel and then moves fluid disposed between the portion
of the intermediate section and the distal capture opening a given distance distally towards the
distal capture opening.

[0020] 1In accordance with another feature, there is provided a vacuum pump selectively
applying vacuum to the proximal opening.

[0021] In accordance with a further feature, the vacuum tube has a proximal portion and which
further comprises a catheter body surrounding the vacuum tube and configured to steer at least the
proximal portion of the vacuum tube.

[0022] In accordance with an added feature, the vacuum tube has a proximal portion sized to fit
within the Circle of Willis in a brain and the object is a blood clot adjacent the Circle of Willis.
[0023] With the foregoing and other objects in view, there is provided, a clot removal system
comprising a catheter having a distal end and defining a lumen filled with a liquid column having
a proximal portion and a distal portion, a controllable vacuum valve, a vacuum source fluidically
connected to the vacuum valve, a controllable vent valve having a vent liquid input, a vent fluid
source containing a vent liquid and fluidically connected to the vent valve to retain the vent liquid
at the vent fluid input, a manifold connected to the catheter, to the vacuum valve, and to the vent
valve, the manifold fluidically connecting the proximal portion of the liquid column in the lumen
to the vacuum source through the vacuum valve and to the vent fluid source through the vent valve,
a controller connected to the vacuum valve and the vent valve and configured to selectively open
and close the vacuum valve and the vent valve such that, responsive to opening the vacuum valve,
the vacuum source is fluidically connected to the liquid column in the lumen and, responsive to
opening the vent valve, the vent fluid source is fluidically connected to the liquid column in the

lumen, the controller configured to cyclically open and close the vacuum valve and the vent valve
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to change a level of vacuum at the distal end and prevent forward flow of the distal portion out
from the distal end during each cycle.

[0024] With the objects in view, there is also provided a clot removal system comprising a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal
portion and a distal portion, a controllable vacuum valve, a vacuum source fluidically connected
to the vacuum valve, a controllable vent valve having a vent liquid input, a vent fluid source
containing a vent liquid and fluidically connected to the vent valve to retain the vent liquid at the
vent fluid input, a manifold connected to the catheter, to the vacuum valve, and to the vent valve,
the manifold fluidically connecting the proximal portion of the liquid column in the lumen to the
vacuum source through the vacuum valve and to the vent fluid source through the vent valve, a
controller connected to the vacuum valve and the vent valve and configured to selectively open
and close the vacuum valve and the vent valve such that responsive to opening the vacuum valve,
the vacuum source is fluidically connected to the liquid column in the lumen and responsive to
opening the vent valve, the vent fluid source is fluidically connected to the liquid column in the
lumen, the controller configured to cyclically open and close the vacuum valve and the vent valve
in a repeated cycle comprising a double-closed state in which the vacuum valve is closed and the
vent valve is closed to change a level of vacuum at the distal end and prevent forward flow of the
distal portion out from the distal end during each cycle, and a time of the double-closed state is no
greater than approximately 30 ms.

[0025] With the objects in view, there is also provided a clot removal system comprising a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal
portion and a distal portion, a vacuum source, a vent liquid source, and a vacuum and vent control
system configured to cyclically connect or disconnect the vacuum source and the vent liquid source
to change a level of vacuum at the distal end and substantially prevent forward flow.

[0026] With the objects in view, there is also provided a clot removal system comprising a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal
portion and a distal portion, a vacuum source, a vent liquid source, and a vacuum and vent control
system configured to cyclically fluidically connect to the proximal portion at least one of vacuum
from the vacuum source, vent liquid from the vent liquid source, and neither the vacuum nor the
vent liquid, and thereby change a level of vacuum at the distal end and substantially prevent

forward flow.
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[0027] In accordance with another feature, the controller is configured to cyclically open and
close the vacuum valve and the vent valve in a repeated cycle comprising a double-closed state in
which the vacuum valve is closed and the vent valve is closed.

[0028] In accordance with a further feature, a time of the double-closed state is no greater than
30 ms.

[0029] In accordance with an added feature, the controller is configured to cyclically open and
close the vacuum valve and the vent valve in a repeated cycle comprising a vent-only state in
which the vacuum valve is closed and the vent valve is open.

[0030] In accordance with an additional feature, a time of the vent-only state is no greater than
50 ms.

[0031] In accordance with yet another feature, the controller is configured to selectively open
and close the vacuum valve and the vent valve cycle in a repeated cycle comprising a vacuum-
only state in which the vacuum valve is open and the vent valve is closed, a first double-closed
state in which the vacuum valve is closed and the vent valve is closed, a vent-only state in which
the vacuum valve is closed and the vent valve is open, and a second double-closed state in which
the vacuum valve is closed and the vent valve is closed.

[0032] Inaccordance with yet a further feature, a time between an opening of the vent valve and
a closing of the vent valve is between approximately 10 ms and approximately 50 ms.

[0033] In accordance with yet an added feature, a period of the cycle is between approximately
6 Hz and approximately 16 Hz.

[0034] In accordance with yet an additional feature, a period of the cycle is between
approximately 8 Hz and 12 Hz.

[0035] In accordance with again another feature, the change in the level of vacuum at the distal
end is greater than approximately 15 inHg in no greater than approximately 50 ms.

[0036] In accordance with again another feature, the change in the level of vacuum at the distal
end is greater than approximately 20 inHg and no greater than approximately 30 ms; and

[0037] In accordance with again another feature, the change in the level of vacuum at the distal
end is greater than approximately 25 inHg and no greater than approximately 20 ms.

[0038] Inaccordance with again an added feature, the lumen has an internal diameter of between
approximately 0.038” and approximately 0.106” and the controller is configured to cyclically open

and close the vacuum valve and the vent valve at a frequency of between 2 and 16 Hz.
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[0039] In accordance with again an additional feature, the lumen has an internal diameter of
between approximately 0.068” and approximately 0.088” and the controller is configured to
cyclically open and close the vacuum valve and the vent valve at a frequency of between 2 and 16
Hz.

[0040] In accordance with still another feature, the controller is configured to cyclically open
and close the vacuum valve and the vent valve in a repeated cycle and prevent forward flow of the
distal portion out from the distal end during each cycle by regulating timing of the vent valve.
[0041] In accordance with still a further feature, the controller is configured to cyclically open
and close the vacuum valve and the vent valve to retain a level of pressure at the distal end at less
than physiological pressure.

[0042] Inaccordance with a concomitant feature, there is provided a shaft and the vacuum valve
and the vent valve are mounted together on the shaft.

[0043] Operation of a ROAR process as described hereinbelow successfully removes thrombi
for two reasons. First, the ROAR effect overcomes the static friction of a clot that is fixed or
“stuck” on the catheter tip while under constant suction. The ROAR process provides an
oscillating/alternating displacement that causes the clot to “shuttle” back and forth to overcome
static frictional force. Second, there is a morcellation of the clot that overcomes different clot
morphologies as well as overriding volume and diameter constraints of the small, fixed luminal
volume dictated by the micro-anatomic environment.

[0044] The systems and methods described and shown herein react quickly enough to keep
pressure at the distal end from going positive. By cycling the vacuum and vent valves at a
sufficiently fast rate, a pressure measurement at a rate of one thousand samples per section at the
distal end of the catheter lumen proves that the distal end of the ROAR catheter does not experience
positive pressure and substantially quells forward flow. The timing between operating the vacuum
and vent valves can be adjusted so that physical mechanisms that would cause distal end positive
pressure can be avoided in both the open flow condition and in the corked condition.

[0045] In accordance with an exemplary embodiment, the distal portion of the liquid column
exiting the distal end is limited to no more than approximately 2 microliters.

[0046] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal

portion and a distal portion, a vacuum source, a vent fluid source containing a vent liquid, and a
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vacuum and vent control system configured to cyclically fluidically connect to and disconnect
from the proximal portion at least one of vacuum from the vacuum source and vent fluid from the
vent fluid source, and thereby change a level of vacuum at the distal end and substantially prevent
the distal portion of the liquid column from exiting the distal end.

[0047] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal
portion and a vacuum and vent control system configured to cyclically connect to and disconnect
from the proximal portion vacuum and vent fluid to create therein a forward flow pressure pulse
and thereby reverse flow in the liquid column and substantially prevent the forward flow pressure
pulse from reaching the distal end.

[0048] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal
portion and a vacuum and vent control system configured to cyclically connect to and disconnect
from the proximal portion vacuum and vent fluid to create therein a forward flow pressure pulse
and, before the forward flow pressure pulse reaches the distal end, reverse flow in the liquid
column and thereby substantially prevent the forward flow pressure pulse from reaching the distal
end.

[0049] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter having a distal end and defining a lumen filled with a liquid column having a proximal
portion and a vacuum and vent control system configured to cyclically connect to and disconnect
from the proximal portion vacuum and vent fluid and thereby allow the liquid column to move and
stop to create therein a forward flow pressure pulse and, before the forward flow pressure pulse
reaches the distal end, alternate control to reverse flow in the liquid column and thereby control
the forward flow pressure pulse by substantially preventing the forward flow pressure pulse from
reaching the distal end.

[0050] In accordance with an exemplary embodiment, the controller is configured to change the
level of vacuum at the distal end in a cycle while simultaneously preventing distal movement of
the distal portion of the liquid column.

[0051] In accordance with an exemplary embodiment, the controller is configured to selectively
open and close the vacuum valve and the vent valve cycle in a repeated cycle comprising a first

state in which the vacuum valve is open and the vent valve is closed, a second state in which the
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vacuum valve is closed and the vent valve is closed, a third state in which the vacuum valve is
closed and the vent valve is open, and a fourth state in which the vacuum valve is closed and the
vent valve is closed.

[0052] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter defining a lumen filled with a liquid column from a proximal portion to a distal end and a
water hammer controller configured to alternatively connect vacuum and/or fluid at atmospheric
or body or lower pressure to the lumen, thereby allowing the liquid column to move and stop to
create therein a water hammer and, before the water hammer reaches the distal end, alternate
control to reverse flow and thereby control the water hammer by substantially preventing the water
hammer from reaching the distal end.

[0053] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter with a lumen, a vacuum source, a controllable vacuum valve, a vent fluid source, a
controllable vent valve, a manifold connected to the catheter, to the vacuum valve, and to the vent
valve, and a controller controlling the vacuum valve and the vent valve.

[0054] In accordance with an exemplary embodiment, the controller is configured to modulate
the vacuum valve and the vent valve in a cycle that, responsive to vacuum being applied to the
catheter, the compliance of the catheter causes a reduction in volume such that, when the vacuum
is closed and the vent is open, the compliance acts as a spring and the lumen ingests vent fluid in
a distal direction and, before a momentum induced by the ingested fluid reaches the distal end of
the catheter, the controller modulates the valves to reverse a direction and quell movement of the
fluid of the fluid and prevent the fluid from exiting the distal end of the catheter.

[0055] In accordance with an exemplary embodiment, a clot removal system comprises a
catheter having a lumen, a substantially incompressible connection tube having interior lumen with
a proximal end and a distal end fluidically connected to the lumen, a vacuum source, and a
vacuum/vent manifold comprising a manifold chamber having an output fluidically connected to
the proximal end, a vacuum line fluidically connected to the manifold and to the vacuum source
to present vacuum from the source to the manifold chamber, and a vent line fluidically connected
to the manifold and to a fluid bath at atmospheric pressure.

[0056] Inaccordance with an exemplary embodiment, the clot removal system comprises a fixed
cycle with plurality of pinch valves and plurality of cams mechanically coupled to the valves so

that orientations of the cams cannot be changed.
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[0057] In accordance with an exemplary embodiment, the time within which the forward flow
pulse is quelled is no greater than approximately 20 ms.

[0058] In accordance with an exemplary embodiment, a clot removal system comprises a
pulsatile vacuum controller configured to alternatively connect vacuum and/or fluid at
atmospheric/body/slightly lower than body/slightly higher than body pressure to the lumen and
thereby allow the liquid column to move and stop to create therein a forward flow pressure pulse
and (before the forward flow pressure pulse reaches the distal end, alternating control to reverse
flow and thereby) control the forward flow pressure pulse by substantially preventing the forward
flow pressure pulse from reaching the distal end.

[0059] Although the systems, apparatuses, and methods are illustrated and described herein as
embodied in an aspiration thrombectomy system and methods for thrombus removal with
aspiration catheter, it is, nevertheless, not intended to be limited to the details shown because
various modifications and structural changes may be made therein without departing from the spirit
of the invention and within the scope and range of equivalents of the claims. Additionally, well-
known elements of exemplary embodiments will not be described in detail or will be omitted so
as not to obscure the relevant details of the systems, apparatuses, and methods.

[0060] Additional advantages and other features characteristic of the systems, apparatuses, and
methods will be set forth in the detailed description that follows and may be apparent from the
detailed description or may be learned by practice of exemplary embodiments. Still other
advantages of the systems, apparatuses, and methods may be realized by any of the
instrumentalities, methods, or combinations particularly pointed out in the claims.

[0061] Other features that are considered as characteristic for the systems, apparatuses, and
methods are set forth in the appended claims. As required, detailed embodiments of the systems,
apparatuses, and methods are disclosed herein; however, it is to be understood that the disclosed
embodiments are merely exemplary of the systems, apparatuses, and methods, which can be
embodied in various forms. Therefore, specific structural and functional details disclosed herein
are not to be interpreted as limiting, but merely as a basis for the claims and as a representative
basis for teaching one of ordinary skill in the art to variously employ the systems, apparatuses, and
methods in virtually any appropriately detailed structure. Further, the terms and phrases used
herein are not intended to be limiting; but rather, to provide an understandable description of the

systems, apparatuses, and methods. While the specification concludes with claims defining the
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systems, apparatuses, and methods of the invention that are regarded as novel, it is believed that
the systems, apparatuses, and methods will be better understood from a consideration of the
following description in conjunction with the drawing figures, in which like reference numerals

are carried forward.

BRIEF DESCRIPTION OF THE DRAWINGS

[0062] The accompanying figures, where like reference numerals refer to identical or
functionally similar elements throughout the separate views, which are not true to scale, and which,
together with the detailed description below, are incorporated in and form part of the specification,
serve to illustrate further various embodiments and to explain various principles and advantages
all in accordance with the systems, apparatuses, and methods. Advantages of embodiments of the
systems, apparatuses, and methods will be apparent from the following detailed description of the
exemplary embodiments thereof, which description should be considered in conjunction with the
accompanying drawings in which:

[0063] FIG. 1 is a fragmentary, perspective view of an exemplary embodiment of a controller
for a thrombectomy aspiration catheter in an unactuated state;

[0064] FIG. 2 is a fragmentary, perspective, longitudinal cross-sectional view of the controller
of FIG. 1;

[0065] FIG. 3 is an enlarged, diagrammatic, side elevational view of a compression cam
assembly of the controller of FIG. 1;

[0066] FIG. 4 is a fragmentary, longitudinal cross-sectional view of the controller of FIG. 1 with
a compression roller removed;

[0067] FIG. 5 is a fragmentary, longitudinal cross-sectional view of the controller of FIG. 1 in
an actuated state;

[0068] FIG. 6 is a fragmentary, enlarged, perspective view of a portion of an extrusion
compressor of the controller of FIG. 1;

[0069] FIG. 7 is a fragmentary, perspective view of the controller of FIG. 1 in the actuated state;
[0070] FIG. 81is a fragmentary, perspective and partially longitudinal cross-sectional view of the

controller of FIG. 7;
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[0071] FIG. 9 is a fragmentary, perspective and longitudinal cross-sectional view of the
controller of FIG. 1 in an intermediate actuated state with the compression roller occluding the
aspiration catheter and partially rolled to cause fluid column shift;

[0072] FIG. 10 is a fragmentary, longitudinal cross-sectional view of the controller of FIG.
[0073] FIG. 11 is a fragmentary, perspective and longitudinal cross-sectional view of the
controller of FIG. 1 in the actuated state with the compression roller occluding the aspiration
catheter and fully rolled to cause fluid column shift;

[0074] FIG. 12 is a fragmentary, longitudinal cross-sectional view of the controller of FIG. 11;
[0075] FIG. 13 is a longitudinal cross-sectional view of the controller of FIG. 9 with the
compression roller and the aspiration catheter removed;

[0076] FIG. 14 is a fragmentary, perspective and longitudinal cross-sectional view of the
controller of FIG. 1 in the unactuated state and diagrammatically connected to a distal portion of
the aspiration catheter with a thrombus lodged in a distal opening of a vacuum channel;

[0077] FIG. 15 is a fragmentary, perspective and longitudinal cross-sectional view of the
controller of FIG. 12 in the actuated state with the column shift that distally dislodges the thrombus
from the distal opening of the vacuum channel;

[0078] FIG. 16 is a fragmentary, enlarged, perspective and longitudinal cross-sectional view of
a distal portion of the controller of FIG. 1 and an exemplary embodiment of a vacuum booster
disposed between the controller and a distal extent of the aspiration catheter with the vacuum
booster in an energized state;

[0079] FIG. 17 is a fragmentary, enlarged, perspective and longitudinal cross-sectional view of
the controller and the vacuum booster of FIG. 16 with the vacuum booster in a relaxed state;
[0080] FIG. 18 is a fragmentary, enlarged, perspective and partially transparent view of a
proximal portion of the controller of FIG. 1 and an exemplary embodiment of a thrombus trap;
[0081] FIG. 19 is a fragmentary, enlarged, perspective view of the controller and thrombus trap
of FIG. 18 with the intermediate shell of the thrombus trap removed,;

[0082] FIG. 20 is a fragmentary, enlarged, perspective view of the controller and thrombus trap
of FIG. 18;

[0083] FIG. 21 is a fragmentary, perspective and longitudinal cross-sectional view of the

controller of FIG. 16, and the thrombus trap of FIG. 18;
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[0084] FIG. 22 is a fragmentary, longitudinal cross-sectional view of an exemplary embodiment
of a volume changing controller;

[0085] FIG. 23 is a vacuum circuit diagram of an exemplary embodiment of a vacuum booster
and vacuum booster control device;

[0086] FIG. 24 is a cycle flow diagram of the operation of exemplary embodiments of the
controller with the vacuum booster and the thrombus trap;

[0087] FIG. 25 is a perspective view of an automatic aspiration thrombectomy system to be
connected distally to an aspiration catheter and proximally to vacuum and vent lines and with a
cam housing removed;

[0088] FIG. 26 is a fragmentary, top plan view of the aspiration thrombectomy system of FIG.
25 with diagrammatic illustration of the aspiration catheter and the vacuum and vent lines;

[0089] FIG. 27 is an elevational view of a proximal side of the aspiration thrombectomy system
of FIG. 25;

[0090] FIG. 28 is an elevational view of a bearing side of the aspiration thrombectomy system
of FIG. 25;

[0091] FIG. 29 is a perspective and longitudinally cross-sectional view of the aspiration
thrombectomy system of FIG. 25 with a vacuum valve in a closed state, a vent valve in an open
state, and a flag of a positional reset assembly in a zero reset state;

[0092] FIG. 30 is a longitudinally cross-sectional view of the aspiration thrombectomy system
of FIG. 29;

[0093] FIG. 31 is an enlarged cross-sectional view of a valve and cam set of the aspiration
thrombectomy system of FIG. 25 with the cam in a rotational position to set an intermediate closing
of the valve;

[0094] FIG. 32 is an enlarged cross-sectional view of the valve and cam set of FIG. 31 with the
cam in a rotational position to close the valve;

[0095] FIG. 33 is a cross-sectional view of the aspiration thrombectomy system of FIG. 25 along
section line 33-33 in FIG. 30 with the cam housing removed,;

[0096] FIG. 34 is a perspective view of the aspiration thrombectomy system of FIG. 25 with the
motor assembly housing removed,

[0097] FIG. 35 is a top plan view of the aspiration thrombectomy system of FIG. 26 with the

motor assembly housing removed,
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[0098] FIG. 36 is an elevational view of the aspiration thrombectomy system of FIG. 27 with
the motor assembly housing removed,

[0099] FIG. 37 is an elevational view of the bearing side of the aspiration thrombectomy system
of FIG. 28 with the motor assembly housing removed;

[00100] FIG. 38 is a perspective view of the aspiration thrombectomy system of FIG. 25 with the
cam housing;

[00101] FIG. 39 is a top plan view of the aspiration thrombectomy system of FIG. 26 with the
cam housing;

[00102] FIG. 40 is an elevational view of the aspiration thrombectomy system of FIG. 27 with
the cam housing;

[00103] FIG. 41 is an elevational view of the bearing side of the aspiration thrombectomy system
of FIG. 28 with the cam housing;

[00104] FIG. 42 is afragmentary, partially hidden, perspective view of an exemplary embodiment
of a rotational pintle valve to be employed with the aspiration thrombectomy system in a first valve
state,

[00105] FIG. 43 is a fragmentary, cross-sectional view of the valve of FIG. 42;

[00106] FIG. 44 is a fragmentary, partially hidden, perspective view of the valve of FIG. 42;
[00107] FIG. 45 is a fragmentary, partially hidden, perspective view of the valve of FIG. 42 in a
second valve state;

[00108] FIG. 46 is a fragmentary, cross-sectional view of the valve of FIG. 45;

[00109] FIG. 47 is a diagrammatic, cross-sectional view of an exemplary embodiment of an
aspiration thrombectomy system;

[00110] FIG. 48 is a graph of an exemplary embodiment of a waveform for operating the system
of FIG. 47 with a ROAR process to quell pressure pulses;

[00111] FIG. 49 is a graph illustrating an exemplary embodiment of one cycle of a waveform
operation of a vacuum valve and a vent valve of the system of FIG. 47,

[00112] FIG. 50 is a graph illustrating pressure curves at a proximal portion and a distal portion
of a lumen of a catheter of the system of FIG. 47 operating with the waveform of FIG. 49;
[00113] FIG. 51 is a graph illustrating the waveforms of FIG. 49 and 50 combined together in

time;
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[00114] FIG. 52 is a graph of an exemplary embodiment of a waveform for operating the system
of FIG. 47 with a ROAR process to quell pressure pulses;

[00115] FIG. 53 is a graph illustrating positions of the vacuum and vent valves of the system of
FIG. 47 for tuning the valves to create a ROAR effect;

[00116] FIG. 54 is a fragmentary, longitudinal cross-sectional view of a proximal manifold
connector assembly for the system of FIG. 47,

[00117] FIG. 55 is a block diagram of an exemplary embodiment of a self-contained, aspiration
thrombectomy system;

[00118] FIG. 56 is a block diagram of the system of FIG. 55 with an exemplary embodiment of a
proximal manifold connector assembly having remote controls;

[00119] FIG. 57is a perspective view of an exemplary embodiment of a self-contained, aspiration
thrombectomy system with a collection canister and a vent liquid reservoir indicated
diagrammatically;

[00120] FIG. 58 is a fragmentary, perspective view of a cassette connection assembly of the
system of FIG. 57,

[00121] FIG. 59 is a top plan view of the system of FIG. 57;

[00122] FIG. 60 is a left side elevational view of the system of FIG. 57,

[00123] FIG. 61 is a right side elevational view of the system of FIG. 57,

[00124] FIG. 62is a perspective view of an exemplary embodiment of a self-contained, aspiration
thrombectomy system with a collection canister and a hanging vent liquid reservoir indicated
diagrammatically;

[00125] FIG. 63 is a left side elevational view of the system of FIG. 62;

[00126] FIG. 64 is a right side elevational view of the system of FIG. 62;

[00127] FIG. 65 is a top plan view of the system of FIG. 62;

[00128] FIG. 66 is a front elevational view of the system of FIG. 57,

[00129] FIG. 67 is a fragmentary, front perspective view of cassette connection assembly and the
hanging vent liquid reservoir of the system of FIG. 57,

[00130] FIG. 68 is atop plan view of an exemplary embodiment of a valve cassette for the systems
of FIGS. 57 to 67 with hidden line views of fluid lumens;

[00131] FIG. 69 is a bottom plan view of the valve cassette of FIG. 69;

[00132] FIG. 70 is a bottom perspective view of the valve cassette of FIG. 69;
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[00133] FIG. 71 is a bottom perspective view of the valve cassette of FIG. 69; and
[00134] FIG. 72 is a diagrammatic illustrated of an exemplary embodiment of a self-contained,

aspiration thrombectomy system.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[00135] As required, detailed embodiments of the systems, apparatuses, and methods are
disclosed herein; however, it is to be understood that the disclosed embodiments are merely
exemplary of the systems, apparatuses, and methods, which can be embodied in various forms.
Therefore, specific structural and functional details disclosed herein are not to be interpreted as
limiting, but merely as a basis for the claims and as a representative basis for teaching one skilled
in the art to variously employ the systems, apparatuses, and methods in virtually any appropriately
detailed structure. Further, the terms and phrases used herein are not intended to be limiting; but
rather, to provide an understandable description of the systems, apparatuses, and methods. While
the specification concludes with claims defining the features of the systems, apparatuses, and
methods that are regarded as novel, it is believed that the systems, apparatuses, and methods will
be better understood from a consideration of the following description in conjunction with the
drawing figures, in which like reference numerals are carried forward.

[00136] In the following detailed description, reference is made to the accompanying drawings
which form a part hereof, and in which are shown by way of illustration embodiments that may be
practiced. It is to be understood that other embodiments may be utilized and structural or logical
changes may be made without departing from the scope. Therefore, the following detailed
description is not to be taken in a limiting sense, and the scope of embodiments is defined by the
appended claims and their equivalents.

[00137] Alternate embodiments may be devised without departing from the spirit or the scope of
the invention. Additionally, well-known elements of exemplary embodiments of the systems,
apparatuses, and methods will not be described in detail or will be omitted so as not to obscure the
relevant details of the systems, apparatuses, and methods.

[00138] Before the systems, apparatuses, and methods are disclosed and described, it is to be
understood that the terminology used herein is for the purpose of describing particular

2

embodiments only and is not intended to be limiting. The terms “comprises,” “comprising,” or

any other variation thereof are intended to cover a non-exclusive inclusion, such that a process,
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method, article, or apparatus that comprises a list of elements does not include only those elements
but may include other elements not expressly listed or inherent to such process, method, article, or
apparatus. An element proceeded by “comprises ... a” does not, without more constraints,
preclude the existence of additional identical elements in the process, method, article, or apparatus
that comprises the element. The terms “including” and/or “having,” as used herein, are defined as
comprising (i.e., open language). The terms “a” or “an”, as used herein, are defined as one or more
than one. The term “plurality,” as used herein, is defined as two or more than two. The term
“another,” as used herein, is defined as at least a second or more. The description may use the
terms "embodiment" or "embodiments," which may each refer to one or more of the same or
different embodiments.

[00139] The terms “coupled” and “connected,” along with their derivatives, may be used. It
should be understood that these terms are not intended as synonyms for each other. Rather, in
particular embodiments, “connected” may be used to indicate that two or more elements are in
direct physical or electrical contact with each other. “Coupled” may mean that two or more
elements are in direct physical or electrical contact (e.g., directly coupled). However, “coupled”
may also mean that two or more elements are not in direct contact with each other, but yet still
cooperate or interact with each other (e.g., indirectly coupled).

[00140] For the purposes of the description, a phrase in the form “A/B” or in the form “A and/or
B” or in the form “at least one of A and B” means (A), (B), or (A and B), where A and B are
variables indicating a particular object or attribute. When used, this phrase is intended to and is
hereby defined as a choice of A or B or both A and B, which is similar to the phrase “and/or”.
Where more than two variables are present in such a phrase, this phrase is hereby defined as
including only one of the variables, any one of the variables, any combination of any of the
variables, and all of the variables, for example, a phrase in the form “at least one of A, B, and C”
means (A), (B), (C), (A and B), (A and C), (B and C), or (A, B and C).

[00141] Relational terms such as first and second, top and bottom, and the like may be used solely
to distinguish one entity or action from another entity or action without necessarily requiring or
implying any actual such relationship or order between such entities or actions. The description
may use perspective-based descriptions such as up/down, back/front, top/bottom, and
proximal/distal. Such descriptions are merely used to facilitate the discussion and are not intended

to restrict the application of disclosed embodiments. Various operations may be described as
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multiple discrete operations in tum, in a manner that may be helpful in understanding
embodiments, however, the order of description should not be construed to imply that these
operations are order dependent.

[00142] As used herein, the term "about" or “approximately” applies to all numeric values,
whether or not explicitly indicated. These terms generally refer to a range of numbers that one of
skill in the art would consider equivalent to the recited values (i.e., having the same function or
result). In many instances these terms may include numbers that are rounded to the nearest
significant figure. As used herein, the terms “substantial” and “substantially” means, when
comparing various parts to one another, that the parts being compared are equal to or are so close
enough in dimension that one skill in the art would consider the same. Substantial and
substantially, as used herein, are not limited to a single dimension and specifically include a range
of values for those parts being compared. The range of values, both above and below (e.g., “+/-”
or greater/lesser or larger/smaller), includes a variance that one skilled in the art would know to be
a reasonable tolerance for the parts mentioned.

[00143] It will be appreciated that embodiments of the systems, apparatuses, and methods
described herein may be comprised of one or more conventional processors and unique stored
program instructions that control the one or more processors to implement, in conjunction with
certain non-processor circuits and other elements, some, most, or all of the functions of the
systems, apparatuses, and methods described herein. The non-processor circuits may include, but
are not limited to, signal drivers, clock circuits, power source circuits, and user input and output
elements. Alternatively, some or all functions could be implemented by a state machine that has
no stored program instructions, or in one or more application specific integrated circuits (ASICs)
or field-programmable gate arrays (FPGA), in which each function or some combinations of
certain of the functions are implemented as custom logic. Of course, a combination of these
approaches could also be used. Thus, methods and means for these functions have been described

herein.

2 29

[00144] The terms “program,” “software,” “software application,” and the like as used herein, are

defined as a sequence of instructions designed for execution on a computer system or

2« 2 ¢ 2

programmable device. A “program,” “software,” “application,” “computer program,” or “software
application” may include a subroutine, a function, a procedure, an object method, an object

implementation, an executable application, an applet, a servlet, a source code, an object code, any
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computer language logic, a shared library/dynamic load library and/or other sequence of
instructions designed for execution on a computer system.

[00145] Herein various embodiments of the systems, apparatuses, and methods are described. In
many of the different embodiments, features are similar. Therefore, to avoid redundancy,
repetitive description of these similar features may not be made in some circumstances. It shall be
understood, however, that description of a first-appearing feature applies to the later described
similar feature and each respective description, therefore, is to be incorporated therein without
such repetition.

[00146] Described now are exemplary embodiments. Referring now to the figures of the
drawings in detail and first, particularly to FIGS. 1 to 13, there is shown a first exemplary
embodiment of a one-handed controller 10 for an aspiration thrombectomy system 1 utilizing a
vacuum tube 2. The controller 10 comprises a first handle part 20 and a second handle part 40.
The first handle part 20 is connected to and holds the vacuum tube 2 and, therefore, is also referred
to as a handle base. The second handle part 40 moves with respect to the first handle part 20 and,
therefore, the second handle part 40 is also referred to as a compressor-actuator 40.

[00147] In an exemplary embodiment, the first handle part 20 has a distal tube anchor 22 and a
proximal tube anchor 24. In this embodiment, the distal and proximal tube anchors 22, 24 are in
the form of hollow tubes through which the vacuum tube 2 traverses. The distal and proximal tube
anchors 22, 24 hold the vacuum tube 2 therein substantially without compressing the vacuum tube
2 (and thereby does not reduce or close the inner vacuum channel 3). The vacuum tube 2 can be
of many materials, including latex, silicone, Pebax®, polyurethane, polyvinyl chloride, or other
synthetic rubber. Exemplary sizes for the vacuum tube 2 have an inner diameter (I.D.) of
approximately 0.055 to 0.095 inches. One exemplary embodiment for retaining the vacuum tube
2 is an adhesive that bonds the material of the vacuum tube 2 to the interior lumens of the tubular
tube anchors 22, 24. In this exemplary embodiment, the vacuum tube 2 is fixed to the first handle
part 20. In an alternative embodiment, the first handle part 20 is a clamshell having two first
handle part halves (not illustrated) that open to receive the cylindrical vacuum tube 2 and, when
closed thereupon, the tube anchors 22, 24 tightly grip the vacuum tube 2 therein substantially
without closing or occluding the vacuum channel 3 of the vacuum tube 2. In one exemplary
clamshell embodiment, the first handle part 20 is split horizontally at the dashed line in FIG. 2

with a hinge, allowing a portion of the vacuum tube 2 to be inserted into and removed from the
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distal and proximal tube anchors 22, 24. A lock secures the vacuum tube 2 therein until the user
desires removal. The hinge is useful to allow the surgeon to reposition the controller 10 along the
vacuum tube 2.

[00148] The exemplary embodiment of the distal and proximal tube anchors 22, 24 are separated
from one another over a distance. Between the distal and proximal tube anchors 22, 24 of the first
handle part 20 is a compression floor 26. When installed within the first handle part 20, the vacuum
tube 2 lays against the compression floor 26 between the distal and proximal tube anchors 22, 24
substantially without closing or occluding the vacuum channel 3. FIG. 13 illustrates the
compression floor 26 of first handle part 20 with the vacuum tube 2 removed.

[00149] The first handle part 20 has a hollow interior that defines a set of parallel lateral walls 32
on either side of the vacuum tube 2. The first handle part 20 comprises a compression cam
assembly 30 that permits the second handle part 40 to move in two directions with respect to the
first handle part 20. More specifically, in the exemplary embodiment, the compression cam
assembly 30 comprises a set of slots 34 formed in the lateral walls 32 of the first handle part 20.
As shown in the enlarged view of FIG. 3, these slots 34 have a vertical extent 35 and an angled
extent 36. The vertical extent 35 has a vertical length and the angled extent 36 has a vector length
that is comprised of a second vertical extent 37 and a horizontal extent 39. Accordingly, as
explained below, the slots 34 provide a cam surface for movement of the second handle part 40 in
the same shape as the slot 34.

[00150] Inthe exemplary embodiment, to contact the first and second handle parts 20, 40 together,
the second handle part 40 has a hollow interior into which the first handle part 20 is inserted and
projects. (In an alternative embodiment, the first handle part 20 has a hollow interior into which
the second handle part 40 is inserted and projects.) A width between interior facing lateral surfaces
of the hollow compartment of the second handle part 40 is approximately equal to the width of the
exterior surfaces of the lateral walls 32 such that the second handle part 40 can move up and down
on the first handle part 20 tightly but smoothly with little or substantially no friction. In
comparison, the length between interior facing longitudinal surfaces of the hollow compartment
of the second handle part 40 is greater than the length of the exterior surfaces of the longitudinal
walls 38. The difference in length is sufficiently long enough to allow the second handle part 40
to move along the horizontal extent 39 longitudinally parallel with the vacuum tube 2 throughout

the horizontal extent 39.
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[00151] Movement of the compressor-actuator 40 with respect to the handle base 20 follows the
slots 34 by providing the compressor-actuator 40 with bosses 42 protruding from the interior facing
surfaces of the lateral walls 42 of the hollow compartment of the compressor-actuator 40; one
circular boss 42 is associated with each of the slots 34. In this way, movement of the compressor-
actuator 40 is guided by and restricted by the shape of the slots 34. In an unactuated state of the
controller 10, shown in FIGS. 1, 2, and 4, the bosses 42 reside at the end of the vertical extent 35,
which in the exemplary embodiment is at the uppermost end of the slot 34. (It is noted that the
embodiment shown in FIGS. 1 to 13 provide four slots 34 and four bosses 42. This number is
merely exemplary. The cam surface of the slots 34, the extents 35, 36 of the slots 34, and the cam
follower of the bosses 42 can take any form or shape that causes the controller to operate as
described herein.) As seen most clearly in FIG. 4, a distance A between an interior of the proximal
longitudinal wall 38 of the compressor-actuator 40 and an exterior of the proximal wall of the first
handle part 20 is longer than the horizontal extent 39 (i.e., |A| > |39]). When the compressor-
actuator 40 is fully actuated as shown in FIG. 5, the bosses 42 travel to the opposite (lowermost)
end of the slot 34. The compressor-actuator 40, therefore, has traveled a vertical distance equal to
the vertical movement of the bosses 42 within the vertical and angled extents 35, 36 and has
traveled a horizontal distance equal to the horizontal extent 39. The exemplary embodiments of
the first and second handle parts 20, 40 have the interior surface of the distal longitudinal wall of
the compressor-actuator 40 touching the exterior surface of the distal longitudinal wall of the
handle base 20, this touch being indicated with arrows B in FIG. 4 (i.e., [B| = 0). When the
compressor-actuator 40 is fully actuated, therefore, these two distal longitudinal walls separate to
a distance equal to the horizontal extent 39. Likewise, the distance between an exterior surface of
the proximal longitudinal wall of the handle base 20 and an interior surface of the proximal
longitudinal wall of the compressor-actuator 40 shortens from A by a length equal to the horizontal
extent 39 (i.e., (A-|39])), which is illustrated in FIG. 5. Alternately, a four-bar linkage could be
provided to join 20 and 40 to create the same motion as the cam slots and bosses.

[00152] What becomes apparent from movement of the compressor-actuator 40 following the
slots 34 is how an extrusion compressor 50 connected to the compressor-actuator 40 operates
during this movement. The exemplary embodiment of the extrusion compressor 50 in FIGS. 1, 2
and 4 to 13 has the extrusion compressor 50 project from an interior surface of a ceiling of the

hollow compartment of the compressor-actuator 40 downwards towards the handle base 20. In
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particular, the extrusion compressor 50 projects downwards towards the compression floor 26 of
the handle base 20. The extrusion compressor 50 has a base 52 attached to the second handle part
40. A flex arm 54 projects from the base 52 and extends towards the compression floor 26. In the
exemplary embodiment, the flex arm 54 is thinner than the base 52. A material from which the
base 52 and flex arm 54 are made is not substantially rigid and, therefore, responsive to moving
downwards to have a portion of the extrusion compressor 50 touch the compression floor 26 before
the entire vertical movement of the compressor-actuator 40 is complete, the flex arm 54 flexes.
Example materials for the base 52 and flex arm 54 include ABS, polycarbonate and Nylon®,
polypropylene, polyurethane, or other thermoplastic or thermoplastic elastomer and/or fiber filled
ABS, polycarbonate and Nylon®. At a distal end of the flex arm 54 is a gear flange 56 shaped to
hold thereat a compression roller 60. The gear flange 56 has axle ports in which an axle 62 of the
compression roller 60 resides. When installed between the interior sides of the gear flange 56, the
compression roller 60 becomes fixed to the gear flange 56 in all directions except for rotational
movement of the compression roller 60 about a rotation axis 64 of the roller 60; in other words,
the roller 60 is allowed to rotate about the axis 64.

[00153] It is noted that the extrusion compressor 50 shown is an exemplary embodiment.
Different mechanical structures performing the same function can be used. For example, the base
52 and flex arm 54 can be replaced with a single beam that is hinged to the ceiling of the interior
hollow of the compressor-actuator 40 and biased with a bias device (e.g., a spring) towards the
compression floor 26 such that the point of the compression roller 60 touches the vacuum tube 2
as shown in FIG. 2 enough to grip the vacuum tube 2 but substantially not reduce the cross-
sectional area of the vacuum channel 3.

[00154] Rotation of the roller 60 is dependent upon how the roller 60 moves towards the vacuum
tube 2 and along the vacuum tube 2. In this regard, the compression roller 60 has an exterior
contact surface 66 that contacts the vacuum tube 2 in various ways when the compressor-actuator
40 is moved towards the handle base 20. As shown in FIG. 6, a longitudinal cross-section of the
exterior surface 66 is approximately in the shape of a nautilus (alternatively, the shape can be
cylindrical). The exterior surface 66 has a contact point 67, which is in contact with the exterior
surface of the vacuum tube 2 in the unactuated state of the compressor-actuator 40 as shown in
FIG. 2 (the vacuum channel 3 is unoccluded with a substantially patent and open cross-section).

As the compressor-actuator 40 is actuated, the compressor-actuator 40 travels along the vertical
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extent 35. This moves the contact point 67 towards the compression floor 26. When the
compressor-actuator 40 has travelled along the entirety of the vertical extent 35, as shown in FIGS.
7 and 8, the contact point 67 has moved against the vacuum tube 2 to occlude the vacuum channel
3 completely. At the stage where the bosses 42 are at this transition point from the vertical extent
35 to the angled extent 36, the contact point 67 is as far towards the compression floor 26 as it can
move in that direction — because the thickness of the vacuum tube 2 prevents further movement of
the contact point 67 towards the compression floor 26.

[00155] In a procedure where the vacuum tube 2 is used in a thrombectomy, the vacuum channel
3 will be filled with a fluid, i.e., blood. When the vacuum channel 3 is completely occluded, the
blood that fills up the vacuum channel 3 from the contact point 67 of the compression roller 60
distally to the distal end of the vacuum channel 3 defines a column of fluid, which fluid is not
compressible. The controller 10 is configured to apply the extrusion compressor 50 and the
compression roller 60 to move this column of fluid a shift distance 70 in the distal direction. An
exemplary volume of the shift distance is approximately 0.001 ml to approximately 1.0 ml, in
particular, approximately 0.1 ml to approximately 0.5 ml. An exemplary length of the shift
distance 70 is approximately 0.5 mm to approximately 30 mm, in particular, approximately 0.5
mm to approximately 15 mm. To effect such a movement, the compressor-actuator 40 is moved
further in the direction towards the handle base 20, which means that that the bosses 42 travel
along and through to the end of the angled extent 36. Because the contact point 67 is already as
far towards the compression floor 26 as it can move in that direction (i.e., when the bosses 42 are
at the transition point from the vertical extent 35 to the angled extent 36), the extrusion compressor
50 has no other way to move than to flex the flex arm 54 and/or to roll the compression roller 60.
The contact surface 66 of the compression roller 60 is shaped to roll (counterclockwise in the views
of FIGS. 2 and 8 to 12) against an upper surface of the vacuum tube 2. FIGS. 9 and 10 illustrate
the rolling start of the compression roller 60 at a point where the bosses 42 are approximately
halfway to the distal end of the slot 34 within the angled extent 36. (It is noted that limitation of
the computer software that generates FIG. 9 to 12 do not allow for displaying a realistic view of
how the vacuum tube 2 compresses as the compression roller 60 rotates. These figures, therefore,
illustrate an approximation of the compression roller 60 rolling on and over the shift distance 70
of the vacuum tube 2.) The contact point 67 of the compression roller 60 is offset from the rotation

axis 64 towards the contact surface 66. This forms an over center, or toggle, such that the initial
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rolling motion of the compression roller must first force the contact point 67 over the center of the
rotation axis 64. In such a configuration, not only does the compression roller 60 roll once the
bosses 42 of the compression-actuator 40 start traveling in the angled extent 37, but there is also a
tactile feedback transmitted to the compression-actuator 40 once the axle 62 moves slightly
forward. This feedback, when felt by the user, indicates to the user that the contact surface 66 of
the compression roller 60 has rolled onto a portion of the vacuum tube 2 and, as it moves along
the vacuum tube 2, squeezes that portion to translate the fluid column in the distal direction of the
vacuum tube 2. With complete movement of the compression-actuator 40 towards the handle base
20 as shown in FIGS. 11 and 12, the compression roller 60 has completed its defined rotation over
the vacuum tube 2 and, in doing so, has squeezed a segment of the vacuum channel 3 from
proximal to distal over the length to shift the fluid column distally to a length equal to the shift
distance 70.

[00156] To return the controller 10 to the initial, unactuated state shown in FIGS. 1 and 2, for
example, a bias device 12 is interposed between any surface of the interior hollow of the
compression-actuator 40 and any surface of interior hollow of the handle base 20. In the exemplary
embodiment shown in FIGS. 2 and 8, the bias device 12 is disposed between the surface of the
ceiling within the interior hollow of the compression-actuator 40 and an upper surface of the
proximal tube anchor 24. This configuration for the bias device 12 is merely exemplary and any
return spring or similar mechanical device can be placed and used. When the user releases pressure
on the compression-actuator 40, the flex arm 54 and/or the bias device 12 causes the compression-
actuator 40 to return to the initial, unactuated state. This action rolls the compression roller 60 in
the opposite direction (i.e., the progression from FIG. 11 to FIG. 9 to FIG. 8). As the distal end of
the vacuum channel 3 experiences positive pressure from the patient and also from the increase in
volume as the crushed tube rebounds, the fluid column retreats proximally back into the vacuum
channel 3 and, when the compression roller 60 releases from the vacuum tube 2 to cease occluding
the vacuum channel 3, vacuum being placed in the vacuum channel 3 from a vacuum pump 80
proximal to the controller 10 automatically reestablishes and draws the fluid column through the
segment of the vacuum tube 2 within the controller 10.

[00157] As set forth herein, the vacuum tube 2 is sized to lay against the compression floor 26 on
one side and to have the point of the compression roller 60 touch the outer surface of the vacuum

tube 2 just slightly enough to grip the vacuum tube 2 but substantially not reduce the cross-
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sectional area of vacuum channel 3. In an embodiment where the vacuum tube 2 is not fixed within
the handle base 20, the compression roller 60 is provided with a non-illustrated bias device that
biases the compression roller 60 rotationally into a position shown in FIG. 2. This bias
compensates in a situation where the vacuum tube 2 is not touching the compression roller in the
unactuated position of the compressor-actuator 40.

[00158] With a configuration as described, the controller 10 is to be used with a vacuum tube 2
that is or is part of a thrombectomy aspiration catheter. Such use is described with regard to FIGS.
14 and 15, in which the vacuum lumen 3 is shown as being an aspiration controller that, distal to
the controller 10, is threaded through vasculature and up to a thrombus 4, which in the form of a
blood clot, that has corked within or at the distal opening of the vacuum channel 3. On the proximal
side of the controller 10, the vacuum channel 3 is fluidically connected to the vacuum pump 80.
As indicated above, thrombi typically are trapped at the end of an aspiration catheter and removing
the entire catheter from the patient when that occurs is not desirable. The inventors have
discovered that removal of the catheter can be prevented using the controller 10. More particular,
when the distal end of the vacuum tube 2 is clogged by a thrombus, the controller 10 is actuated
to occlude all flow through the vacuum channel 3. This occurs by the first movement of the
compressor-actuator 40 towards the handle base 20. The controller 10 is actuated to cause the
fluid column to shift distally to the shift distance 70. This imparts a controlled reversal of flow to
the fluid column within the vacuum channel 3 that slightly translates the thrombus to a prescribed
shift distance 70 distally relative to the distal opening of the vacuum channel 3. During a third and
final phase, the user releases actuation of the controller 10 to reset the fluid column within the
vacuum channel 3 and, once again, allows the fluid to flow freely. The inventors have discovered
that such movement causes either a repositioning of the thrombus or a deformation of the thrombus
or both and that this movement allows the thrombus to pass entirely into and through the vacuum
channel 3 where such passage was not possible before.

[00159] Operation of the controller 10 is explained with regard to the system cycle diagram of
FIG. 24.

e State 1. Normal aspiration is occurring. The vacuum channel 3 is not occluded. The controller

100 is in a rest state where the vacuum pump 80 is connected to the vacuum channel 3.
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e Transition A — QOcclusion: Thrombus 4 occludes distal end of vacuum channel 3. Unclogging
controller 10 actuates to occlude vacuum channel 3 and stop vacuum flow distal of the
controller 10.

e State 2: Flow through the vacuum channel 3 has stopped.

e Transition B — Unclogging: Controller 10 continues actuation to cause reverse flow in
vacuum channel 3 for a metered volumetric column shift.

e State 3: Flow reversal stops.

e Transition C — Return Column Shift: Controller 10 is reversed to return column and
accelerate thrombus 4 into catheter tip by reconnecting the vacuum pump 80 to the vacuum
channel 3.

e Return to State 1 and Repeat: Normal aspiration occurs.

[00160] The inventors further discovered that greater accelerations of the thrombus into the

catheter provide proportionally quicker aspirations. A magnitude of the thrombus’ impact

velocity, and therefore its kinetic energy, when it impacts the aspiration catheter’s distal tip, affects

the amount of the thrombus that is deformed to fit within the diameter of the vacuum channel 3.

When a catheter is extended to a thrombus that is lodged in a vessel, e.g., a vessel within the brain,

the controller 10 is not needed until the thrombus 4 is stuck at the distal opening of the vacuum

channel 3. Thus, the thrombus does not have any distance to move in order to accelerate towards
the opening of the vacuum channel 3. Imparting the shift distance to the thrombus as described
maximizes the kinetic energy of the thrombus at the point when it impacts the catheter’s tip. The
thrombus’ acceleration (and therefore its kinetic energy) are generated by a pressure differential
between intracranial pressure and the effective aspiration pressure at the catheter’s tip. For the

thrombus to accelerate, both it and the fluid column within the catheter system must attain a

velocity. After catheters are occluded, the fluid velocity within the catheter is substantially zero.

In conventional catheter architecture, the pressure that attempts to accelerate this fluid column is

provided solely by an external vacuum pump. Significantly, however, this pressure is reduced by

head losses in the tubing connecting the vacuum pump to the catheter’s proximal end.

Accordingly, conventional catheters must be fished out of the vasculature entirely because the

thrombus is corked within the distal opening of the vacuum channel.

[00161] This disadvantage is removed by the controller 10. After the distal opening of the

vacuum channel 3 is occluded by the thrombus, the fluid velocity within the catheter is
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substantially zero. The controller 10 is used to unclog the vacuum channel 3 and displace the
thrombus 4 distally out from the distal opening. Then, the controller 10 re-applies vacuum. Upon
re-application of vacuum, the fluid column accelerates and the thrombus 4 accelerates back into
the vacuum channel 3. With such acceleration, the thrombus is deformed to a diameter allowing
it to be aspirated. With one or just a few applications to displace the thrombus by the shift distance
70 with the controller 10, the vacuum channel 3 becomes unclogged and the thrombus 4 accelerates
sufficiently to be completely aspirated through and out of the vacuum tube 2. With the controller
10, the head losses in the tubing are minimized, thereby allowing the thrombus to accelerate to a
much greater extent than in conventional product architectures.

[00162] Realizing that acceleration of the thrombus proximally is a desirable trait, it becomes
possible to enhance acceleration in the proximal direction when deactuation of the controller 10
occurs to re-establish vacuum. To maximize the acceleration of the thrombus and the fluid column
within the vacuum channel 3 for the purpose of maximizing the thrombus’ kinetic energy upon its
impact with the distal tip of the vacuum tube 2, a vacuum booster 100, illustrated in FIG. 16, is
fluidically connected to the vacuum channel 3 of the vacuum tube 2. In general, the vacuum
booster 100 applies suction to the fluid column in a region of the aspiration catheter’s proximal
end to maximize acceleration of the catheter’s fluid column at a user-selected time. This
exemplary embodiment of the vacuum booster 100 comprises a booster body 110 defining a
plunger bore 112, a plunger 120 housed within the bore 112, and a bias device 130. The plunger
bore 112 is shaped to define a vacuum chamber 114 and an ambient chamber 116. In the exemplary
embodiment, the vacuum chamber 114 is cylindrical and has a first inner diameter and the ambient
chamber 116 is cylindrical and has a second inner diameter larger than the first inner diameter.
The vacuum chamber 114 has a volume that is smaller than a volume of the ambient chamber 116.
[00163] The plunger 120 has a vacuum piston 122 and an ambient piston 124, which is connected
to the vacuum piston 122 through a rod 123. In the exemplary embodiment, the vacuum piston
122 has a diameter substantially equal to the first inner diameter of the vacuum chamber 114 and
is able to move within the vacuum chamber 114. The ambient piston 124 has a diameter
substantially equal to the second inner diameter of the ambient chamber 116 and is able to move
within the ambient chamber 116. Between the vacuum piston 122 and the ambient piston 124 is a
pressure chamber 118 in which is located the rod 123 connecting the two pistons 122, 124 together,

for example, in the shape of an asymmetric dumbbell. To seal the pressure chamber 118 off from
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both the vacuum chamber 114 and the ambient chamber 116, a vacuum seal 126 is disposed
between the vacuum piston 112 and the wall of the vacuum chamber 114 and an ambient seal 128
is disposed between the ambient piston 124 and the wall of the ambient chamber 116. The booster
body 110 defines the pressure chamber 118 and a pressure port 119 that fluidically connects the
pressure chamber 118 to a boost control valve or switch 150. This connection is illustrated
diagrammatically in FIG. 23.

[00164] The vacuum chamber 114 operatively communicates with the vacuum channel 3 at a
connection 140. The plunger 120 and the bias device 130 are disposed such that, when the bias
device 130 is in a relaxed state, the vacuum piston 122 is at a given distance from the connection
140 to the vacuum channel 3; this relaxed state is illustrated in FIG. 17. In the relaxed state, the
spring is at a steady state —there is no potential energy stored in the spring. With regard to pressure,
in the relaxed state, both the pressure chamber 118 and the ambient chamber 116 are at ambient
pressure, i.e., they are substantially equal. When the plunger 120 is moved towards the vacuum
channel 3 into an energized state (which is shown in FIG. 16), the bias device 130 (e.g., in the
form of a spring that is stretched) thereby stores strain energy that is directed to move the plunger
120 away from the connection 140. Such movement, when it occurs, creates suction within the
vacuum chamber 114 and the vacuum channel 3 that communicates with the vacuum chamber 114.
[00165] To actuate the embodiment of the pneumatically actuated vacuum booster 100, the
pressure chamber 118 is connected to the vacuum pump 80 (the vacuum source) through a
relatively high impedance conduit 152. The pressure chamber 118 is also connected to the boost
control valve 150, which is connected to ambient pressure but is normally open to prevent flow
from the pressure chamber 118 to the environment (Patm). When the vacuum booster 100 is in a
cocked state (FIG. 16), the boost control valve 150 is open (as shown) and, as such, the vacuum
pump 80 is able to significantly lower pressure within the pressure chamber 118. When the boost
control valve 150 is actuated (i.e., connecting the pressure chamber 118 to the ambient
environment), pressure equalization occurs between the pressure chamber 118 and the ambient
chamber 116. An impedance of a connection between the pressure chamber 118 and the boost
control valve 150 is designed to be substantially less than the impedance between the pressure
chamber 118 and the vacuum pump 80 such that, upon actuation of the boost control valve 150

(i.e., closure), rapid pressure equalization is possible.
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[00166] Operation of the vacuum booster 100 is explained with regard to the system cycle

diagram of FIG. 24.

e State 1. Normal aspiration is occurring. The vacuum channel 3 is not occluded. The controller
100 is in a rest state where the vacuum pump 80 is connected to the vacuum channel 3. The
vacuum booster 100 is in the cocked state. The thrombus trap 200 is operating without bleed
purge.

e Transition A — Occlusion: Thrombus 4 occludes distal end of vacuum channel 3. Unclogging
controller 10 actuates to occlude vacuum channel 3 and stop vacuum flow distal of the
controller 10.

e State 2: Flow through the vacuum channel 3 has stopped.

e Transition B — Unclogging: Controller 10 continues actuation to cause reverse flow in
vacuum channel 3 for a metered volumetric column shift.

e State 3: Flow reversal stops.

e Transition C — Vacuum Boost: Vacuum booster 100 actuated to re-initiate flow in nominal
direction and accelerate thrombus 4 into catheter tip. Shortly before, at the same time, or
shortly thereafter, controller 10 opens vacuum channel 3 to reinitiate vacuum of pump 80 for
fluid flow and aspiration of thrombus 4 into thrombus trap 200. Simultaneously or thereafter,
controlled purging or automatic purging of thrombus trap 200 occurs allowing inspection of
thrombus 4.

e Return to State 1 and Repeat: Vacuum booster 100 and self-purging trap 200 are de-
actuated. Normal aspiration occurs.

[00167] During the occlusion and column shift phases in the operation of the controller 10, the

plunger 120 is held in the energized state, with the plunger 120 raised to place the vacuum piston

122 closer to the connection 140. During or immediately upon the end of the reversal phase, the

plunger 120 is released, generating suction within the locally communicating lumen of the vacuum

channel 3 and thereby accelerating the fluid column proximally in the vacuum direction. What
fluid is begin drawn into or towards the vacuum chamber has an effect on the efficiency of the
vacuum booster 100. More specifically, if the fluid arrives only from downstream of the vacuum
booster 100 when actuated, then the fluid column will not accelerate proximally as desired. When
the controller 10 occludes the vacuum channel 3, fluid into and towards the vacuum chamber 114

will arrive substantially from upstream of the vacuum channel 3, thereby accelerating the fluid
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column in the desired direction. In an intermediate stage where fluid arrives from both upstream
and downstream, the downstream portion can be limited, for example, by placing a non-illustrated
check valve between the thrombus trap 200 and the connection 140, in particular, between the
connection 140 and the controller 10. The check valve can be external or can use the occlusive
function of unclogging handle.

[00168] The following description summarizes the forces in a pneumatic embodiment of the
vacuum booster 100. In an un-cocked state of the plunger 120, the pressure chamber 118 and the
ambient chamber 116 are at ambient pressure and the bias device 130 is in substantially in the
relaxed state, storing little or no strain energy. In a cocked state of the plunger 120, the pressure
chamber 118 is caused by the boost control valve 118 to be at a significantly lower pressure than
the ambient chamber 116. The geometries of the chambers 114, 116, 118 and the pistons 122,
124, and the characteristics of the bias device 130 are selected such that, in this configuration, a
force created by the pressure difference across the ambient (larger) piston is significantly greater
than the force required to expand the spring. As such, when the given pressures are held, the piston
and spring system translates upwards into a “cocked” position. When the vacuum booster 100 is
actuated, the pressure chamber 118 is allowed to rapidly equalize to ambient pressure. With no
net force input from the ambient piston 124 (the larger of the two pistons), any motion of the piston
and spring system are now caused by the actions of the bias device 130 and the pressure differential
across the smaller, vacuum piston 122. The geometries of the chambers 114, 116, 118 and the
pistons 122, 124, and the characteristics of the bias device 130 are selected such that the bias
device’s restoring force in the cocked configuration is much higher than an opposing force caused
by the pressure difference across the smaller vacuum piston 122, which is disposed between
ambient pressure and a pressure within the vacuum channel 3. As such, when the vacuum booster
100 is actuated and the pressure chamber 118 is allowed to equalize to ambient pressure, the piston
and spring system energetically drives “downwards”, generating a negative displacement and a
dramatic pressure decrease within the vacuum chamber 114 and thereby the vacuum channel 3 of
the aspiration device.

[00169] Asindicated herein, current thrombus removal devices are not able to inform the surgeon
that the thrombus has been removed without full withdrawal of the device from a patient’s
anatomy. Surgeons do not have an ability to view the reservoirs into which aspirated contents are

deposited, not only because the reservoirs are located outside of the sterile field in an operating
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room setting, but also because the removed thrombus is present within a significant quantity of
blood contained in the reservoir.

[00170] To overcome an inability to visualize the thrombus actually retrieved, a visualization-
aiding thrombus trap 200 is provided and shown in FIGS. 18 to 21. The thrombus trap 200 is
placed in-line with the aspiration system, in particular, the vacuum channel 3. In the exemplary
embodiment, the thrombus trap 200 is within the catheter operator’s immediate vicinity between
the aspiration catheter and the vacuum source, in particular, between the controller 10 and the
vacuum pump 80, so that the surgeon can see the thrombus trap 200 during use of the controller
10. In use, all aspirated material flows through the thrombus trap 200.

[00171] The thrombus trap 200 comprises a container having an inflow section 210 having an
input orifice 212 fluidically connected to the vacuum channel 3, a transparent intermediate trap
section 220 in which the thrombus is trapped, and an outflow section 230 fluidically connected to
the vacuum pump 80. In operation, aspirated material and fluid travel from the vacuum channel 3
past the controller 10 through the inflow section 210 and into the trap section 220. The trap section
220 contains a trap filter 222 that is, in an exemplary embodiment, a screen or a filter through
which all aspirated flow must pass. The filter 222 is configured to stop and capture thrombus
material therein but allow the passage of air and fluid with minimal impedance therethrough and,
thereby out of the outflow section 230 to the vacuum pump 80 and any associated vacuum pump
reservoir 82. In the exemplary embodiment of FIGS. 18 to 22, the filter 222 is in the form of a
grating or screen having orifices sufficiently large enough for fluid and air to pass therethrough
but sufficiently small enough to substantially prevent the thrombus from passing across the filter
222 from an inflow or trap chamber 224 of the trap section 220 to an outflow chamber 226 of the
trap section 220. As used herein, the term “filter” includes any structure that is able to separate
fluid from particulate matter by allowing the fluid to pass through the structure while preventing
the particular matter from passing through. Other exemplary embodiments of the filter 222 include
perforated polymer, textile, or sintered semi-permeable polymer. The outflow section 230 has an
output orifice 232 that fluidically connects the outflow chamber 226 to the vacuum pump 80 for
directly receiving the vacuum generated.

[00172] The container of the thrombus trap 200 is sealed when closed and in use during a surgical

procedure. In an exemplary embodiment, the thrombus trap 200 can be taken apart and opened
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for removal of the thrombus out of the trap chamber 224 and inspection by the surgeon or
pathologist, as well as for sterilization when the thrombus trap 200 is reusable.

[00173] It is noted that when a thrombus 4 is captured in the trap chamber 224, whether or not
vacuum 1is still being applied, the trap chamber 224 is also filled with blood. Thus, the thrombus
4 cannot be visualized even if the entirety of the thrombus trap 200 is transparent for viewing
inside by a user. To assist with visualization of the thrombus 4 contained within the trap chamber
224, the thrombus trap 200 is configured to temporarily purge itself of fluids that visually impede
inspection of captured thrombus material. In an exemplary embodiment, therefore, the inflow
section 212 is formed with an intake bleed valve 214 fluidically connected to the vacuum channel
3 and to the trap chamber 224. The bleed valve 214 is configured to operate in a closed mode, in
which any flow of air and/or fluid through the bleed valve 214 and into the trap chamber 224 (or
vacuum channel 3) is fully restricted, and a bleed mode, in which the bleed valve 214 intakes a
fluid, in particular, ambient air. (Alternatively, if desired, in the bleed mode, the bleed valve 214
can intake a clear liquid such as saline.) During the closed mode operation, the exit of the bleed
valve 214 is closed and aspirated materials are unhindered to flow through the thrombus trap 200
from the input orifice 212 and out the output orifice 232 away towards the vacuum source, leaving
aspirated thrombus and other solid matter in the trap chamber 224. Accordingly, when the surgeon
has captured a thrombus 4 in the trap chamber 224 during a thrombectomy procedure, the surgeon
can immediately visualize that thrombus 4 by setting the bleed valve 214 into the bleed mode,
which, due to a relatively larger size of the bleed valve’s 214 input opening and to a decreased
resistance to the vacuum by opening to ambient air, causes the vacuum pump to draw ambient air
rapidly into the trap chamber 224 and thereby evacuate all fluid from the trap chamber 224. During
inspection, the bleed valve 214 can be configured to occlude the fluidic connection between the
trap chamber 224 and the vacuum channel 3. Actuation of the bleed valve 214 can be separate
from the controller 10 or mechanically connected to the controller 10 so that, when the controller
10 is in an unactuated state where aspiration is occurring, a bleed switch on the controller can
activate the bleed valve 214. The rapid inflow of air into the trap chamber 224 is directed by the
descending pressure gradient between the outside environment and the relatively low pressure
existing within the volume existing between the trap chamber 224 and the vacuum pump 80. As
such, while the bleed 214 valve is open, airflow displaces fluids from the volume of the thrombus

trap 200, leaving the volume mostly full of transparent air, instead of opaque blood. This
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temporary transparency allows for easier inspection of the material caught by the filter 222. The
surgeon then can view the thrombus 4 unobstructed within the trap chamber 224. During this
examination, the control of the bleed valve 214 (which can be a mechanical or a processor-based
controller) can cause the vacuum pump 80 to reduce vacuum or to shut off completely, at least
until the surgeon is ready to continue the thrombectomy procedure if continuation is desired. When
the bleed valve 214 is set back to the closed mode and re-connection of the trap chamber 224 to
the vacuum channel 3 occurs, normal aspiration resumes. Alternatively the bleed valve can be
connected to a fluid flush line such as a saline drip bag.

[00174] Inspection of the thrombus 4 may be enhanced by providing the thrombus trap 200 with
optical filters optimized for visual contrast, transparent trap enclosures as described, built-in
magnification or visualization systems, lighting, and/or sensor-based thrombus-detection methods.
[00175] In the exemplary configuration, the vacuum booster 100 is disposed upstream of the
thrombus trap 200 and is on a side of controller 10 opposite the thrombus trap 200 as shown in
FIG. 21. Accordingly, to maintain efficacy of the thrombus trap 200 as a terminus for all aspirated
thrombi 4, vacuum booster configurations that might entrap or significantly damage or macerate
the thrombus are less desirable. One exemplary embodiment of a gentler vacuum booster 200,
instead of the piston design of FIGS. 16 and 17, couples a section of the tubing of the vacuum tube
2 having a deformable interior volume with a mechanical actuation mechanism. This mechanism
is able to collapse and expand the interior cross-section of a length of the vacuum channel 3 to
provide an increase or a decrease in pressure along that length. Another mechanical embodiment
for the vacuum booster having no pneumatic actuation takes energy for vacuum boost from energy
imparted by actuation of the controller 10 or from a separate energy input. For example, as user
depresses a lever in the controller 10 that occludes flow and temporarily causes the column shift,
the lever’s motion also cocks and releases a spring-loaded piston that creates the vacuum boost.
Another exemplary embodiment of the vacuum booster places a screen between the vacuum
chamber 114 of the vacuum booster 100 and the vacuum channel 3 of the aspiration system. This
screen allows fluid communication between the two interior volumes but occludes particulate
matter from entering the piston bore defined by the vacuum chamber 114. A further exemplary
embodiment that guards against clogging/accidental maceration of the thrombus alters the piston
configuration of FIGS. 16 and 17 by having the connection 140 be a flexible diaphragm

mechanically disposed between the surface of the vacuum piston 122 and the opening into the
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vacuum channel 3. The diaphragm can be contained in and cross the actual opening of the vacuum
channel 3, for example. Such a membrane transmits volumetric displacement while excluding all
flow. The membrane can be separate from the vacuum piston 122, fluidically coupled thereto, or
attached. In each of these configurations, the volume through which the fluid column flows is
unhindered to prevent entrapping or damaging the thrombus 4 when traveling thereby, whether the
vacuum booster 100 is in an energized state or a resting state.

[00176] Both the vacuum booster and the blood-purging clot trap rely on the timely and controlled
application of either vacuum or ambient pressures to specific parts of the device, namely the bleed
valve 214 of the thrombus trap 200 or the plunger 120 of the vacuum booster 100. The self-
unclogging thrombectomy aspiration catheter described and shown herein can be provided with
additional features actuated by the same user input as the self-unclogging function, e.g., at or by
the controller 10, but which serve to either open or occlude additional conduits for vacuum or
atmospheric pressure air that control device features such as the self-purging thrombus trap 200
and/or the vacuum booster 100.

[00177] The vacuum channel 3 of the vacuum tube 2 (and any other tubing within the catheter)
can be coated with a hydrophobic coating, such as carnauba wax, for example, to decrease head
loss during aspiration.

[00178] With an appropriate pressure sensor (for example, a piezoelectric diaphragm transducer,
an electromagnetic diaphragm transducer, a strain-gage diaphragm transducer, or a MEMS
pressure integrated circuit transducer), the controller 10 can determine when the vacuum channel
3 is clogged by a thrombus and automatically perform the unclogging procedures described herein.
In an exemplary embodiment, a computer connected to the sensor can detect a pressure drop and
lack of flow associated with a thrombus clog in or at the vacuum channel 3. When the clog is
detected, the sensor triggers the sequence that halts application of vacuum in the vacuum channel
3 and carries out the column shift sequence. With respect to visualization of the thrombus 4 in the
device, another exemplary embodiment of a sensor includes an optical sensor that detects the
presence of the thrombus in either or both of the distal opening of the vacuum channel 3 and the
thrombus trap 200. In the latter configuration, the optical sensor associated with the trap section
220 detects when the thrombus 4 is present and cause purging of fluid by opening the bleed valve

214.
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[00179] As set forth herein, the vacuum tube 2 can be made from various materials. Some
materials for the vacuum tube 2 have a relatively lower compression strength, such as latex,
silicone, and other synthetic rubbers. Other materials for the vacuum tube 2 have a relatively
higher compression strength, such as Pebax®, polyurethane, and polyvinyl chloride. Because the
vacuum tube 2 within the controller 10 is subject to expansion when positively pressured in the
vacuum channel 3 and is subject to contraction when negative pressured, this flexible attribute of
the material from which the vacuum tube 2 is made could possibly contribute to a less effective
column shift. In order to reduce these effects of pressure (both positive and negative) on the
vacuum tube 2, the vacuum tube 2 can be reinforced with a braid or coil or other mechanical
structure to support the portion of the vacuum tube 2 within the controller 10 against pressure
changes. Where the vacuum tube 2 is made from a material with a relatively lower compression
strength, the section of the vacuum tube 2 that resides within the controller 10 is made as short as
possible to minimize the expansion/contraction effects.

[00180] An alternative embodiment to the controller 10 of FIG. 1, which indirectly operates on
the vacuum channel 3 through the compression roller 60, is shown in FIG. 22. In the exemplary
embodiment of FIG. 22, the extrusion compressor is replaced with a volume changing controller
300 that is directly fluidically connected to the vacuum channel 3 of the vacuum tube 3. The
volume changing controller 300 has a barrel body 310 with an interior 311 defining an input orifice
312 fluidically connected to the vacuum channel 3. The barrel body 310 also defines a plunger
orifice 314, a pump orifice 316, and a purge orifice 318. A plunger 320 sealably connects to the
interior 311 of the barrel body 310 movably towards and away from the input orifice 314. When
in the position shown in FIG. 22, vacuum applied by the vacuum pump 80 is connected to the
distal opening of the vacuum channel 3 for aspiration of material. When a thrombus becomes
clogged at the distal opening, the surgeon presses the plunger 320 inwards. In a first portion of
the inwards motion, a surface of the plunger 320 seals off the pump orifice 316 to stop the
application of vacuum to the vacuum channel 3. In a second portion of the inwards motion, the
plunger 320 moves all fluid contained within the interior 311 and the vacuum channel 3 distally to
cause the column shift. Reversal of the plunger reverses the column shift and reapplies vacuum to
the vacuum channel 3.

[00181] The plunger 320 can also be used to control purging of the thrombus trap 200. The
plunger is provided with a purge conduit 322. When the plunger 320 is placed in a purge position,
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the plunger 320 closes off the vacuum channel 3 from the vacuum pump 80 and fluidically

connects the pump orifice 316 to the purge orifice 318 through the purge conduit 322. In this

position, a fluid connected to the purge orifice, e.g., ambient air, is drawn through the purge conduit

322, through the purge orifice 318, and into the thrombus trap 200.

[00182] Operation of the volume changing controller 300 is explained with regard to the system

cycle diagram of FIG. 24.

e State 1: Normal aspiration is occurring. The vacuum channel 3 is not occluded. The volume
changing controller 300 is in a rest state where the vacuum pump 80 is connected to the vacuum
channel 3.

e Transition A — Occlusion: Thrombus 4 occludes distal end of vacuum channel 3. Controller
300 actuates (plunges) to occlude vacuum channel 3 and stop vacuum flow distal of the
controller 300.

e State 2: Flow through the vacuum channel 3 has stopped.

e Transition B — Unclogging: Controller 300 continues to plunge to cause reverse flow in
vacuum channel 3 for a metered volumetric column shift.

e State 3: Flow reversal stops.

e Transition C — Return Column Shift: Controller 300 is reversed to return column and
accelerate thrombus 4 into catheter tip by reconnecting the vacuum pump 80 to the vacuum
channel 3.

e Return to State 1 and Repeat: Normal aspiration occurs.

[00183] FIGS. 25 to 41 illustrate an exemplary embodiment of an aspiration thrombectomy

system 400 operating with an automatic, rapid, and repeated onset of pressure change. An

aspiration catheter 410 is diagrammatically indicated in FIG. 26 leading from distal orifices of a

pair of valves 420, 440, which in this exemplary embodiment are pinch valves 420, 440. One of

these valves is a pinch valve 420 to control vacuum flow and is connected between the aspiration
catheter 410 and the aspiration pump (e.g., vacuum pump 80). The other of these valves is a pinch
valve 440 to control vent flow and is connected to a supply of vent liquid. In an exemplary
embodiment, the vent liquid can be any of albumin, d5SW water, normal saline, half-normal saline,
and lactated Ringer’s solution, to name a few. The vent liquid can also be any other biocompatible
fluid such as contrast media or tissue plasminogen activator (tPa). With such fluids, the catheter

410 can perform different functions. For example, switching the vent liquid to contrast media after
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it is believed that a clot has been successfully removed allows the surgeon to inject that media into
the vessel to confirm removal of the clot. This is significant because the catheter 410 changes
from the aspiration function to the contrast injection function without any significant movement
within the vasculature. With standard aspiration catheters where a clot becomes lodged in the
distal end, the entire catheter needs to be removed from the patient and, if contrast needs to be
injected at the site, the catheter needs to be reintroduced through the vasculature just to perform
this visualization. The vent liquid can be at atmospheric pressure or at a higher or lower than
atmospheric pressure.

[00184] In an exemplary configuration, these valves 420, 440 are mounted to a base 401.
Operatively associated with the pinch valves 420, 440 are respective cams, a vacuum cam 430 and
a vent cam 450. These cams 430, 450 are connected to a cam shaft 460. A first shaft end 462 of
the cam shaft 460 is fixedly connected to a shaft bearing 470 in a freely rotatable manner. The
shaft bearing 470 has a bearing body 472 mounted to the base 401. A second shaft end 464 of the
cam shaft 460 is connected to a shaft drive assembly 500. The shaft drive assembly 500 comprises
a motor 510, a transmission or gear box 520, a shaft coupler 530, and a motor controller assembly
550.

[00185] The transmission 520 has an output shaft 522. To connect the transmission 520 to the
cam shaft 460, a first coupler end 532 of the shaft coupler 530 is connected to the output shaft 522
and a second coupler end 534 of the shaft coupler 530 is connected to the second shaft end 464.
In this manner, rotation of the motor 510 corresponds to a rotation (at the same or different speed
based upon the gearing of the transmission 520) of the cam shaft 460 with a corresponding rotation
of the vacuum and vent cams 430, 450.

[00186] Control of the motor 510 originates from the motor controller assembly 550, which
comprises a controller 560, a positional encoder 570 and a positional reset assembly 580. In an
exemplary embodiment, the controller 560 is a microcontroller that has a user interface (UI)
comprising user inputs that include, for example, control buttons to operate the aspiration
thrombectomy system 400 in various states, examples of which are described in further detail
below. The controller 560 with the Ul is illustrated diagrammatically in FIG. 30. To isolate parts
from fluid, in the exemplary embodiment, the motor 510, the transmission 520, the shaft coupler
530, and the motor controller assembly 550, 560, 570, 580 are contained in a motor assembly

housing 552. The connection of the motor assembly housing 552 to the cam shaft 460 is sealed
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fluidically with a shaft seal 554. Similarly, the cams 430, 450, the cam shaft 460, and the shaft
bearing 470 are covered with a cam housing 466. The controller 560 is indicated in FIG. 30 as
separate from the motor assembly housing 552 (either wired or wireless) but it can also be
integrated into or attached to the motor assembly housing 552. In a wireless configuration, the
controller 560 can be an app on a computer or smartphone, for example, with all of the UI being
available through a touchscreen.

[00187] The vacuum and vent cams 430, 450 are fixed rotationally to the cam shaft 460. These
cams 430, 450 have various cam profiles to operate the valves 420, 440. It is desirable to know
the exact rotational position of the cams 430, 450 and, therefore, cam shaft 460, so that the
controller 560 can set the valves 420, 440 in whatever state that is desired. Because the motor 510
rotates freely and can end its rotation at any rotational position, it is desirable to know the exact
rotational position of the cam shaft 560 at all given times. Accordingly, the motor controller
assembly 550 includes the positional encoder 570 associated with the motor 510. With this
association, the controller is provided with information on the exact rotational state of the cam
shaft 460 and, therefore, the cams 430, 450. The positional encoder 570 comprises an encoder
disk 572 and an encoder circuit 574. The encoder 570 is able to detect and report out to the
controller 560 the current relative rotational position of the motor 510 at any point in time.
[00188] Those of skill in the art know that the motor 510 and/or the positional encoder 570 can
drift in use. To account for and correct any drift, the motor controller assembly 550 comprises the
positional reset assembly 580. This positional reset assembly 580 assigns a single rotational
position of the cam shaft 460 as a reset point and every time that position crosses a zero-line the
positional encoder resets the position of the motor 510 to zero, which in turn allows the system to
know the absolute position of the cam shaft 460. In an exemplary embodiment, the positional reset
assembly 580 comprises a photodiode 582 and a flag or interrupter 584. As shown in FIG. 30, the
flag 584 is fixed to the shaft coupler 530. The photodiode 582 is placed at the path of the flag 584
so that the flag 584 interrupts the photodiode 582 once for each rotation of the cam shaft 460. This
exemplary embodiment allows for immediate correction of any skipped steps of the encoder 570.
[00189] The exemplary embodiment of the pinch valves 420, 440 is explained with regard to
FIGS. 31 to 33 using the vent pinch valve 440. Each valve 420, 440 comprises a valve body 422,
442 defining a vacuum or vent lumen 424, 444. An elastomeric tube 426, 446 is secured within

the lumen 424, 444 at each end of the tube 426, 446. Exemplary embodiments for this connection
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include but are not limited to fusing, compression sealing, and fixation with an adhesive.
Accordingly, the tube 426, 446 spans an extent of the lumen 424, 444 with an intermediate portion
of the tube 426, 446 unattached to the lumen 424, 444, A lumen of the tube 426, 446 fluidically
connects a distal end of the lumen 424, 444 (to the left of FIGS. 31 and 32) to the proximal end of
the lumen 424, 444 (to the right of FIGS. 31 and 32). The intermediate section of the valve body
422, 442 defines a follower connection in which is movably secured a cam follower 421. A first
end of the cam follower 421 is biased against the outer surface of the cam 430, 450 with a non-
illustrated bias device or is simply trapped in place. The opposing second end of the cam follower
421 rests against the intermediate portion of the tube 426, 446. Accordingly, when moved by the
cam 430, 450 towards the tube 426, 446, as shown in FIG. 32, the cam follower 421 fluidically
seals off the lumen of the tube 426, 446 and, when allowed to return away from the tube 426, 446,
as shown in FIG. 31, the cam follower 421 opens the lumen of the tube 426, 446. In the exemplary
embodiment, the cam follower 421 is pill-shaped but it can be formed in any shape to provide the
function of closing off the tube 426, 446.

[00190] Both a vacuum line 402 and a vent line 404 are connected through the selectively
openable valves 420, 440 to a proximal end of the aspiration catheter 410. In operation, the
vacuum cam 430 and the vent cam 450 push down on the respective cam followers 421, which
pinch down the short sections of tubing 426, 446, each respectively fluidically connected to the
vacuum line 402 and the vent line 404. When the vacuum line 402 is open and the vent line 404
is closed, vacuum is drawn on the aspiration catheter 410. When the distal end of the catheter 410
is clogged with a clot, the closure raises a vacuum level within the catheter 410 to full (the greatest
current vacuum generated by the vacuum pump). This closure creates a delta in pressure between
the internal lumen of the catheter 410 and the environment external to the catheter 410, which
change squeezes down the body of the catheter 410 both radially and longitudinally (e.g., the
diameter and length become incrementally smaller). This change also draws out a small volume
of liquid from within the lumen of the catheter 410. In an exemplary embodiment, the volume is
approximately 0.2 ml. The end effect is the creation of a spring-like force within the catheter 410
that wants to expand the catheter 410 back to its steady state, but when the vacuum line 402 is
closed off, that cannot happen. Thus, the vacuum is stored as potential energy until the vent line
404 is opened (as can be seen in FIG. 26, for example, the vacuum and vent lines 402, 404 are

connected together distal of the valves 420, 440). When the vent line 404 is opened, there is an
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in-rush of fluid because of the pressure delta. This rush of fluid balances the radial force of the
catheter 410 and draws in fluid to create a distally directed momentum in the column of fluid
residing in the catheter 410 distal of the valves 420, 440. The momentum causes a small amount
of fluid to move through a distal portion of the catheter 410 and create a small distal movement of
the clot that is stuck in the distal opening at the end of the catheter 410. Once the clot is no longer
stuck at the distal opening, it is able to be moved proximally into and through the catheter 410 with
subsequent vacuum imparted to the catheter 410. Repeated selective actuation of vacuum and
venting macerates the clot at the distal opening, thereby reforming it into a state where it can be
completely drawn into the lumen of the catheter 410 and out of the vasculature. The flow of fluid
forward in this exemplary embodiment is intentional, which is in contrast to other exemplary
embodiments herein where substantially no forward flow occurs.

[00191] The system 400 can be operated in various modes to remove clots in the vasculature.
Rotation of the cams are measured in degrees, a full rotation being 360° of movement. In a first
exemplary embodiment, the vacuum cam 430 is configured to establish vacuum in the catheter
410 through approximately 220° of rotation. The vent cam 450 is configured to have venting on
through approximately 80° of rotation. The configuration of the cams 430, 450 stop both venting
and vacuum between each respective application of vacuum and venting, for example, with a 30°

rotation. This configuration, therefore results in operation states according to Table 1 below.

State Vacuum | Venting Cam Angle
Off 0 0 0to +30
Vac | 0 +30 to +250
Off 0 0 +250 to +280
Vent 0 1 +280to0 0
Table 1

As soon as the vent is opened, there is an in-rush of fluid to balance out the vacuum pressure, then
the vent line 404 is closed and the vacuum line 402 is opened, suddenly causing a rapid decrease
in pressure that serves to forcefully pull the clot to the catheter. It is desirable, therefore, to close
both vacuum and vent lines before resuming vacuum.

[00192] In another exemplary embodiment, the vacuum cam 430 is configured to establish
vacuum in the catheter 410 through approximately 220° of rotation. The vent cam 450 is
configured to have venting on through approximately 80° of rotation. Thus, there is created, in a
desirable second exemplary configuration, a pause between vacuum draw in the catheter and

venting of the catheter and another pause between venting of the catheter and resuming vacuum
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draw in the catheter. In this exemplary configuration, the pause can be through approx. 30° of
rotation. To create a purge state, where vacuum and venting occur simultaneously, the vent cam
450 has a small inwards depression in a position of the vent cam 450 that occurs during a long
vacuum-on stage (e.g., between +30° to +250°). The extent of the venting is configured to not
provide a significant change in pressure or change in the vacuum energy but, instead, is configured
to create a single rotation position of the cams 430, 450 where the motor control assembly 550 can
stop rotation of the cam shaft 460 in that orientation where both the vacuum line 402 and the vent
line 404 are connected to the catheter 410, which allows the user to purge out any air that might
be present in the system (e.g., in the vacuum line 402, the vent line 404, and/or the catheter 410).
The extent of the depression can be such that it only partially opens the vent to reduce the amount
of vent liquid that is drawn in during this purge state. This purging can be a known position of the
cam rotation and is placed in that position to ensure that all lines in the system 400 are cleared of

air. Such a configuration results in operation states according to Table 2 below.

State Vacuum | Venting Cam Angle
Off 0 0 0 to +30
Vac 1 +30 to +120

Purge 1 1 +120 to +140
Vac 1 0 +140 to +250
Off 0 0 +250 to +280
Vent 0 1 +280 to 0

Table 2

[00193] A third alternative configuration for operation of the system 400 can include a full-time

vacuum with a pulsed venting including the operating states according to Table 3 below.

State Vacuum | Venting Cam Angle
Vac 1 0 0 to +120
Purge 1 1 +120 to +150
Vac 1 0 +150to0 0
Table 3

An opposite configuration to the states of Table 3 can including a full-time venting with a vacuum
overlap.
[00194] A fourth alternative configuration for operation of the system 400 can include a vacuum

during venting, which configuration includes the operating states according to Table 4 below.

| State |Vacuum | Venting | Cam Angle |
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Purge 1 1 0 to +30
Vac 1 0 +30 to +250
Off 0 0 +250 to +280
Vent 0 1 +280to 0

Table 4

An opposite configuration to the states of Table 3 can include a full-time venting with a vacuum
overlap.
[00195] A fifth alternative configuration for operation of the system 400 can include a venting

during vacuum, which configuration includes the operating states according to Table 5 below.

State Vacuum | Venting Cam Angle
Off 0 0 0 to +30
Vac 1 0 +30 to +250
Purge 1 1 +250 to +280
Vent 0 1 +280to 0
Table 5

[00196] In further alternative configurations, there can be a variation overlapping of venting and
vacuum, which would delete one or more of the OFF states in any of the state tables above.

[00197] The cam-driven valves 420, 440 allow the positional encoder driven motor to create
positions for vacuum, venting, off, and purge. The motor controller assembly 550 allows the cams
420, 440 to be controlled by any frequency, e.g., they can be set to move through the various states
at any given speed, for example, at 4 Hz. The frequency at which the motor runs may be more
appropriate to run at lower frequencies such as 0.5 Hz, 1 Hz, or 2 Hz. Alternatively, it may be
more effective to run at higher frequencies such as 8 Hz, 12 Hz, or 16 Hz. The motor control
assembly 550 can also dynamically change the rate of cam shaft 460 rotation to sweep the
frequency of rotation. In exemplary embodiments, the step in speed is in a range from 1 Hz to
approximately 4 Hz, the change in increment is between approximately 0.25 seconds to
approximately 5 seconds, and the range of rotation is between approximately 2 Hz to
approximately 12 Hz. One example for the step, increment, and range is 2 Hz and 1 second
increments in the following progression 2 Hz/4/6/8/10/12/10/8/6/4/2/... Another example is 4 Hz
with 0.5 sec increments in the following progression 4 Hz/8/12/8/4/... In exemplary embodiments,
the system uses the higher frequencies in the 8 Hz to 12 Hz range, which has been observed to
have less movement of the proximal end of a clot stuck at the distal end of the catheter 410.
Alternatively, further increments can be used to sweep the frequency through complex forms, such

as sine, sawtooth, stepped, and pulsing variations.
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[00198] In an exemplary alternative to the pinch valves 420, 440, the valves can be solenoid-
driven pinch valves or voice coil actuators. In another exemplary alternative, a rotational pintle
valve can be used, as shown in FIGS. 42 to 46. The first valve state shown in FIGS. 42 to 44 can,
for example, be a vacuum-on/vent-off state and the second valve state shown in FIGS. 45 and 46
can be a vacuum-off/vent-on state.

[00199] It has been determined that the most rapid onset of vacuum and venting is desirable. To
create this rapid onset, the cams 430, 450 start vacuum and venting, respectively, with a cliff 452
in the shape of the cam 430, 450. Sudden creation of vacuum creates a rapid decrease of pressure
inside the catheter 410, which draws the clot aggressively against the distal end of the catheter
410. Venting, as described above, creates a distal momentum that unsticks the clot and repetition
of the vacuum and venting causes mechanical maceration of the clot at the distal opening until the
clot completely enters the lumen of the catheter 410 and is removed from the vasculature.
Therefore, the instant system 400 can be described as a Rapid Onset Aspiration Repeater or ROAR.
[00200] The control carried out by the motor controller assembly 550 has a selection of user-
actuated buttons. In an exemplary embodiment, one button causes both vacuum and venting to be
shut off, i.e., off operation. One button causes vacuum to occur in a continuous manner, i.e.,
manual control. One button causes venting to occur in a continuous manner, i.e., manual control.
One button causes the cam shaft 460 to rotate the cams 430, 450 to the position in which the
vacuum and vent lines 402, 404 can be purged, i.e., the purge function. One button causes the
system to run or pulse repeatedly according to a desired set of states (e.g., according to any of
Tables 1 to 5) along with a selection of any number of sets for step, increment, and range. As
such, if the surgeon desires to use the system 400 as a simple thrombectomy device, the surgeon
can just use the vacuum button. In this condition, the encoder 570 assists to have the cam shaft
460 to rotate to a position in which vacuum is open. The vacuum pump runs with a fully open
vacuum until the surgeon releases the button. If the surgeon wants to purge or inject contrast, for
example, then the surgeon can use the vent button to have the encoder 570 assist to rotate the cam
shaft 460 to a position in which the vent is open. Likewise, the off button rotates the cam shaft
460 to a position where the cams 430, 450 close both the vacuum and vent lines 402, 404. The
purge button causes rotation of the cam shaft 460 to a position where the cams 430, 450 allow

simultaneous vacuum and venting.
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[00201] In an exemplary embodiment of the run or ROAR mode, rotation of the cam shaft 460 is
between approximately 0.5 Hz and approximately 25 Hz, further, approximately 6 Hz and
approximately 16 Hz, in particular, between approximately 8 Hz and approximately 12 Hz. In this
exemplary ROAR cycle, the cam shaft 460 is rotated for between approximately 10 seconds and
approximately 30 seconds and, during that time, the motor controller assembly 550 causes the
motor 410 to sweep through frequencies between approximately 2 Hz and approximately 12 Hz.
[00202] As set forth above, the elastomeric tube 426, 446 is attached to distal and proximal
locations of the valve lumen 424, 444, Compliance in the system 400 distal of the vacuum valve
(described above as including reduction of the diameter and/or length of the catheter 410 as well
as compliance of the tube 426, 446) when vacuum is applied to the catheter 410 and a clot is stuck
at the distal end determines how much fluid is drawn out when the system 400 is under full vacuum
and, conversely, how much fluid rushes back into the system 400 when that state is released. In
other words, with a greater amount of compliance distal of the valves 420, 440, momentum
imparted to the stuck clot by the column of fluid increases. It is desirable to have a minimal amount
of momentum transfer from the fluid column to the stuck clot to unstick the clot sufficiently so
that the next vacuum cycle macerates the clot against the distal end of the catheter 410 and causes
it to enter the lumen of the catheter 410 and be removed from the vessel. To minimize this
compliance (which is fixed for a given catheter 410), this tube 426, 446 is made as short as possible
to still allow valve operation by the cam follower. Compliance as used herein refers to mechanical
compliance of the catheter 410 and the tube 426, 446; it does not refer to any air that might be in
the system 400, which air is purged before use as set forth herein. This desire for a reduction in
compliance is one reason the valving system is connected directly to the proximal end of the
catheter 410. This close connection minimizes overall compliance. In an exemplary embodiment,
the valving system can be located away from the catheter 410 and, in such a case, substantially
non-compliant tubing is desired. This configuration may experience lower performance due to the
excess compliance.

[00203] To determine the status of a clot at the distal end of the catheter 410, the system 400 is
put in the ROAR mode. If there are no sensors associated with the system 400, a surgeon cannot
distinguish the situation when a clot is corked during ROAR or not. The surgeon has to turn off
ROAR and visualize whether the catheter is corked (in which nothing is being drawn in by the
catheter 410) or is not corked (in which blood is being drawn into the catheter 410). With the
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different situations of aborting pulse based on flow and pulsing until not corked, it is hard to know
when a clot is corked.

[00204] The vent line 404 is connected to a vent liquid reservoir (not illustrated), which can
contain for example, any of albumin, d5 water, normal saline, half-normal saline, and lactated
ringers. When a fluid is used to vent the system 400, as described above, all air can be purged out
of the system 400. Additionally, knowing that a given amount of vent liquid is used at various
stages of clot removal can allow the user to correlate removal of a clot into the catheter after being
stuck at the distal end to a rate of vent liquid use. In other words, the amount of vent liquid is
different when the clot corked from when it is not corked. Thus, a user or a sensor can look at or
measure vent liquid use to determine to turn off the system. If the catheter 410 is aspirating without
obstruction (uncorked), then a significant flow of blood will exit the system 400. If the catheter
410 is aspirating while corked, then no blood will appear at the vacuum exit. During a ROAR
operation and the catheter 410 is uncorked, the user/sensor will detect some blood at the vacuum
exit. Finally, during the ROAR operation when the catheter 410 is corked, the vacuum exit will
receive some fluid that is a combination of both blood and vent liquid and, in this state, the flow
rate of the vent liquid can indicate if the catheter is corked or uncorked.

[00205] If a surgeon visualizes free flow during vacuum and see a captured clot (for example, in
the thrombus trap 200), then the surgeon has the ability to perform a contrast injection with the
catheter 410 to confirm revascularization without moving or removing the aspiration catheter 410.
This is in contrast to current state-of-the-art aspiration catheters where the catheter removes the
clot by holding the clot corked on the end and the surgeon retracts the entire catheter to drag out
the corked clot. The increased ability of a smaller diameter catheter to be able to fully ingest or
secure a better grip on the clot by drawing a greater amount of it into the catheter is a significant
benefit. Many clots are deep enough into the anatomy that it is difficult to get large catheters to
the site of the clot. If a smaller diameter catheter can have increased effectiveness through ROAR
than a greater number of clots can be accessed and retrieved.

[00206] It is noted that one desirable goal to achieve with the system 400 is to fully ingest a clot
and bring it back a standard aspiration canister (in a typical thrombectomy end reservoir) or into
the thrombus trap 200. When using a standard aspiration canister and the thrombus trap 200, the
system 400 can use the vent liquid to flush the thrombus trap 200 through the intake bleed valve

214 instead of using air. This allows retention of vacuum pressure in the aspiration canister.
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[00207] Turning now to embodiments that create maseration but without the forward flow, FIG.
47 illustrates diagrammatically an exemplary embodiment of an aspiration thrombectomy system
600 that operates in a ROAR mode. The system 600 comprises a vacuum source 610 fluidically
connected to an input of a controllable vacuum valve 620. (Parts of the vacuum source 610, such
as the collection canister, are not illustrated in FIG. 47 for reasons of clarity but are detailed below.)
The vacuum valve 620 is fluidically connected to a vacuum input 632 of a manifold 630. The
connection can be direct or through a conduit, such as silicone tubing. A vent fluid source or
reservoir 640 containing a vent liquid 642 is fluidically connected to a controllable vent valve 650.
The vent liquid 642 can be, for example, any of albumin, d5 water, normal saline, half-normal
saline, and lactated ringers, to name a few. As used herein, “controllable” means that the device
is able to be selected between various states, the selection including analog and/or digital
switching. One exemplary embodiment is a digital switching between an open position and a
closed with a single command (e.g., a change of bit 1/0). The entire working channel of the
aspiration thrombectomy system 600 is to be free from air or other gaseous bubbles during use.
[00208] The vent fluid source 640 has a sufficient amount of vent liquid in the reservoir that will
not end during a given surgical procedure and this prevents any possibility of air entering the
system. If the vent fluid source 640 is flexible, such as with fluid supplied by a parenteral fluid
containment bag or an intravenous therapy bag, the gas-free container will shrink as the vent liquid
642 is used. If the vent fluid source 640 is inflexible and has an air or gas pocket, as in a
replaceable/removable and sterilizable container, the conduit that transfers the vent liquid 642 from
the vent fluid source 640 to the vent valve 650 is at a level within the reservoir to keep the input
of that conduit submerged within the vent liquid 642 throughout a given procedure.

[00209] A ROAR catheter 660 defines a working lumen 662 fluidically connecting a distal end
664 thereof to a proximal manifold connector assembly 670 at a proximal end of the ROAR
catheter 660, which assembly 670 is described in greater detail below. The ROAR catheter 660 is
configured to operate in relatively small vessels. Thus, in an exemplary embodiment, the lumen
has an internal diameter of between approximately 0.038” and approximately 0.106” and, in
particular, an internal diameter of between approximately 0.068” and approximately 0.088”. The
proximal manifold connector assembly 670 fluidically connects the lumen 662 to the interior of
the manifold 630 and, thereby, the manifold 630 fluidically connects the lumen 662 to the vacuum

source 610 through the vacuum valve 620 and to the vent fluid source 640 through the vent valve
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650. In use within a vessel, the lumen 662 is filled with a liquid column having a proximal portion
and a distal portion. Depending on the context used with respect to the catheter 660, the proximal
and distal portions of the liquid column can be a given amount (e.g., less than 20 microliters or
less than 5 microliters), can be a given length (e.g., a few mm or ¢cm) or it can be an instance of
the column that is approximated by using statistical flow analyses. For example, when discussing
whether a distal portion of the fluid column exits the distal end of the lumen 662, that distal portion
is a measurable distance at the distal end of the liquid column equal to an instance of liquid present
at the plane of the lumen distal exit. In the realm of statistical analysis in this example, the distal
portion is a last distal finite element in a finite element analysis (FEA) of the liquid column. Here,
the system 600 is used to substantially prevent forward flow. The term “forward flow” is used
herein to define an amount of liquid in the lumen 662 that exits the distal end 664 in a distal
direction. Forward flow is defined as greater than 6 microliters of fluid (approximately 1 mm of
catheter length of ID 0.071” = 5.7 uL) . Less forward flow is also included in this definition. For
example, the amount of forward flow can be restricted to no greater than 2 microliters or, in a
particularly beneficial embodiment, forward flow is approximately zero microliters. In each case,
no forward flow means that substantially no liquid exits the distal end 664 in the distal direction.

[00210] Operation of the aspiration thrombectomy system 600 occurs through a controller 700,
which can be an analog controller or a digital controller. Examples of the analog controller are
shown in FIGS. 25 to 46. An example of a digital controller is described in further detail below.
One exemplary configuration for a digital controller is a microcontroller manufactured by
Microchip Technology, Inc. The controller 700 is operatively connected to each of the vacuum
valve 620 and the vent valve 650 (and to a vacuum motor as described below). The controller 700
selectively opens and closes the vacuum and vent valves 620, 650 such that, when the vacuum
valve 620 is opened, the vacuum source 610 is fluidically connected to the liquid column in the
lumen 662 and, when the vent valve 650 is opened, vent liquid 642 is fluidically connected to the
liquid column in the lumen 662. The timing of these valves is significant so that the controller 700
can change a level of vacuum at the distal end 664 and prevent the distal portion of the liquid
column in the lumen 662 from exiting the distal end 664 -- substantially no forward flow. There
are two significant actions that contribute to forward flow when operating the valves 620, 650:
compliance of the catheter system and the water hammer effect. Each will be discussed in turn.

Exemplary configurations of the vacuum and vent valves is shown in FIGS. 25 to 36 in FIGS. 42
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to 46. Configurations for the valves include spool valves, pinch valves, rotary valves, and rotary
valve having a pintel design.

[00211] To explain timing of the valves to eliminate forward flow, reference is first made to the
system depicted in the diagram of FIG. 47. It is noted that the ROAR catheter 660 is a flexible
body and, therefore, it has compliance both in the radial direction and in the longitudinal direction.
When the distal end 664 is corked with a thrombus (as shown in FIG. 47), vacuum is being applied
to the lumen 662. Compliance of the catheter 660, therefore, causes reduction in the diameter of
the catheter and reduction in the length of the catheter. When the catheter 660 corked, no flow
occurs in the lumen. By having pressure lower than atmosphere within the lumen 662, the catheter
660 shrinks and reduces (shortens radially and longitudinally). This shrinkage acts like a spring
squeezing down on the lumen in the catheter — in other words, it is a storage of potential energy.
If the vacuum source is then cut off (e.g., the vacuum valve 620 is closed) and the vent valve 650
is opened to the vent fluid source 640, then the catheter 660 elongates and acts as a piston pulling
against the vent liquid 642. Further, the vent liquid 642 is at a higher pressure (e.g., atmospheric
pressure or slightly elevated by having a higher physical position than the patient) than the fluid
in the lumen 662. Consequently, an amount of the vent liquid 642 enters through the vent valve
640 into the manifold 630 and then into the lumen 662 through the proximal manifold connector
assembly 670. As the vent liquid 642 flows in and the catheter 660 expands to its normal or free
steady state, momentum is created in the fluid column directed towards the distal end 664, referred
to herein as a pressure pulse or pressure wave. In other words, a “pressure pulse” or “pressure
wave” is momentum within a column of fluid that can act to move a distal portion of the fluid
column in the catheter lumen distally out from a distal end of the catheter. This term relates to a
given cycle of the vacuum and vent valves 620, 650 and is not limited to a single pressure
transmission with that cycle. A pressure pulse, therefore, can include multiple pressure
differentials with a given cycle of the vacuum and vent valves 620, 650. Thus, by adjusting a
timing of the vacuum and vent valves to match a compliance and length of a particular catheter
system (which can include the catheter and also the manifold and valves and other lumens in line
with the catheter), a ROAR effect can be achieved for that catheter. In particular, one way to
achieve the ROAR effect and prevent forward flow of the distal portion out from the distal end

during each cycle is by regulating a timing of the vent valve 650.
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[00212] Prior art aspiration thrombectomy systems periodically open and close a vacuum valve.
Fluid rushes into the distal end of the catheter while the vacuum valve is open and vacuum is being
applied to the fluid column. When the vacuum valve is closed, liquid rushing proximally through
the lumen stops by hitting the closed vacuum valve. This causes pressure to build at the vacuum
valve and create a bounce-back wave that carries momentum distally towards the distal end and
ejects an amount of fluid distally from the distal end of the catheter. This action is referred to as a
water hammer effect. The prior art repetitively opens and closes that vacuum valve. Thus, an
amount of liquid ejects in a periodic manner out of the distal opening in those devices. This
forward flow phenomena is undesirable in the area of thrombus removal because, when liquid is
allowed to eject from the distal end and the physician is causing the distal end to approach the
thrombus, the liquid could or will move the thrombus further distally, or it could break the
thrombus up to allow arterial pressure to push the broken pieces further downstream, e.g., into
smaller brain arterial vessels. It would be, therefore, desirable to entirely prevent any distally
directed pressure pulse reaching the distal end of the aspiration catheter in a thrombus aspiration
removal system. As described herein, the system 600 has a response to the water hammer effect
that is tuned to achieve a maximum water hammer effect without causing forward flow, which
response achieves the most effective engagement and disruption of the thrombus.

[00213] Proximal and distal pressure measurement devices 690, 692 are illustrated
diagrammatically in FIG. 47. In this exemplary embodiment, the proximal pressure measurement
device 690 is adjacent or within the proximal manifold connector assembly 670 and/or within the
proximal portion of the fluid column, and the distal pressure measurement device 692 is adjacent
or within the distal end 664 or within the distal portion of the fluid column. An exemplary
embodiment for measurement devices 690, 692 include a pressure transducer manufactured by
TransducersDirect.com.

[00214] Measurement in the fluid column of the catheter 660 at or adjacent the manifold 630 and
adjacent the distal end 664 reveals a time delay in travel of the pressure pulse — the pressure rises
at the manifold 630 first and then pressure rises at the distal end 664 later. By knowing the time
delay and the distance between the sensors, the speed of the wave can be calculated. By knowing
the distance from the most distal sensor to the tip of the catheter 660, the time it will take for the
wave to travel to the distal tip can be calculated. This information can be used by the controller to

time the valves properly to stop the pressure pulse. If the pressure pulse is allowed to travel all the
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way to the distal end 664, then a distal portion of the fluid column in the lumen 662 will exit the
distal end 664, e.g., forward flow. If, during this time, the distal end 664 is corked with a thrombus
4, that pressure pulse could or will gject the thrombus 4 distally. Alternatively, if the distal end
664 is approaching a thrombus 4, any pressure pulse exiting the distal end 664 could or will move
the thrombus 4 further distally. Movement of the thrombus 4 in a distal direction before or after
it has been captured and corked at the distal end 664 of the catheter 660 is to be avoided. Therefore,
the pressure pulse needs to be reversed or stopped before that pressure pulse reaches a point where
it could move the thrombus 4 either further downstream or off of the distal end 664 in the distal
direction. Such reversal is referred to herein as “quelling” the pressure pulse.

[00215] Operation of the aspiration thrombectomy system 600 with the ROAR effect does not
produce the same results as prior art catheters. When operated with the distal end 664
unobstructed, the vacuum valve 620 and the vent valve 650 are periodically opened and closed.
Fluid rushes into the distal end 664 of the catheter 660 and into the canister of the vacuum source
610 while the vacuum valve 620 is open and vacuum is being applied to the fluid column. When
the vacuum valve 620 is closed, the sudden stop of flow creates the pressure wave generated as
described above due to the water hammer effect from the closing of the vacuum valve 620. The
controller 700 is timed to control the vacuum and vent valves 620, 650 to create the ROAR effect
even when the distal end 664 is open to vasculature and, therefore, any distally directed pressure
pulse in the aspiration thrombectomy system 600 is quelled so that substantially no forward flow
occurs during a thrombus retrieval procedure. Through experimentation, net flow of liquid at the
distal end 664 remains positive in the proximal direction — in other words, while operating with
the ROAR effect in the corked or un-corked state, liquid either moves through the distal end 664
towards the vacuum source (when un-corked) or does not flow at all (when corked). In both
circumstances, substantially no liquid exits the distal tip 610.

[00216] To accomplish the ROAR effect, the change in the level of vacuum at the distal end is at
least approximately 15 inHg, further, at least approximately 20 inHg, and, in particular, at least
approximately 25 inHg. A time for the change in the level of vacuum from low to high or from
high to low at the distal end is no greater than approximately 50 ms, further, no greater than
approximately 30 ms, and, in particular, no greater than approximately 20 ms. This change can be
referred to as a maximum pressure delta. Various combinations of these variables include a change

in the level of vacuum of approximately 15 inHg and a time for that of no greater than 50 ms, or
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the change in the level of vacuum of approximately 20 inHg and a time for that change of no
greater than 30 ms, or the change in the level of vacuum of approximately 25 inHg and a time for
that change of no greater than 20 ms.

[00217] The ROAR catheter 660 is operated to quell all pressure pulses in an exemplary
embodiment according to the graph of FIG. 48. The state of the vacuum valve 620 is shown in the
waveform at the top of the graph and the state of the vent valve 650 is shown in the waveform at
the bottom of the graph. The repetitive cycle starts at time O with the valve starting to open in this
exemplary embodiment. At time 1, the vacuum valve 620 is fully open and the vent valve 650 is
closed. Vacuum continues until time 2, when the vacuum valve 620 starts to close. Closing of the
vacuum valve 620 is not instantaneous and, therefore, the vacuum valve waveform decreases at a
sharp angle and is fully closed at time 3. After the vacuum valve 620 is closed, at time 4, the vent
valve 650 starts to open. This closing of the vacuum valve 620 initiates a water hammer and the
closing of the vacuum valve 620 and subsequent opening of the vent valve 650 causes vent liquid
642 to enter the manifold 630 (and possibly the proximal end of the lumen 662). The potential
energy stored in the compliant catheter 660 is also allowed to release due to the change in pressure
from the negative pressure generated by the vacuum source 610 to the relatively larger pressure
(e.g., arterial) existing in the vent fluid source 640. This combination of events initiates a pressure
pulse at time 2 that travels distally through the lumen 662 towards the distal end. If there was no
further change in the valves 620, 650, then liquid in the column will eject out from the distal end
664, i.e., forward flow. However, as shown in FIG. 48, after a relatively short vent-open time
compared to the vacuum-on time, the vent valve 650 is closed (at time 7) and, shortly thereafter,
the vacuum valve 620 is opened. This means that, while the pressure wave is travelling distally
along the length of the lumen 662 of the catheter 660, when the vent valve 650 is closed to turn
the vent liquid 642 off and the vacuum valve 620 is opened to turn vacuum back on (time O of the
repeating waveform), switching of these valves 620, 650 causes vent liquid 642 to cease entering
the manifold 630 and to move the fluid in the manifold 630 and in the lumen 662 proximally into
the collection canister 612 of the vacuum source 610 (see, e.g., FIG. 55). Thus, a reverse
momentum is imparted within the fluid column. This reverse momentum is sufficiently large
enough to prevent the pressure pulse from ever reaching a point where the distal portion of fluid
in the lumen 662 exits the distal end 664 — thereby quelling the pressure pulse and preventing

forward flow. The ROAR effect, therefore, retains a level of pressure at the distal end at less than
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or equal to physiological pressure. The area 690 of the two waveforms shown in FIG. 48 includes
a time at which the pressure pulse has been quelled. The waveforms repeat in a periodic manner
to continue the distal-then-proximal momentum pulse without ever allowing the distal portion to
exit the distal end 664 of the catheter 660. The rapid change in pressure at the catheter tip from
near full vacuum to nearly zero vacuum pressure is the ROAR effect. Under the ROAR effect,
pressure at the distal end 664 can rise to just short of being arterial pressure and reversal of that
rise is, then, started due to the reestablishment of vacuum. This allows the aspiration
thrombectomy system 600 to approach a thrombus 4 without imparting distal movement to the
thrombus 4 and to retain the corked thrombus 4 at the distal end 664 without any distal movement
of the thrombus 4 caused by a change in pressure within the fluid column.

[00218] Another exemplary embodiment for creating the ROAR effect with the catheter 660
utilizing the vacuum valve 620 and the vent valve 650 is shown in the waveforms of FIG. 49,
which are repeated at an exemplary rate of between approximately 1 Hz and approximately 250
Hz, further, between approximately 2 Hz and approximately 20 Hz, still further, between
approximately 4 Hz and approximately 12 Hz, in particular, between approximately 6 Hz and
approximately 8 Hz. Attime 1, the vacuum valve 620 is in the open/on position and the vent valve
650 is in the closed/off position. At approximately time 2, the vacuum valve 620 starts
transitioning to the closed/off position. At approximately time 3, the vacuum valve 620 is
closed/off. Attime 4, the vent valve 650 starts to open and at approximately time 5, the vent valve
650 is fully open. The vent valve 650 remains open while the vacuum valve 620 is closed until
time 6, at which the vent valve 650 starts to close. The vent valve 650 is closed at approximately
time 7. The vacuum valve 620 starts to open at time 8 and is partially open at approximately time
9. The vacuum valve 620 is full open when near the bottom extent of the curve in the graph. This
process is repeated periodically, which in this example is at 10 Hz.

[00219] In what is referred to herein as static aspiration, the distal end 664 of the catheter 660 is
pushed against a thrombus 4 while suction is applied to the catheter 660. The lower pressure in
the catheter 660 creates a force on the clot 4 equal to a pressure differential across the clot 4
multiplied by the area of the inner diameter of the catheter 660. It is this force that “sticks” the
clot 4 to the distal end 664 of the catheter 660 in an attempt to retrieve the clot 4 entirely.

[00220] In the ROAR cycle, suction is applied to the clot by rapidly opening a valve, causing a

rapid rise in vacuum pressure. The source of suction is then turned off and a vent fluid source is
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rapidly opened. This relieves the vacuum present in the catheter 660, which again rapidly changes
the pressure applied to the clot. The vent valve 650 is then rapidly closed and the vacuum valve
620 is rapidly opened. This cycle is repeated multiple times per second. For example, the period
for repetition is between approximately 2 Hz and approximately 16 Hz, in particular, between
approximately 8 Hz and approximately 12 Hz. The rapid drop of pressure across the clot 4 when
the vacuum valve 620 is opened causes the clot 4 to accelerate into the lumen 662 of the catheter
660. The release of vacuum pressure when the vent valve 650 is opened causes the clot 4 to
rebound back from the catheter 660. When the vacuum is applied again, the clot 4 once again
accelerates towards the catheter 660. These accelerations and rebounds cause the distributed mass
of the clot 4 to oscillate. The large internal accelerations of the distributed mass from the
oscillation creates internal forces in the clot 4 that are high enough to exceed the tensile strength
of the clot 4 and cause it to fail. The torn pieces of clot 4 are then aspirated all the way through
the catheter 660 and into the vacuum collection canister 612. To maximize forces in the clot, the
pressure differential across the clot and the rate at which this differential pressure is applied is
maximized. The higher the rate at which this force is applied to the clot, the higher the internal
acceleration of the distributed mass of the clot, and thus the higher the internal forces within the
clot, and thus the higher the likelihood of the clot to tear. The times for the pressure change in
both the up and down directions are about 20 ms either way. At 8 Hz, for example, each cycle is
125 ms and at 12 Hz each cycle is 83ms. The greater the frequency of the cycle, the greater the
number of these impacts that the catheter can have to interact with the clot. Using higher
frequencies is, therefore, better, but only up to a point where there is not enough time to cause an
effective enough pressure delta within each cycle.

[00221] During operation of the catheter 660 with the ROAR effect, measurement of the pressure
pulse can be undertaken with the proximal and distal pressure measurement devices 690, 692. The
graph of FIG. 50 illustrates pressure sensed by these devices 690, 692 during the exemplary 10 Hz
pulse present in FIG. 49 (FIG. 51 illustrates the graphs of FIGS. 49 and 50 superimposed on one
another). The pressure sensed by the proximal pressure measurement device 690 starts at the lower
pressure value (approximately at -13 psi) and the pressure sensed by the distal pressure
measurement device 692 starts at a higher pressure value (approximately at -11 psi). This
represents a partially corked system where an incomplete seal of the thrombus simulant to the

catheter allows some flow by creating a slightly lower pressure at the distal measurement. At time
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4, vacuum is off and the vent valve 650 starts to open. Accordingly, vacuum in the lumen 662
starts to be relieved. This means that pressure at the proximal pressure measurement device 690
starts to increase, which is evidenced by the upwards curve starting at approximately 4’. A short
while later, as the change in pressure propagates distally down the catheter 660, pressure at the
distal pressure measurement device 692 starts to increase, which is evidenced by the upwards curve
starting at approximately 4’”. At time 6, the vent valve 650 starts to close and, therefore, no more
vent liquid 642 is entering the manifold 630 to add to or augment the fluid column in the lumen
662. Pressure at the proximal pressure measurement device 690, nonetheless, continues to rise as
the vacuum (negative pressure) is entirely removed or is compensated by the pressure of the vent
liquid 642. Pressure at the proximal pressure measurement device 690 peaks and, as shown in
FIG. 50, the pressure at the peak is at a positive pressure of approximately 2 psi — this occurs even
though the aspiration thrombectomy system 600 does not actively apply any positive pressure to
the fluid or the lumen 662. Rather, this level of pressure being > 0.0 psi is due to the momentum
of the fluid traveling within the lumen 662. Thus, a positive pressure within the lumen 662 is
acceptable but it needs to be suppressed before arriving at distal end. At time 8, the vent valve
650 has already closed and the vacuum valve 620 starts to open at approximately the time of peak
pressure at the proximal pressure measurement device 690. Opening of the vacuum valve 620
drops pressure within the lumen 662 and stops pressure at the proximal pressure measurement
device 690 from going any higher (if not stopped at this level, then it is possible that pressure at
the distal pressure measurement device 692 would be > 0.0 psi, which means distal forward flow
will occur out from the distal end). Quelling of the pressure pulse is proven by review of the
pressure track of the distal pressure measurement device 692. As can be seen in the graph of FIG.
50, the pressure increase at the distal pressure measurement device 692 follows the pressure
increase at the proximal pressure measurement device 690. At time 8, pressure recorded at the
distal pressure measurement device 692 is still negative (approximately at -5 psi), but is rising.
With continued operation of vacuum to and past time 9 (when the vacuum valve 620 is fully open),
the peak pressure measured at the distal end 664 by the distal pressure measurement device 692 is
less than 0.0 psi (horizontal dashed line), which means that the pressure pulse is quelled and that
liquid from the distal portion does not exit the distal end 664, in other words, substantially no
forward flow. The ROAR effect allows the clot simulant to remain sealed to the catheter and the

system 600 is able to achieve the full vacuum of -13 psi at both measurements. Because the distal
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pressure is relieved almost to zero but then shortly arrives at the full -13 psi vacuum, the pressure
delta illustrated is approximately 13 psi.

[00222] As described herein, it is possible to force flow from the distal end 664 of the catheter
660 while cycling between vacuum and vent. The rapid switching between vacuum and vent
creates forward flow pressure pulses in the fluid column that, if not managed, will force the fluid
column out of the distal end 664 of the catheter 660. The waves move through the fluid column
at a very high speed through the medium. The speed is primarily a function of the density of the
fluid, the compliance of the system (the bulk modulus), and the length of the fluid column. To
prevent these waves from forcing the fluid column out of the catheter, the system is considered as
a whole and the parameters of the valve switching cycle are set such that the forces that cause the
fluid column to flow are controlled. To ensure that the fluid column does not exit the distal end
664 of the catheter 660, it is important that the catheter 660, any extension tube that connects to
the catheter 660, the controller 700, and the valving sequence be tuned as a system.

[00223] The goal of the tuning process is at least two-fold: prevent the pressure waves generated
during ROAR operation from causing forward flow and optimize the ROAR effect. The length of
the fluid column is critical to the tuning of the system. The pressure wave moves rapidly within
the fluid column. The time for the wave to reach the distal tip of the catheter is a function of this
speed and the length of the fluid column. The speed is a function of the density of the fluid in the
column and the bulk modulus of the catheter and extension. The bulk modulus refers to the
compliance of the system: both the radial and the longitudinal flexibility of the catheter and the
extension tube. The density of the fluid column is not as significant a variable as the bulk modulus
unless it changes greatly, such as is the case if the fluid column has gaseous (air) bubbles in it. It
is thus, important, to have all air purged from the system prior to implementing ROAR operation.
For a given catheter and extension tube configuration, the bulk modulus and the length of the
system is fixed. Compliance can be added to the system to change the speed and thus tune the
timing of the pressure wave. A flexible length of tubing could be added in-line with the relatively
stiff catheter and extension, for example. This flexible length of tubing expands as the pressure
pulses occur during ROAR operation. This decreases the bulk modulus of the system and reduces
the speed, thus slowing down the pressure wave and increasing its transit time to the distal tip of
the catheter. Compliance can be added in other ways as well, such as by including a piston backed

by a spring in a bore that communicates with the catheter lumen such that the pressure wave

58 -

Penumbra, Inc., Ex. 1029, Page 703 of 728
Penumbra, Inc. v. RapidPulse, Inc.



Attorney Docket No.: Syn2.0/ROAR

displaces the piston, which increases compliance of the system. By manipulating the compliance
and the valve timing, the system can be tuned for many different combinations of catheters and
extension lines. Careful tuning results in achieving a resonant condition. If the suction and release
pulses in the catheter are tuned to match a natural frequency of the clot, enhanced ROAR effect
can be achieved.
[00224] Tuning can happen statically or dynamically. A statically tuned system is tuned so that
the catheter 660 (and any extension tube that connects to the catheter 660) is mated to the controller
700 with a fixed valving sequence (such as the exemplary configuration shown in FIGS. 29 and
30). The controller 700 senses the presence of the catheter 660 when it is attached and verifies
that it is the correct one for the tuned sequence of that controller 700. If the correct catheter is not
sensed, the tuned sequence does not initiate. A dynamically tuned system is, in comparison, tuned
during operation. Prior to operation, a valve sequence is initiated that creates a series of pressure
pulses in the catheter 660. Sensors, such as strain gauges, on the catheter 660 and/or an extension
tube detect these pulses and are used to adjust parameters of the controller 700 for operation to
create the ROAR effect. The catheter 660 contains and transmits critical data, such as its length,
to the controller 700. Using this tuning, any catheter, within limits, could be used without causing
the fluid column to flow from the distal end 664 during ROAR operation. Alternatively, the
catheter 660 and the extension can be tuned at the manufacturer and the specifics of the valve
timing can be transmitted to the controller 700 by the catheter 660.
[00225] In an exemplary embodiment, the valve sequence is as follows:

the vacuum valve 620 is closed;

a time later the vent valve 650 is opened;

a time later the vent valve 650 is closed;

a time later the vacuum valve 620 is opened; and

a time later the sequence is repeated.
When the vent valve 650 is opened, a bit of vent liquid 642 enters the system and creates a pressure
pulse. If the vent valve 650 is not closed, and the vacuum valve 620 is not opened before the pulse
reaches the distal end 664 of the catheter 660, the fluid column will exit the distal end 664 of the
catheter 660 as forward flow. To prevent the fluid column from exiting the catheter 660, it is this
time -- the time that it takes for the pressure pulse to traverse the catheter -- for which the system

must be tuned. Additionally, the pressure pulse from closing the vacuum valve 620 in a flow
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condition will cause a pressure increase that must be quelled by opening the vent valve 650 before
it causes forward flow.

[00226] Tuning is accomplished by selecting appropriate times for the vacuum cycle and the vent
cycle. Inthis regard, the vacuum cycle includes Vacon time 622, Vacon duration 624, Vacoff time
626, and Vacoff duration 628 and the vent cycle includes Vnton time 652, Vnton duration 654,
Vntoff time 656, and Vntoff duration 658. Accordingly, tuning is explained with reference to FIG.
52. A cycle time is the duration of the repetition of the entire cycle. At 8 Hz, the cycle time is 125
ms and at 12 Hz, the cycle time is 83.33 ms. The cycle time is determined by adding the Vacon
duration 624, the Vnton duration 654 and the first and second times in the cycle that both the
vacuum and vent valves 620, 650 are off, referred to as the “double-off” or “double-closed” times
or states. The cycle time is optimized by the dynamics or the resonance of a particular catheter
660. The Vacon duration 624 must be long enough for the system to pump down to full vacuum
and the longer the vacuum is on during a particular cycle, the better the aspiration of the thrombus
4. In this embodiment, opening only the vacuum valve is referred to as the “vacuum-only” state.
The first double-off time, which is the time after the vacuum is turned off (vacuum valve 620
closed) up until the time that venting begins (vent valve 650 opens), has an effect on the extent to
which forward flow occurs. As this is a short time, such forward flow is referred to as flow
burping. Through experimentation, an exemplary embodiment of an 0.071” inner diameter
catheter 660 experiences flow burping when the first double-off time is greater than approximately
30 ms; the longer the double-off time, the greater flow burping. During ROAR operation, the first
double-off time is about 10 ms; therefore, this is significantly less than the flow burping threshold,
which means that substantially all forward flow is quelled. The Vnton duration 654 is determined
by a maximum time that occurs before a corked clot 4 is dropped from forward flow. A ratio
between the Vnton duration 654 and the second double-off time is a compromise for the longest
Vnton time 654 and a minimum of the first double-off time. In this embodiment, opening only the
vent valve is referred to as the “vent-only” state. Finally, with respect to the second double-off
time, the vent valve 650 is off (fully closed) before the vacuum valve 620 is opened and vacuum
recommences.

[00227] The calculation is explained further with regard to the valve position graphs in FIG. 53.
Starting from the left of the graph at Vacon time 622, the vent valve 650 is closed and the vacuum

valve 620 is open. The Vacon duration 624 is long enough for the system 600 to pump down to
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full vacuum (between approximately 10 ms and approximately 50 ms, in particular, approximately
30 ms). The longer the Vacon duration 624, the better the catheter 660 performs because of
increased flow rate in the proximal direction. There is a compromise based on achieving a higher
frequency for more hits/sec on the clot 4. In an exemplary embodiment, the Vacon duration 624,
calculated from the Vacon time 622 to the Vacoff time 626, is between approximately 40% and
approximately 60% of the cycle time 629. As set forth above, the cycle time 629 is a minimum
determined by summation of Vacon duration 624 plus the first and second double-off times 625,
627 plus the Vnton duration 654. The Vnton duration 654 is short enough to fill the lumen with
vent liquid without causing forward flow (between approximately 10 ms and approximately 50
ms, in particular, approximately 30 ms). The first double-off time 625 is set based upon when
open flow burping occurs. The maximum value for the first double-off time 625 applies to either
of the periods from the Vacoff time 626 to the Vnton time 652 or the Vacoff time 626 to the Vacon
time 622’ whichever is shorter. Each of these values are optimized by the
dynamics/resonance/compliance/length of the particular catheter 660 and extension set.

[00228] From this, some observations can be made. When the vent is opened, a pressure pulse is
generated. Itis important to stop the pressure pulse before it reaches the distal end. If the pressure
pulse is not stopped before it reaches the distal end, the catheter 660 will experience forward flow.
The way to stop the pressure pulse is to either close the vent and/or turn the vacuum back on if the
vacuum was off prior to venting. If the vacuum remains on, then there is a need to turn the vent
off. Or, if the vacuum does not remain on, the vent is turned off and the vacuum is turned back on
before the pressure pulse makes it to the distal end 664. In other words, the vent needs to be closed
before the pressure pulse makes it to the distal end 664 and the vacuum has to be turned on. So,
the condition of merely opening the vacuum valve 620 when the vent valve 650 is opened may not
be enough to quell the pressure pulse because of the low resistance between the vent and the
vacuum,; the vent will overwhelm the vacuum so the vacuum cannot have an effect over the length
of the catheter. The time that it takes for the pressure pulse to propagate to the tip of the catheter
660 and then cause forward flow is used to define the time that the vent valve 650 is left open.
The time that the vent is left open is selected to be shorter than the time it takes for the pressure
pulse to propagate to the distal end 664.

[00229] In an exemplary embodiment illustrated diagrammatically in FIG. 55, all portions of the
aspiration thrombectomy system 600 except for the ROAR catheter 660 are incorporated into the
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body 601 of the vacuum source 610. In particular, the vacuum source 610 comprises the body
601, a collection canister 612, and a vacuum motor 614. The vacuum motor 614 is fluidically
connected to an outlet of the collection canister 612 and the input of the collection canister 612 is
fluidically connected to a vacuum side of the manifold 630. Accordingly, vacuum generated by
the vacuum motor 614 imparts vacuum within the collection canister 612 to draw fluid into the
collection canister 612 from the manifold 630 but not into the vacuum motor 614. The vacuum
valve 620 present at the manifold 630 prevents input fluid received at the manifold 630 from
entering the collection canister 612 and closes off the manifold 630 from vacuum generated by the
vacuum motor 614. The vent fluid reservoir 640 containing the vent liquid 642 is fluidically
connected to a vent side of the manifold 630. The vent valve 650 present at the manifold 630 closes
off the manifold 630 from the vent liquid 642 and prevents liquid within the manifold 630 from
entering the vent fluid reservoir 640 (as pressure in the manifold 630 is typically lower than
pressure within the reservoir 640, liquid from the manifold 630 will not typically enter the reservoir
640). In summary, a catheter input port 631 of the manifold 630 is fluidically connected to the
collection canister 612 through the vacuum valve 620 and is fluidically connected to the vent liquid
642 in the reservoir 640 through the vent valve 650. The catheter input port 631 is fluidically
connected to the downstream end of the proximal manifold connector assembly 670. The upstream
end of the proximal manifold connector assembly 670 is fluidically connected to the proximal end
of the catheter 660.

[00230] Direct connection of the catheter 660 to the aspiration thrombectomy system 600 is
explained with regard to FIGS. 54 and 55. The proximal manifold connector assembly 670
connects the proximal end 666 of the ROAR catheter 660 to the manifold 630. In an exemplary
embodiment shown in FIG. 54, the proximal manifold connector assembly 670 comprises a male
luer lock fitting 672 connected to the manifold 630 (shown in dashed lines), either removably or
integrally. The assembly 670 includes a ROAR identification (ID) sub-assembly 680. The
exemplary embodiment of the ID sub-assembly 680 shown in FIG. 54 comprises an inductive
sensing device or sensor 682 connected to the manifold 630. The inductive sensor 682 detects the
presence of an inductive sensed part 684 that is present in or integral with the proximal manifold
connector assembly 670. In an exemplary embodiment where the manifold 630 can be used with
various different ROAR catheters 660, each of the types of ROAR catheters has a unique inductive
sensed part 684 and the inductive sensor 682 of the manifold 630 is able to determine which type
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of ROAR catheter 660 is attached. Accordingly, with an appropriate communication of the ROAR
catheter 660 type to the controller 700, the controller 700 is able to operate the ROAR catheter 660
according to its own unique configuration to produce the ROAR effect for every one of the
different ROAR catheters 660 that are used. When the sensor 682 does not detect a sensed part
684 and the aspiration thrombectomy system 600 is, nonetheless, operated, the controller 700 will
automatically prevent ROAR operation of aspiration thrombectomy system 600 and that connected
catheter will only be operated as a standard vacuum catheter.

[00231] Indirect connection of the catheter 660 to the aspiration thrombectomy system 600 is
explained with regard to FIGS. 56. The proximal manifold connector assembly 670 can simply be
a fitting 672 as shown in FIG. 54 or it can be or include a separate extension line 674 between the
catheter input port 631 and whatever catheter 660 (standard or ROAR) that is to be used along
with the aspiration thrombectomy system 600. In an exemplary embodiment of the extension line
674, not only does the extension line 674 comprise a lumen extension for aspiration through the
catheter 600, the extension line 674 also comprises system controls for operating the aspiration
thrombectomy system 600. These controls include, for example, turning on and off the vacuum
motor 614 and turning on the ROAR operation (e.g., one button for each of these or an on/off
switch for vacuum and a push-to-start button for ROAR). As shown in the diagram of FIG. 56,
the extension line 674 has a distal end that is able to connect to both standard catheters and ROAR
catheters 600 -- as both can be used with the aspiration thrombectomy system 600. When the
standard catheter is connected to the extension line 674, the aspiration thrombectomy system 660
only acts as a standard vacuum pump and ROAR is disabled. When a ROAR catheter 660 is
connected to the extension line 674, identification sub-assemblies in the ROAR catheter 660 and
the extension line 674 inform the system 600 which ROAR catheter 660 and which extension line
674 are connected.

[00232] In the exemplary embodiments with digital control of the vacuum and vent valves 620,
650, a processor and memory in the controller 700 stores the identification data and, upon
identification of a particular ROAR catheter (e.g., different lengths, different outer diameters,
different materials), the controller 700 loads the valve sequence and operates the vacuum and vent
valves 620, 650 according to the characteristics of the particular catheter connected to the vacuum
source 610. In one exemplary embodiment, the identification data can be preprogrammed at the

manufacturer for all ROAR catheters 660 that currently exist. Thus, with direct connection of the
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ROAR catheter 660 to the system 600, the controller 700 can operate without receiving any
information other than the identity of the catheter 660. If a ROAR extension line 674 is used
between the ROAR catheter 660 and the controller 700 (in other words, an extension line that is
ROAR compatible and is able to inform the system 600 of its augmentary characteristics to those
of the ROAR catheter 660 to which it is connected), the controller 700 can operate without
receiving any information other than the identity of the catheter 660 and the identity of the
intermediate extension line 674 because connection with the ROAR extension line 674 allows the
system 600 to detect which particular one of the different ROAR catheters 660 has been connected
to the distal end of the ROAR extension line 674 and then to operate ROAR in a predefined manner
appropriate for that particular ROAR catheter 660 with the ROAR extension line 674. In the case
of RFID or near field communication (NFC), the chip embedded in the ROAR catheter 660 is
programmed with the specific valve timings required by that catheter 660. The controller 700 reads
these values and functions properly for that catheter 660. This ensures future compatibility with
new generation catheters that require different tuning, which tuning would not be known at the
time the controller 700 is programmed at the manufacturer. If the catheter to be used is not a
ROAR catheter 660, then ROAR should not be used with that catheter because of the high
probability of forward flow at the distal end. Accordingly, the system 600 automatically prevents
use of the ROAR effect when a non-ROAR catheter is connected to the distal end of the ROAR
extension line 674 or is connected directly to the system 600 or is connected to the distal end of a
non-ROAR extension line 674.

[00233] The identification sub-assemblies include various measures present at least at the
proximal end of the ROAR catheter 660 (e.g., the inductive sensing system 682, 684 or a 1-wire
detection system, such as a DALLAS Semiconductor encryption chip, RFID, Bluetooth low energy
(BLE), metallic touch pads, a simple passive design based upon resistors (in series for catheter and
extension, to name a few). In the sub-assemblies, there can be two or more electrical contacts.
For example, there can be three contacts including power, ground, and a signal using a Hall sensor.
In a two-contact configuration, there can be a 2-wire configuration using resistors and mechanical
switches. Resistance can be measured between two contacts and, depending on the resistance, a
state of the switch can be detected. Power and signal can be combined on one line (plus an
additional ground line) to create a “one-wire” connection, for example, using a DALLAS chip

mentioned above. Anidentification sub-assembly also can be present at the distal connection (e.g.,
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a Luer fitting) of the extension line 674 (to contact with the identification sub-assembly at the
proximal end of the ROAR catheter 660) and extend back through the extension line 674 to a
communication connection with the vacuum source 610, e.g., the proximal manifold connector
assembly 670. Therefore, the aspiration thrombectomy system 600 has an ability to sense/detect
when a ROAR catheter 660 is connected as differentiated from a standard catheter (i.e., not
ROAR). Connection of the ROAR catheter 660 enables use of the ROAR function; connection of
a non-ROAR catheter (or, e.g., to a side port of a rotating hemostasis valve (RHV)) disables use
of the ROAR function and only normal aspiration is available. Where the identification sub-
assembly includes electrical contacts in the ROAR catheter 660, the conductive connection to the
vacuum motor 614 can utilize one or more coils of the ROAR catheter 660 as one of these
conductors. Alternatively, two or more conductors can be wrapped within the ROAR catheter 660.
Alternatively, or additionally, conductors can be bonded on the outside of the ROAR catheter 660.
[00234] In addition to the exemplary embodiments where the system 600 already stores the
operating parameters for performing aspiration and automatically uses those parameters when the
ROAR catheter 660 and/or the extension line 674 is connected or where the ROAR catheter 660
or the extension line 674 provides the operating parameters for performing aspiration, the user can
be provided with selectable programs in the controller. These selectable programs can be, in one
exemplary embodiment, programmed where the controller 700 is manufactured. The user has an
instruction manual associating the particular ROAR catheter 660 and/or the extension line 674
being used with a code that loads in the operating parameters, such as pressures, delays, timing.
Instead of an instruction manual, these operating parameters can be manually entered by the user
instead of through the selectable program(s), for example, by reading the information the
instructions for use (IFU) or the packaging of the system 600, or ROAR catheter 660, or extension
line 674. In addition, if the user has a desired method of operation (for example, to increase a
particular timing), the user can enter the parameter(s) directly through a user interface on the
system 600. In other exemplary embodiments, a code supplier (e.g., a QR code, a barcode, or an
RFID chip) could be on the packaging of one or more of the components and the user presents that
code supplier to the controller for reading. In this regard, the system 600 comprises a bar-code
reader and/or a QR code reader and/or an RFID communication device. With a display on the
system 600, in another exemplary embodiment, the screen presents parameters to the user and

those parameters could be fixed or alterable by the user. In other words, the user could accept or
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alter the parameters shown. In a particularly inexpensive embodiment, the parameters can be
“stored” on a punch card that is supplied with the ROAR catheter 660 or the extension line 674
and the system 600 has a punch card reader. In this embodiment, the user inserts the inexpensive
card (e.g., provided with a covering that protects it from liquids present in the operating room) into
the card reader and the controller 700 utilizes the parameters on the card or utilizes a code on the
card, which code is associated with a set of stored parameters.

[00235] All of these embodiments could present the operator with a choice of alternative
programs or parameters, or the system 600 could list the parameters that are about to be utilized
separately on a display screen and then allow the operator to select those paramaters or alter the
provided parameters. Similarly, operators are able to store parameters/programs into empty
memories within the controller 700. The stored information provided by the catheter, the extension
line, the card, the code, etc., could be either ROAR parameters or, alternatively, the information
can be characteristics of the catheter and the extension line so that the controller 700 could make
compensations to provide a predefined ROAR waveform at catheter tip. In other words, rather
than offer up stored ROAR programs, the catheter and the extension line could simply give
information to the controller 700 so that the timing and pressures could be modified for each
catheter/extension line combination to achieve the predefined ROAR pressure/time profile. By
storing either compensation parameters or actual time/pressure parameters, the controller 700 is
able to allow future catheters and extensions not yet available. Further, chips, resistors, RFIDs, or
BLE could be used to prevent use of the system 600 with catheters not provided by the
manufacturer of the system 600, and/or to present a warning or alarm condition to the operator so
that they know that the catheter and/or extension is not supported by the system 600.

[00236] One exemplary embodiment of the proximal manifold connector assembly 670 comprises
the extension line 674 having a system control board 676 with remote controls 678 illustrated in
FIG. 56. An exemplary embodiment of the remote control 678 is a mechanical slide switch that
turns vacuum on or off based upon a longitudinal position. This can be a two position switch with
a button for ROAR operation. Alternatively, a three-position switch can be provided. In a forward
position, the vacuum is off, in a middle or intermediate position the vacuum is on, and in a rear
position ROAR operation takes place. When the remote switch is connected, any control buttons
on pump are disengaged but the pump can have an “emergency off” switch on the pump that allows

the user to turn off the pump if desired regardless of the operation of the remote controls. LEDs
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can be provided on the remote controls 678 and/or on the body 601. These LEDs can, for example,
be: Red = off, Green = Vacuum on, Blinking Green = ROAR, Blinking Red = Error, Blue =
vent/purge. In an exemplary embodiment, a mechanical redundant pinch valve is present against
catheter that, when actuated, pinches closed the lumen of the catheter. In the exemplary
embodiment, the distal end of the proximal manifold connector assembly 670 that connected to
the ROAR catheter 660 comprises a luer lock part that connects to another luer lock part on the
ROAR catheter 660. In various exemplary embodiments, the switch is passive (e.g., a simple
mechanical switch) or it is an active switch (e.g., capacitive, pressure, magnetic). In such a case,
the switch is powered by wires through the extension line 674. In an alternative embodiment, the
switch is a separate module that attaches to the extension line 674 and is, for example, battery-
powered.

[00237] A first benefit of the aspiration thrombectomy system 600 is that, with such a
configuration, the same vacuum source 610 can be used with all catheters that previously could be
connected to any surgical aspiration devices/vacuum pumps. A second advantage relates to
security for enacting the ROAR effect. In such a configuration, users are persuaded to connect the
proximal end of the ROAR catheter 660 to the distal end of the proprietary extension line 674.
This is beneficial for various reasons. First, ROAR will not work unless the two unique ROAR
parts are directly connected and a positive ROAR ID is established. Second, if a standard rotating
hemostasis valve is connected between the ROAR catheter 660 and the extension line 674 (for
whatever reason that the surgeon/nurse may have), then identification will be negative and ROAR
will be disabled. There is a risk that fluid contained within lumens of such rotating hemostasis
valves will enter into the ROAR catheter’s fluid column and, thereby, introduce air bubbles, which
need to be purged entirely from the system for use. An RHV 609 increases the probability of air
remaining in the lumens or entering the fluid system. See FIG. 72. Thus, a particularly desirable
configuration for the ROAR catheter 660 is a direct connection between the proximal end of the
ROAR catheter 660 and a distal end of the proprietary extension line 674. There is also an issue
of safety to ensure that the ROAR effect is utilized only with ROAR catheters 660. As described
above, each ROAR catheter 660 has a particular set of characteristics related to compliance and,
therefore, operation of the vacuum and vent valves 620, 650 is set for that characteristic set. The

system 600 is set to react with a particular ROAR configuration based upon the physical
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characteristics of the ROAR catheter 600 connected, such as length and lumen size. Therefore,
the system 660 is tuned/programmed to store a given ROAR setting for each ROAR catheter 660.
[00238] However, it is possible that new ROAR catheters 660 and new ROAR extension lines
674 are created after the system 600 or the controller 700 are put into the field. Providing the
identity of the ROAR catheter 660 or the ROAR extension line 674 would, therefore, not be
sufficient to permit operation of those components properly. Thus, in an additional or alternative
embodiment, each of the ROAR catheters 660 and the ROAR extension lines 674 are provided
with a memory device (e.g., a DS28E07 EEPROM memory chip) that, when connected to the
system 600, provides the controller 700 with the variables necessary for that ROAR catheter 660
and/or that ROAR extension line 674 to operate with the ROAR effect. Example variables that
are stored in the memory of each of the ROAR catheters 660 and the ROAR extension lines 674
include, but are not limited to, the frequency of the waveform cycle, a time in the cycle at which
the vacuum turns on (Vacon time 622), a duration of the vacuum (Vacon duration 624), a time in
the cycle at which the vacuum turns off (Vacoff time 626), a duration that the vacuum is off (Vacoff
duration 628), a time in the cycle at which the vent turns on (Vnton time 652), a duration of the
vent (Vnton duration 654), a time in the cycle at which the vent turns off (Vntoff time 656), and/or
a duration that the vent is off (Vntoff duration 658). By being able to provide such information to
the controller 700, the system 600 can utilize any future ROAR catheter 660 and/or ROAR
extension line 674 that might be created for use with the system 600.

[00239] An exemplary embodiment of a self-contained aspiration thrombectomy system 600 is
shown in FIGS. 57 to 71. The system 600 has an exterior body 601 containing therein a vacuum
motor 614, the controller 700, and controls for the vacuum and vent valves 620, 650 (exemplary
embodiments of the controls for the valves are shown in FIG. 29 and FIGS. 42 to 46). The vacuum
motor 614 is fluidically connected to a collection canister 612 (shown diagrammatically with
dashed lines). The body 601 houses a set of system controls 676 (in an alternative embodiment,
the controls 676 can be located on/also located on the extension line 674). In this exemplary
embodiment, there are three buttons: off, purge, and ROAR/Vac. (The purge function will be
described in further detail below.) On a side opposite the collection canister 612 is a vent fluid
reservoir 640 (shown diagrammatically with dashed lines) containing therein vent liquid 642. As
mentioned above, the fluid path of the catheter 660 is to be free from bubbles/air at all times during

a surgical procedure.
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[00240] The body 601 has cassette connection assembly 602 on a front face thereof. The cassette
connection assembly 602 protrudes from the front face and has an exterior shape substantially the
same as a cassette 710 that will be attached thereto. The vacuum and vent valves 620, 650 protrude
from the front face 608 of the cassette connection assembly 602 and, in an exemplary embodiment,
are centered within respective depressions of the cassette connection assembly 602. In this
embodiment, the vacuum and vent valves 620, 650 are pistons that have at a distal-most end thereof
a pinching structure. In this exemplary embodiment, the pinching structure is substantially in the
shape of a standard slot screwdriver. As the vacuum and vent pistons extend out from the
depression a given distance (e.g., 8 mm), the slot presses against tubing (in the cassette 710) to
close off the lumen within the respective vacuum or vent hose. Closing off the hose acts as a shut-
off of the respective valve and releasing away from the hose acts to open the vacuum or vent,
respectively. Thus, if the hoses for each of the vacuum and vent lines are placed directly in front
of the pistons, the valves 620, 650 will control vacuum and vent according to the ROAR process
described herein. (As described below, the cassette 710 positions those hoses in this manner.) In
between the valves 620, 650 is a boss 604 protruding from the front face 608 of the cassette
connection assembly 602. The boss 604 has an exterior surface with a given shape, €.g., araceway,
and orientation wings 605. At the end of the boss 604 is a rotating lock 606 in the shape of half
circle or half oval. The rotating lock 606 has a central pivot to allow it to rotate 90 degrees from
the position shown in FIGS. 57 to 67. In the rotated orientation, therefore, the rotating lock 606
defines lower surfaces (opposite the front face 608 of the cassette connection assembly 602) that
are perpendicular to the protruding extent of the boss 604. These lower surfaces are set at a
distance to define a gap between the lower surface of the rotating lock 606 and the front face 608
of the cassette connection assembly 602. Also present on the front face 608 of the cassette
connection assembly 602 is/are conductive connectors 618. The conductive connectors 618 are
used to detect when a cassette 710 is present and locked on the cassette connection assembly 602.
Detection of the cassette 710 can be made by mechanical measures (such as a pogo pin) or a
combination of mechanical and optical and electrical measures.

[00241] A cassette 710 is removably connected to the cassette connection assembly 602 and an
exemplary embodiment of this cassette 710 is illustrated in FIGS. 68 to 71. As shown in FIG. 68,
the cassette 710 has an interior orifice 712 with a shape corresponding to the given shape of the

boss 604. The boss 604 and interior orifice are matched in shape so that the cassette 710 can fit
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onto the boss 604 and slide down thereon until the rear face of the cassette 710 aligns with and/or
touches the front face 608 of the cassette connection assembly 602. The rear face of the cassette
710 is depicted in FIG. 69. In the view of FIG. 69, pockets 714 corresponding in shape to the
orientation wings 605 are present in the interior surface of the cassette 710 at the interior orifice
712. In this regard, when the cassette 710 is slid down the boss 604, there is only one orientation
in which the cassette 710 can approach the front face 608 in a lower-most position e.g., as in a key
within a keyhole. This placement insures that the distal end effectors of the vacuum and vent
valves 620, 650 are always aligned with vacuum valve area 720 and the vent valve area 750 within
the cassette 710.

[00242] When the “T” shape of the boss 604 and wings 605 are matched with the interior T-shape
of the orifice 712, three connections are made possible. First, as set forth above, the distal end
effectors of the vacuum and vent valves 620, 650 are aligned with vacuum and vent valve areas
720, 750 within the cassette 710. Second, conductive connectors 718 on a rear face of the cassette
710 are aligned with and make contact with respective conductive connectors 618 adjacent the
boss 604. These connectors 718, 618 can be, for example, respective pads and pogo pins to insure
positive electrical connection when the rotating lock 606 is used to lock the cassette 610 onto the
body 611. With appropriate electrical connections, these connectors 718, 618 can inform the
controller 700 that the cassette 710 is installed and ready for use and which kind of cassette 710 is
installed if it is associated with a particular ROAR catheter 660 and needs identification. Finally,
the rotating lock 606 is located above the front face 608 of the cassette connection assembly 602
and the bottom surfaces of the rotating lock 606 are above the outer front face 716 of the cassette
710. A protrusion distance of the boss 604 is configured to place bottom surfaces of the rotating
lock 606 (those surfaces facing the front face 608) at a distance approximately equal to the
thickness of the cassette 710 such that, with rotation of the lock 606, the bottom surfaces of the
lock 606 engage the outer front face 716 of the cassette 710, thereby pressing the cassette 710
firmly in place against the front face 608 to touch the connectors 718, 618 together and locking
the cassette 710 to the body 601. The quarter-turn rotating lock 606 secures the cassette 710 on
the body 601 and also provides a cam force that holds the cassette 710 thereon, in particular, while
the valves 620, 650 actuate against vacuum and vent tubing present within the cassette 710. In an

exemplary embodiment, a non-illustrated switch is integrated in the rotating lock 606, the switch
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detecting the quarter-turn and, with the electrical connectors 718, 618, verifying that the system
600 is armed and ready for use.

[00243] In a particularly efficient configuration, the cassette 710 can be removable, replaceable,
and disposable as an entire set including the junction box shown in FIGS. 68 to 71 and a tubing
set. The cassette 710 has as set of relatively short whips of tubing including a first tubing whip
722 fluidically connected to the collection canister 612 of the vacuum source 610 and a second
tubing whip 752 fluidically connected to an intake of the vent valve 650, and an extension whip
that can be the extension line 674 or it can be a short tubing to be connected directly to the catheter
660. Once connected, this efficient configuration allows the system of lumens to be automatically
cleared of air/bubbles. By locating the vent liquid above all of the lumens (such as with the bag
640 in FIG. 67), the catheter 660, and the collection canister, opening the output of the vent fluid
reservoir 640 will fill all interior lumens and clear the system of any air/bubbles before use. If
desired, a cam lock can be mechanically connected to the vacuum motor 614 (either temporarily
or fixed) and the motor 614 can be operated to actively draw all air into the collection canister and
thereby purge the system 600. As an alternative to the front-loaded configuration of the cassette
710, the cassette 710 can be connected or molded as a part of a bottom of the disposable collection
canister 612. In this configuration, two disposable parts can be provided together in a sterile
packaging and disposed of in one piece. With a vent fluid reservoir that is either a hard container
(FIGS. 57 to 61) or a bag (FIGS. 62 to 67), the vent liquid 642 can be part of the cassette 700 with
all lumens pre-filled with saline and part of a single disposable package. The vent fluid reservoir
640 and the collection canister 612 can either or both be part of a disposable cassette 700 system.
All of the disposable parts used in a catheter procedure can be integrated together in one disposable
package.

[00244] As explained previously, it is important for the system to be purged of air to achieve the
ROAR effect. Purging can be achieved in several ways. The two main methods used to purge the
system are forced purged and dribble purge. The forced purge method involves submerging the
tip of the extension line 674 into sterile fluid such as saline and while submerged activating the
“purge” function. The controller 700 will then alternatively open one or both of the control valves
for a predetermined time and sequence to pull the sterile fluid through the extension line 674 and
valves and displace all the air that may have been in the system. Once this purge process is

complete, both valves will close and the extension line 674 with a full fluid column can be
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connected to the catheter which has also be de-aired and ROAR applied. In comparison, the
dribble method relies on a small positive pressure (created by gravity, squeezing the fluid bag,
pressurizing the vent fluid tank, or a peristaltic pump or any similar measures) to allow the vent
fluid to dribble through the lumens and, thus, flood them. In an exemplary case of the dribble
purge system, the vent fluid source 640 is higher than the exit of the extension line 674 and the
vent liquid path does not contain any air traps.

[00245] For the dribble method, the purge cycle is initiated by pressing the purge button and, in
an exemplary embodiment, is performed by the controller 700. With the vacuum valve 620 closed,
the vacuum source 610 is turned on and the vacuum vessel is pumped down to a desired vacuum
level. The vent valve 650 is opened and vent liquid 642 is allowed to flood the vent line and the
extension line 674. To ensure that all air is removed from the manifold 630, the vacuum valve 620
is opened momentarily while the vent valve 650 is also open. This allows the vent liquid 642 to
be drawn from the vent fluid source 640 and from the extension line 674, and through the vacuum
manifold passageways thus purging them of air. The vent valve 650 is left open for a period of
time after the vacuum valve 620 closes to ensure that the quantity of fluid that the vacuum cycle
removed from the extension line 674 is replenished. This cycle of vent liquid flow and momentary
vacuum can be repeated several times to ensure complete purging. The purge pump can be a
peristaltic pump, a pressurized cuff around a flexible vent liquid container (such as an IV bag),
and/or a vent fluid canister pressurized by using the exhaust from the vacuum source 610.
[00246] The presence of bubbles in the fluid system adversely affects the water-hammer eftect.
Accordingly, the system 600 facilitates or automatically purges air from the fluid lumens. In an
exemplary embodiment, bubble sensors (either optical, ultrasonic, or fluid-pressure-profile based)
are incorporated into the system 600 to facilitate this purging or to automatically engage a purging
function (e.g., under operator control to prevent purging when the catheter 660 is present in the
bloodstream). There are various measures for bubble detection. For example, an optical sensor
could be placed in the cassette 710 to sense the presence of bubbles. With a sensor coupled to the
vacuum source 610, a slow rise in pressure can be sensed to prevent using the incorrect catheter or
extension. The specific compliance of a catheter 660 or an extension line 674 is among the
parameters used to program or compensate the system 600. A user-feedback indication informs
the user when the system has been sufficiently purged. In an exemplary embodiment, the

compliance of the catheter 660 and the extension line 674 are controlled to be below some optimum
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range. Also, pressure-rise information is used to modify the ROAR settings, for example, to detect
corking and provide an optimum pressure profile for that condition.

[00247] The exemplary configurations of the aspiration thrombectomy system 600 described and
shown provide various significant benefits. Before describing these additional benefits, reference
is made to FIG. 72, which illustrates one exemplary embodiment of the aspiration thrombectomy
system 600 with extension lines 674, and catheters 660. The aspiration thrombectomy system 600
comprises the vacuum source 610 with the collection canister 612, the vent liquid reservoir 640
with the vent liquid 642, the manifold 630, and the proximal manifold connector assembly 670.
Removably connected to the proximal manifold connector assembly 670 is a ROAR extension line
674. Next to the ROAR extension line 674 is an off-the-shelf extension line 674° usable both with
the system 600 by connecting through the proximal manifold connector assembly 670 and with
conventional surgical vacuum sources. The ROAR extension line 674 comprises the system
controls 676, which are also shown on a top surface of a frame of the system 600. Also shown is
a ROAR catheter 660 and an off-the-shelf aspiration catheter 660°. With proximal Luer
connectors, both catheters 660, 660’ can be used with either extension line 674, 674°.

[00248] There are several topologies for the disposable, reusable, and limited-reuse components
of the aspiration thrombectomy system 600 as described and shown herein. The vacuum source
610 can be a limited-reuse component that plugs into a reusable electronics/power-supply system,
such as the frame in FIG. 72. The valve-element cassette 710 includes pinch-tubes and, therefore,
it is a single-use only component. Alternatively, the valving components can be reusable, for
example, where the valve actuator is separate, either in a separate semi-reusable module, or part
of the pump/control system. The different kinds of valves (e.g., rotary, trumpet) that have different
ways to separate the disposable/reusable portions of the system 600. The valve actuators can be
part of a reusable portion or part of a limited-reuse portion (e.g., along with a pump module).
Alternatively, the valve-actuators can be a second limited-reuse module. The cassette 710 with
the valve elements can include a diaphragm or piston that is actuated by a mechanical actuator in
the reusable part of the system 600. With such modularity, the architecture of the system 600
becomes adaptable to use with any vacuum source, even a household vacuum system (which could
include a vacuum pressure regulator to ensure uniformity of the system 600. The power source
for the system 600 may be a rechargeable battery or a replaceable module attached to the system

600, in which case the latter does not require sterility. Alternatively, the power source is a primary
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battery included as part of the disposable components, which could include disposable pumping
elements.

[00249] The various configurations permit multiple product topologies specifically targeted at
different use cases. For example, one topology is a minimum-recurring-cost system with only the
tubing set being disposable. Alternatively, another topology is a system requiring minimum capital
cost and incorporating modules whose costs are easily amortized for each surgical case.

[00250] Various additional safety measures can be added to the system 600. For example, a liquid
level detector can be provided at or with the vent fluid reservoir 640 to confirm that vent liquid
642 is within the tank or pouch, to indicate a warning to the user when the level of vent liquid is
low, and to prevent operation of the system 600 if the vent liquid about to run out or is empty. In
the configurations with the cassette 710, the system 600 will not start unless the cassette 710 is in
place and is correctly installed. The system 600 can have a purging function that is used to fill the
various lumens of the catheter 660, the extension line 674, and any tubing connecting the vent
fluid reservoir 640 and the collection canister 612 before use. It is noted that the system 600 should
not be operated if air is present anywhere in the lumens. Thus, the controller 700 can operate the
system to draw in vent liquid 642 and fill the various lumens in a pre-use setup phase. This could
include having the vacuum motor 614 operate in reverse to apply positive pressure for purging the
various lumens. Alternatively, the controller 700 could actuate a peristaltic pump to purge vent
fluid through the lumens. The controller 700 can be programmed, during operation of the system
600, to detect peaks of use during ROAR. If these peaks are not sharp, then a conclusion that air
is present in the system can be determined. Bubble detectors (i.e., ultrasonic) can be added to the
system such that they straddle the tubing in the cassette and provide feedback to the controller to
ensure that the tubing has been properly purged. With such a conclusion, the controller 700 can
be programmed to cease operation and start an auto-purge routine to flush the various lumens with
an external liquid source or from the vent fluid reservoir 640.

[00251] It is noted that various individual features of the inventive processes and systems may be
described only in one exemplary embodiment herein. The particular choice for description herein
with regard to a single exemplary embodiment is not to be taken as a limitation that the particular
feature is only applicable to the embodiment in which it is described. All features described herein
are equally applicable to, additive, or interchangeable with any or all of the other exemplary

embodiments described herein and in any combination or grouping or arrangement. In particular,
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use of a single reference numeral herein to illustrate, define, or describe a particular feature does
not mean that the feature cannot be associated or equated to another feature in another drawing
figure or description. Further, where two or more reference numerals are used in the figures or in
the drawings, this should not be construed as being limited to only those embodiments or features,
they are equally applicable to similar features or not a reference numeral is used or another
reference numeral is omitted.

[00252] The foregoing description and accompanying drawings illustrate the principles,
exemplary embodiments, and modes of operation of the systems, apparatuses, and methods.
However, the systems, apparatuses, and methods should not be construed as being limited to the
particular embodiments discussed above. Additional variations of the embodiments discussed
above will be appreciated by those skilled in the art and the above-described embodiments should
be regarded as illustrative rather than restrictive. Accordingly, it should be appreciated that
variations to those embodiments can be made by those skilled in the art without departing from

the scope of the systems, apparatuses, and methods as defined by the following claims.
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If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR

1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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Doc Code: TRACK1.REQ

Document Description: TrackOne Request
PTO/AIA/424 (04-14)

CERTIFICATION AND REQUEST FOR PRIORITIZED EXAMINATION
UNDER 37 CFR 1.102(e) (Page 1 of 1)

First Named

. Nonprovisional Application Number (if
Inventor: Derek Dee Deville known):
?;:SZn(iifon' ASPIRATION THROMBECTOMY SYSTEM AND METHODS FOR THROMBUS REMOVAL WITH ASPIRATION CATHETER

APPLICANT HEREBY CERTIFIES THE FOLLOWING AND REQUESTS PRIORITIZED EXAMINATION FOR
THE ABOVE-IDENTIFIED APPLICATION.

1. The processing fee set forth in 37 CFR 1.17(i)(1) and the prioritized examination fee set forth in
37 CFR 1.17(c) have been filed with the request. The publication fee requirement is met
because that fee, set forth in 37 CFR 1.18(d), is currently $0. The basic filing fee, search fee,
and examination fee are filed with the request or have been already been paid. | understand
that any required excess claims fees or application size fee must be paid for the application.

2. lunderstand that the application may not contain, or be amended to contain, more than four
independent claims, more than thirty total claims, or any multiple dependent claims, and that
any request for an extension of time will cause an outstanding Track | request to be dismissed.

3. The applicable box is checked below:

1. [v] Original Application (Track One) - Prioritized Examination under § 1.102(e)(1)

i. (a) The application is an original nonprovisional utility application filed under 35 U.S.C. 111(a).
This certification and request is being filed with the utility application via EFS-Web.
—OR---
(b) The application is an original nonprovisional plant application filed under 35 U.S.C. 111(a).
This certification and request is being filed with the plant application in paper.

ii. An executed inventor’s oath or declaration under 37 CFR 1.63 or 37 CFR 1.64 for each
inventor, or the application data sheet meeting the conditions specified in 37 CFR 1.53(f)(3)(i) is
filed with the application.

Il. [ ] Request for Continued Examination - Prioritized Examination under § 1.102(e)(2)

i. A request for continued examination has been filed with, or prior to, this form.

ii. If the application is a utility application, this certification and request is being filed via EFS-Web.

iii. The application is an original nonprovisional utility application filed under 35 U.S.C. 111(a), or is
a national stage entry under 35 U.S.C. 371.

iv. This certification and request is being filed prior to the mailing of a first Office action responsive
to the request for continued examination.

v. No prior request for continued examination has been granted prioritized examination status
under 37 CFR 1.102(e)(2).

/Gregory L. Mayback/

Signature Date

Name e @r€gory L. Mayback Pracitioner 40719

Registration Number

Note: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d)} for signature requirements and certifications.
Submit multiple forms if more than one signature is required.*

forms are submitted.

D *Total of
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements of
the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2)
furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the
U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or
patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not be able to
process and/or examine your submission, which may result in termination of proceedings or abandonment of the
application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from
the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C.
218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under authority of
44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing
inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such
disclosure shall not be used to make determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record
was filed in an application which became abandoned or in which the proceedings were terminated and which
application is referenced by either a published application, an application open to public inspection or an issued
patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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