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(57) Abstract: A heart pump assembly includes an impeller blade coupled to a rotor or a drive shaft, a cannula, a distal projection
coupled to a distal end of the cannula and a blood inlet having a plurality of apertures. The plurality of apertures are radially oriented and
disposed about a circumference of the cannula. The plurality of apertures include at least a first ring of apertures which are proximal to
the distal projection and a second ring of apertures which are proximal of'the first ring of apertures. The plurality of apertures can allow
the heart pump assembly to continue to function if anatomical structures or tissue become suctioned to a portion of the heart pump.
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Anti-Suction Blood Pump Inlet

Croas-Belsrence to Related Avplications

{8081 a] Thus applcation clauns prionty o U8, provisional spplication nwnber §2/382 471,
filed Reptentbey 1, 20186, the content of which s hereby incorporated herein by reference

iis entuely.

Rackground
{8001b] A heart pump, such as a perontansous wrscardiac heart pump assembly, can be
uiroduced in the heart fo deliver blood from the heart uio an artery. When deploved in the

heart, a heart pump assembly pulls blood from the eft venincle of the heart and expels blood
wmio the acria, or pulls blood from the night ventiicle and expels blood into the pulmonary
artery. Some heart pump assenibies pudl blood through mflow spertures o a cansula and
expel the blood from the canms 1nto the sorta through outflow aperfures. Sometumes the
miow gpertures suck agamst the mfenor of the venincle w which they are located or agamst

other sfruchires such as the mifral valve andior chordae. When this suction scows, the flow
of blood mio the pomp andior throngh the cannula s blocked or sapeded, lessernung the

assistance provided o the heart

Summary

{B002] Systoms, devices, and methods described heremn provide heart pump assemblies with
mnproved milow apertures. The ndlow apertures are designed fo prevent or reduce the
tendency of the milow apertare fo suck against the wderior of the heart or vascular system of
a patient. In parbicidar, the mBlow aperbures can prevert the punp mlet from suckimg a valve
leaflet (e g, a leaflet of the putval valve) into the miet. This can reduce the risk of occlusion
of the aperties to allow the pump {o provide more blood prunping sssistance to the heart.
The maproved apertiwes may also decrease the risk of damage to structures of the heart which
may be suchioned to the pranp.

{8083] The beart pump ncludes a plurality of mflow aperfures. The miflow aperfures can be
disposed af a distal end portion of a canmula of the heart pump {e.g., m the case of puaps
destgned to assis! the left ventricle). The mflow apertures can be arranged m two or more

rings or rows that are offset from one another along a3 longindingl axis of the pump. The use
i
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of mudiiple rngs or rows of apertures, rather than a single nng of apertiwes, can allow eac
aperire to be smaller, which may reduce the risk that heart stroctures {eg., valvesy will ender
the miet froveh the aperhwes. Furthermore, the addittonal mBlow aperhures provide
redimdancy s that if one subset of the spertures i< blocked, there are addibional apertures
through which Mood can enter the pump. The outer edges of the apertires can be defined by
sirifs coupled o the canoula. The struts can function as a soreen o prevent the suction of
valve leaflets against or mvto the punp.
{80041  In one aspect, a hear! punp asserably meludes a rolor, 8 motor coupled to the ror,
an impelizr blade coupled to the rotor such that rotation of the rofor causes the iapeller blade
to rotate and punp blood, a cammila, a distal projection coupled fo a distal end of the cannulg,
and 2 blood miet ncluding a plarality of apertures radislly ortented and s:ii.&pos&d abowta
crrcurnference therend The plurality of apertnres mcludes at least a fivst nng of apertures
which are proximal to the stravmatic ip and a second ring of aperfures which are proxuual of
the fust ring of aperfures.
{BH005]  In some muplemeniations, & frst aperture m the fivst ring of apertures has & greater
area than an area of a second aperinre in the second ring of apesfures. In some
uriplementations, the frst aperfures m the fivst ting of apertures and the second ring 1w the
seconud ring of apertures are obdong. In some implementations, the heart pump assembly
mchudes a thud ring of aperfures proxamal of the second rng. In some noplementations, the

heart pump assembly mecludes a fowrth ring of aperfures pmunmi of the third ring.

{80061 In some implementations, the first aperture m the fivst ning of apertures and a thard
aperture mn the third ring of apertiwes are ahgned along an axis on a swwlace of the cannula

paralizl to a longitudinal axis of the carnula.  In some noplementations, the second aperture
1t the second ring of apertures 15 aligned with a fourth aperture 1 the fowth ring of apertures
along the axis on the swisce of the cannuda paralied o the longitndmal axss of the canmida.
{80071 In some mmplomentations, the first aperture m the fivst ning of apertures bas a heyght
meastred parallel to the longitudinal axis of the cannula that is greater than & height of any of
the second aperture, thud apertiwe or fourth aperture. In sorne soplementations, the height of
the first apertures i3 less than 9 nen. In some unplementations, the height of the second
aperbure 15 less than 3 nun. In sorpe noplementations, a wilth of the second apertire is lesg
than 4 mm. In some implementations, an srea of the first aperture s less than 20 ™. In
some implernentations, an area of the second apertare is Iess than 17 oy’ In some

mnplementations, the phurality of aperfures are formed on an wnflow cage that is coupled to the

o)
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canouia. In some unplemeniations, the wilow cage 15 comprised of stamless steel. In some
nyplementations, the phurality of aperfures are formed vear a terounsl end of the cannula
[BOGST  In some mnplementations, some of the pharality of apertures are oblong. In some
myplementations, some of the phavality of aperfives are roand. Insome implenientations,
some of the phurality of aperfures are tear-shaped with a rounded edge oriented at 8 distal end
of the each of the apertires and 2 powded edpe oriented at a proximsd side of each of the
apertures. In sonwe impdementations, a first apertire w the fust ring of aperfures has a smaller
area than a second apertie 1 the second ring of apertnres. In sowe mnplementations, a fivst
aperture mn the first ning of apertures has the same area than a second sperfure i the second
ring of apertures. In some pnplemeniations, the distal end porbion of the canmmls comprises
an milow cage. In some unplementations, a distal edge of the fust apernwe 13 formed by a
base of the atvanmatic tip.
IO In some mmplementations, each of the phwality of apertures 15 defined by an 1nner
edge urtersecting an mferior of the canmia and an onter edge mtersecting the surface of the
cannula. In some unplementations, the outer edge of each of the pluraliy of apertures 18
rounded. In some unplementations, the outer edge of each of the phurality of aperhiwes 13
chamfered. In some unplementations, the heart pump assembly 1s sired for percutaneons
msertion.
B010]  Inanother aspect, a heart pumyp assembly inchudes a rotor, a mootor coupled o the
rotor, an uapelier blade conpled to the rotor such that rotation of the rotor causes the mmpeller
blade to rofate and paamp bleod, 8 cannuda, and a2 blood miet imcluding 2 plurslily of apertures
radially oriented and disposed about 8 circmnference thereof. The plurality of apertures
mchrdes at least & fiest ring of apertures and a second ring of apertures, the second ring beiug
proxuual of the first ring of apertures. In the plasality ol apertures, each aperture of the fivst
ring of apertures has a greater area thay an aperhiwe of the second ring of apertures.
{80111 In some pnplementations, the first apertores in the fst ring of apertives and the
seconud ring 1 the second ring of apertures are obdong. In sone implementations, the heart
pramp assembly mehades a fhurd ning of apertires proximal of the second g In some
mnplementations, the heart pump assembly mehudes a fourth ning of apertures proximal of the
third ning. In sotoe nnplementations, the fivst aperiure n the first ring of apertures and a thud
aperture mn the third ring of apertiwes are ahgned along an axis on a swwlace of the cannula
paralizl to a longitudinal axis of the carnula.  In some noplementations, the second aperture
i the second rng of apertures 18 aligned with a fourth aperture 1 the fourth ring of apertures
along the axis on the swisce of the cannuda paralied o the longitndmal axss of the canmida.

3
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B012]  Insome implemeniations, the first apertire 1 the Bestring of apertures has a height
measured paraliel to the longitudinal aas of the cannuda that 15 greater than 8 hewght of any of
the second apertwe, thid apertwre or fourth apertire. In some maplementations, the height of
the fust apertures 18 essthan B omn In some nuplementations, the height of the second
aperfure 18 Iess than 3 yom. I some mmpdementations, a width of the second apertre 16 less
than 4 nun. In some implenentations, an area of the Hst aperture is less than 20 mud. In
some mplemestiations, the plurality of spertures are formed on an mflow cage that 15 conpled
in the cannula. In some umplernentations, the milow cage 15 comprised of stamless steel, In
some inplementations, the plurality of apertures are formed near a ternunal end of the
cannula.
88131  In some implementations, each of the phuwrality of aperfiwes 1 defined by an inner
edge mtersecting an mteroy of the cannula and an outer edge wniersecting the surface of the
carmmla. Io somne noplementations, the culer edge of each of the plurality ol apertives 15
rounded. In some mmplementations, the onter edge of each of the plurality of apertures 15
chamivred. In some unplementations, the heart puinp assemnbly s sized for percutaneous
maerfion.
{8014]  In anocther aspect, a method of manufactuning a heart pump assembly weludes
coupling an mpelier blade to a rotor, wserting the mapeller blade 11 a3 housing, coupling a
canunula to the bousmng, and couphug an wflow cage includmng a plurality of apertures {o the
camntia. The plurahity of apertures are radially onented abount 8 cirosmference of the mflow
cage amnl the plurshity of apertores are arranged m at least & first ning of apertures and a
seconud ring of apertures proximal of the first ring of apertures.
BO1S]  In some implementations, the milow cage comprises a third ning of apertures
proxmal of the second ring of apertures. In some pnplemeniations, the miflow cage
comprises a fourth ning of apertures proximal of the thud ring of apertures. In some
uriplementations, cach of the pluraliy of aperfures melides an outer edge formed by a
tmumbling provess. In some ynplementations, the plarshity of apertures are formed near 8
termnal end of the canoula. In some unplemeniations the wethod alse weludes coupling a

distal projection to the distal end of the inflow cage. The distal projection 13 distal to the

plurality of apertiwes and a base of the distal projection forms a distal edpe of the festrmg of

aperhires.
B016]  Inanother aspect, a method of operating a beart punp assembly meludes rotating an
snpelier abont a rofation axis using a motor to draw blood into a cannula of a heart pump

assemnbly at a plorahity of Hood mlet aperfures, and expelling the blood frony the heart pump
4
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assenibly via 2 plurality of blood exbanst apertuves disposed at & proxymal end porbion of the
cammmla promal {o the pumip. The blood miet apertures are radially oviented sbout a
cirewnference of the cannula and arranged in af least fwo vings at a distal end of the cannula.
0171 Vanabous and modifications will ocour to those of skall mn the art after reviewg
this disclosure. The disclosed features may be muplemented, 1o any cominnation and
saboombmation {nchiding mdbipde dependent conthunations and subcombinations), with one
or mave other features desoribed herein. For example, although various specific
arrangements of apertures are described herem, a beart putap assembly may be condfigured to
have any munber of apertures arvanged i any sutfable muvber of rings. Further, the
apertires may have any suitable size, shape, or posttion. The vanous features described or
ilustrated above, inchyding any components thereof, may be combined or mfegrated m other
sysierns. Moreover, cerfain features mav be onutted or not noplemented.

Buef Description of the Thawines

{B018] The foregomyg and other objects and advantages will be apparent upon cousideration
of the following detailed deseniphion, taken m conpunchion with the accompanyving drawings,

m which hike reforence characters refer to hke parts throughout, and 1o which:

19]  FIG. 1 shows an exermnplary prior st heart pump assenbly;

{(020] FIG. 2 shows a heart pomp assembly mcluding a plorality of apertnres st a distal end
portion, i accordance with example mplementations,

{3021} TFUG 3 shows g heart punp asserobly meluding a pluralidy of apertures arranged m
rings at 8 distal end portion, iy accordance with example muplementations;

{30221 FIG. 4 shows a heart pomp assembly mcluding three rngs of apertures af a distal
end portion, 1 accordance with example nuplemerntations,

{88231 FHG. 5 shows a perspective view of a distal end portion of & beart pumypy assembly
having four rmgs of apertures, 1o sccordance with example nuplementations

{24]  FIG. 6 shows a front view of a distal end portion of a heart pump assenstly having
four rnings of apertares, 1 accordance with example naplementations,

f8825] FHG. 7 shows a perspective view of a distal end portion of a beart pumypy assembly
having two ratationally ofiset rings of apertnres, 1 sccordance with example
mplementations

{B026]  FIG. S shows a perspeetive view of & distal end portion of a heart pump assenbly

having two rolationally aligned apertures, i accordance with example miplerentations;

LA



i

Lok

L

g

]

WO 2018/045299 PCT/US2017/049879

{0271 FIG. 9 shows a perspeciive view of a distal end portion of a beart pumnp assembly
having s phality of rotationally aligned aperfures, 1y accordance with example
implementations;

{B028] FH: 10 shows s front view ol a distal end portion of & heart pap asserobly having
a pharality of round aperhures, in accordance with exanple unplementations;

{029] FIG 11 shows a perspechive view of a distal end portion of @ bear! punp sssembly
having an oblong distal aperture and 8 phirality of round aperfures, m accordanee with
example maplementations,

{38 FIG. 12 shows a front view of a distal end portion of & heart pumip assembiy having
a distal {ear-shaped aperfure and g phurality of roand apertures, m accordance with example
mnplementations;

{B031] FHG 13 shows frout view of a distal end portion of a heart pump assembly having a
dhistal fear-shaped apertnre and a plurality of tear-shaped aperfures aranged m nings, W

ceordance with example implementations

{00321 FIG. 14 shows a front view of a distal end porfion of & heart puunp assembly having
an arrangement of aperfives postiioned 1t closely spaced rings, w accordance with example
uriplementations;

{331 FIG. 13 shows a front view of a distal end portion of & heart pumip assembiy having
an alternaiive arrangement of apertures positioned 1 moderately spaced rings, m accordance
with example iuplementations;

iB034] TUG 16 shows g front view of a distal end portion of & heart puinp asserably having
an alternative arrangeiment of aperfures posttioned i widely spaced rings, 1 accordance with
example implernentations;

{035] FIG. 17 shows a oot view of g distal end portion of a heart pump assembly haviog
an alterrative arrangement of apertures positioned i a first ring of long apertures and 8
second ring of shorter apertores, i accordance with example roplementations;

{8361 FIG. 18 shows a front view of a distal end portion of & heart pumip assembiy having
an alternative arrangement of apertures positioned 1 g first ring of loog spertures and &
sepond ring of shorter apertures spaced apart from the first nng, w accordance with example
uriplementations;

{371 FIG. 19 shows a front view of a distal end portion of & heart pump assembiy having
an alternative arrangement of apertures positioned 1 four rings of sinularly sized apertures,

1 accordance with example mnplementations;



i

Lok

L

g

]

WO 2018/045299 PCT/US2017/049879

{038] FUG 20 shows a oot view of 8 distal ead pottion of a heart pumip assembly haviog
an alfernative arvangement of apertures positioned 1 fouwr rings of differently sized aperhures,
in accordance with example mplementations;

IB03% FH: 21 shows g front view of a distal end portion of & heart pup asserobly having
an alternative arrapgement of aperfures having chamferad edges. By avcordance with example
mnplementations;

{88406] FHG. 22 shows a front view of a distal end portion of a heart panp assembly having
an alfermative arvangement of apertures with rounded edges, 1 sccordance with example
mplementations

B041] FIG 23 shows a front view of a distal endd porfion of a heart pumap assexnbly having
an alternative arrangement of apertures,  accordance with example implementations;

{B042] THG 24 shows a plot displaving the predicted flow rate of a thad through the
plurality of aperties m an exarople arvangement, i accordance with example
mplementations

043] FIG. 25 shows a percufancous pumyp having @ plasality of apertures af a distal end
portion meerted nto a8 blood vessel of a patient, i accordance with example tmplementations;
{80441 FH: 26 15 a Bow chart of ¢ method for mannfachurmg a heart pamyp haviag 8
plarality of apertures af 8 distal end portion, i accordance with example implementations;
and

{B845] FHG 27 18 2 flow chart of 2 method for nse of a heart purnp having a phuality of

apertures at a distal end porbion, m accordance with example mnplerpentations.

Dietailed Desoription

{B046]  To provide an overall nnderstanding of the systems, methods, and devices descrtbed
herem, certan thustrative embodiments will be described.  Althongh the embodiments and
features desenibed heremn are described with reference to specific nunsbers, and shapes
of apertures, it will be understood that the beart pumy assembly may be confi gm’s’:{i to have
any suitable pwmnber of apertiwes arranged m any nnber of nings, not lnnted to ¢
arrangements desertbed here. Additionally, the apertures may have any suitable size, shape,
OF pOSHION.

4T]  Systems, devices, and methods described heresy provide heart pump assembiies with
mnproved milow apertures. The ndlow apertures are designed fo prevent or reduce the
tendency of the milow apertare fo suck against the wderior of the heart or vascular system of

the patient. In particular, the milow apertures can prevent the pump miet from sucking a

e
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valve leaflet {g.g., a leaflet of the iiral valve) mio the miel. This can reduce the nisk of
occlusion of the apertures to allow the pump to provide nyore blond pumping assistance to the
heart. The maproved aperiures may also decrease the visk of damage 1o struchwes of the heart
which miay be suchioned o the panp

{848]  The heart punp inchudes a pluvality of mflow apertiwes. The inflow apertures can
be disposed at a distal end portron of & cannmls of the beart pwnp {2.g., 1 the case of pnmps
destoned to assist the left ventricle). The imflow apertures can be arranged m two or more
rings of rows that are offket from one another along a longitudmal axis of the pump. The use
of multiple rings or rows of apertures, rather than a smngle ring of aperfures can allow each
apertire to be smaller, which may reduce the nisk thal heart structures {o.g., valves) will enter
the miet iwough the apertures. Furthermore, the additiona] mflow apertures provide
redindancy so that if one subset of the apertures i< blocked, there are addifional apertures
through wiuch blood can enfer. The outer edges of the apertures can be defined by stinis
couprded to the cannnla. The strufs can fanchion 83 a soreen fo prevent the suchion of valve
feaflets agamst or wmin the aperfures.

{884%8] PG 1 shows an exemplary prior art heart prunp assembly 188, The heart pump
asserpbly 100 meludes a motor housimg 102, s cannmla assernbly 108, a phuality of apertures
116, a plurshty of blood exhianst ontlets 124, and 8 projection or straumatic fip 112, The
canutia assembly 108 has a proxmal end 111, a cannala body 109, an mflow cage 113, a
distal end 118, a distal end portion 114, and a tear drop portion 142, The motor honsmg 142
has a proxnoal end 107 and a distal end 106, The plurshity of aportures 116 are arranged in a
single ring 118 in the mflow cage 113 at the distal end portion 114 of the cannula assembly
108, The strawmnatic tip 112 15 coupled fo the cannula assembly 108 af the disfal end 110 of
the capnula assembly 108 at the tear drop porbion 143,

{88561 The heart punp assembly 188 pulls blood throngh the phuality of apertiwes 116 and
uiio the cannuda assemibly 108, The pump expels the blood proxamal of the pmxima} el 111
of the cannula assenldy 108 through the plarahity of blood exhaust apertures 124, The heart
g assembly 100 may be percutascously mserted mito the heart through the aorta. The
plarality of aperfures 116 miay be positioned past the acrtie valve m the left ventricle, n order
o pull blood from the lefl ventniele and expel the bloed 1oto the sorta. Although the
atraumatic tip 112 spaces the heart pump assembly 168 from the heart walls, i some
mnstances the plurabity of apertures 116 may be positioned near {o the walls of the heart or
various heart strachures, such as the leaflets of the nuteal valve. The phwabity of apertures 116

each have a large area which may suchion structiwes of the heart, such as valve leaflets
&
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agamst the apertures 114 and even through the apertiwes 116 info the cannuda assenbly 108,
This can block somse or all of the mflow of blood mto the cannnla assenbly 1088, When the
flow of bood through the cannula assembly 18 15 blocked, the support that the hesrt pump

assernbly 100 can provide to the beart 15 lessened.

511 FIG. 2 shows a modified heart pump assembly 260 having a phality of apertires
arranged mio nings, sccording o cortsin pnplementations. The heart pumyp assembly 200

mnchudes a motor housing 202, a cannnda assembly 208, a phuralty of aperbiwes 216, 5

=

plarality of blood exbaust outlets 224, and an atvanmatic Gp 212, The cannmla asserably 208
has a proxinl end 206, a cannula body 209, an inflow cage 213, 3 distal end 218, & distal
end portion 214, and & tear drop portion 242, The atraumatic i‘iys 212 1s coupled to the canumla
assembly 208 at a distal end 210 of the cannula assembly 208 af the tear drop portion 242,
The plurality of apertures 216 are arvanged m the wflow cage 213 al the distal end portion
214 of the cannula assembly 208, The plurality of apertiwes 216 each have a smaller avea
relative to the plarality of apertures 116 shown m FIG. 1, and are anranged mto raniiple ninps.
The distal end portion 214 of the cannula assembly 208 mohdes a fivst ring 218 of apertures,
a second ning 220 of aperhures, and a third ring 230 of apertwes. The wnflow cage 213,
mohuding the plurality of apertures 2186, 1s approximately the saroe length as m the milow
cage 113 of the prioy art prunp 100, bat the phuality of apertiwes 216 mcludes move apertires
which are smaller than those of the prioy art pump 106
{80831 The plurality of smaller aperfiwes 716 arranged m nings 218, 220, and 238 rednces
the tendency of the plurality of aperturves 216 1o siek agamnst the miersor of the heart of the
patieast. In partionlar, the multiple smaller aperbures 710 prevent the heart prnp assembly
2080 from sucking a valve leaflet mito the plarality of apertures 216, Thas can redice the nisk
of occlusion of the apertuves 216, thereby allowing the heart pumyp assembly 200 to provide
more assistance to the heart. The apertures 216 may also decrease the risk of damage {0
structnres of the heart which could otherwise be snctioned by the heart pranp assembly 200
The heart pump as&emi}ﬁy 200 can vary in any munber of wavs., For example, the
embodimnent of FIG. 2 and any of the other embodiments heretn may exclude a motor
honsing. Instead, the motor can be configured to be posttioned ontaide of 5 patient’s body
anad can operatively couple to the rotor via a drrve shaft or cable.
53] FIG. 3 shows an itlustrative view of 8 heart pump assembly 308, such as heart pump
sembly 200 1 FIG. 2, meludmg a pluraliby of apertures 316 at a distal end portion 314

according fo some implementations. The heart pump assembly 3K includes a motor housing

382, an impeller bade 304, a cannula assembly 30K, a pharalify of apertures 316, and an
9
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atranmatic tip 312, The molor housing 302 has a dstal end 306 and 8 proximal end 307, The
myprelier blade 304 15 rotatable relative to the cannula assenitsdy 308, The cannula assenbly

30R wchdes a proxioml end 311, a distal end 310, a distal end portion 314, a tear drop

.’

porhion 342 and a cannula boedy 309 having g cucumderence 322, The canmula body 309 18

coupled to the distal end 306 of the motor howsing 382, The phuality of apertiwes 316 are
arranged mic a fivst ving 318 and a second rmg 320, The first ning 318 15 postlioned sl g
distal end of the distal end portion 314 and the second ring 328 13 posthioned proximal of the
fust g 318 In soone noplementations, the plurshity of apertures 316 are formed 1o the
distal end portion 314 of the cannula assembly308. In certmn implementations, the plurality
of apertores 316 are formed 1o an milow cage (oot shown} which is distinget frorn, but conpled
s, the distal end porfion 314 of the cannula assembly 308 The plurality of apertures are
separated by a plurality of struis, for example 317a-¢. The atratwnabic ip 312 15 coupled In
the distal end 310 of the canmila assembly 308,
{8541 The first ning 318 wncludes apertures 318a-¢. The second ring 320 mchudes apertures
320a-c. Though the first ring 318 and the second ring 320 are shown with three apertires
each (318a-c and 328a-¢}, the plurality of apertures 316 in the first ring 318 and 11 the second
ring 328 can extend aronnd the enbive circwrnference 327 of the cannmia body 30%, The first

ring 318 and the second g 320 can each melude any suttable number of apertures. In some

mnplementations, the munber of spertures 1 a the frstring 318 oy the second ning 32018 3, 4,
5,6, 7. 8,8, 10 or any other smtabde munber of apertiwes. In some inplementations, the

g 318 15 the same as the number of aperfores m the second

Lo

nunber of apertares m the frst rn
ring 320, though this 1s not reqaired. In some inplementations, there are fewer aperfwes
the furst nipg 318 than i the second ring 320, In some paplementations, there are more
apertires m the fivst ring 318 than w the second rmg 320

{B855]  The heart puinp assembly 388 pulls blood into the cannula assembly 308 by the
rotation of the unpelier blade 304, The blood enters the canmmnls assembly 308 af the phwality
of apertures 316 at the distal end portion 314 of the carpmla assembly 308, The heart punp
assembly 300 may be posstioned m the bear! 1n such a way that the mntval valve leaflets are
proximate to the plurality of apertures 316, and v soime mstances, the nutral valve leaflets
may be sucked against sorne of the phurality of apertures 318, femporarily hlocking blood
frony entermg at the phaslty of apertives 316, Because the plurality of aperfures 316 are
small m size, the aperfures 316 ave less hkely to allow a valve leaflet {o enter the heart punyp
assembly 300 at ann indet. This keeps the miterior of the cannula assembly 308 clear for the

passage of blood. Furthermore, the strwts 317a-¢ between the plurality of apertures 316 act as
i
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a screen to prevent the suctionng of valve leallets and other tissues to the phavality of
apertires 316, A valve leaflet or other portion of the anatomy that 18 suctioned agamst some
of the pharality of aperfures 318, or mto the heart pump assentdy 300, decreases the area
through whach blood can enter the cannnls asserably 308, potentially decreasing the How wmie
of the blood through the hear! pump assembly 300, The plorality of apertiwes 316 arvanged of
the distal end portron 314 of the carwmla sssembly 308 moreases the hkelibood that some of
the plurality of apertures 316 will not be blocked. I a subset of the plurality of apertures 316
are blocked, blood can still enter the heart puwnp asserpbly 300 flwongh the romarnder of the
plarality of apertures 316

{056]  The pluraltty of apertures 316 are shown having an oblong shape. The phuraliiy of
apertures 316 may have any sinfable shape to allow bloed (o enter the cannula assembly. For
example, the pluraliy of aperfures 116 can be oblong, oval, sqgnare, tear-shaped, ronnd or any
other snilable shape. The shape of the apertures 318a-¢ of the first ring 318 may differ fromn
the shape of the apertures 370a-¢ of the second ning 328, In some mplementations, edees of
the pluralily of aperfures 316 are rounded or chamivred. Rounded apertures, or aperinres
with rounded edges, may decrease the risk of hemolysis or other damage o the blopd as it

enters the pluraliby of apertures 316, As shown, the apertuves 318a-¢ of the first ning 318

fon]

each have a greater arca relative 10 each of the apertures 328a-¢ of the second rmg 3286 In

Lo

some mplerpentations, the apertures 318a-¢ of the first ring 318 each have a stualler area
refative 1o each of the aperfires 320a-¢ of the second ring 328 In certam implementations,
gach of the apertures 318a-¢ of the frst ring 318 bas the sarse avea as each of the aperfures
328a-c of the second ning 320,
{B057]  The atranmatic tp 312 coupled in the distal end 310 of the cannnla assembly 308
spaces the phuraltty of aperfures 316 from the muoer surface of the beart. This spacing
prevents the phurality of apertures 316 from suctioning {o the walls of the heart, heart valves
{e.g., the mtiral valve}, or any other apalonucal structize ni the beart. Thus can reduce the
risk of blockape of the plunahity of apertures 316 and may reduce or prevent damage {o the
heart tissnes. The alrauwmatic fip 317 may be shaped a5 a fexible extension baving a pigiad
as shown i FHG. 3. In some implementations, the atraumatic tip 312 s confignred as g
stratght extension or as a ball. In some implersentations, the alrawmatic bp 317 mehudes a
hmmen for the passage of 3 guidewwre through the straumatic tip 312
(0S8]  Inosum, both the atranmatic tp 312 and the arrangement of apertures 316 help
prevent of reduce the risk of & pump indet being cccluded by the heart wall, valve leaflefs, or
other anatonuceal structires. The atravmatic tp 312 acts as 2 mechanical spacer {o prevent
i1
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suction of the apertures agamnst the mner surface of the heart, while the armangement of
apertures 316 and strafy 317a-¢ act 83 8 screen (o prevent extry of tisane uve the apertures

.?
\

316, Thus, the arammatico tip 312 and the amrangement of the apertures 316 together help

preserve proper funchioning of the heart pranp assembly 301

531 FIG. 4 shows an illustrative view of 8 beart pomp assembly 408, such as the heart
g assembly 200 m FIG. 2, mcluding three tings of spertures at a distal end porbion 414 of
the cannula assembly 408, The heart pump assembly 400 welndes a motor housing 402, an
uripelier blade 404, a catheter 428, a canoula assembly 408, blood exhaust outlets 424 &
plarality of apertures 416, and an atvammatic tip 412, The cannula assembly 408 meludes
proxual end 411, 3 distal end 410, a distal end portivn 414, a tear drop portion 447,
fongitadonal axis 444, and a cannuda body 409 having a cironmfersoce 422 The mofor
housmg 402 mcludes the mupelier blade 404 which 15 rotatable relative to the canmla
asserpbly 408, Rotatron of the mmpeller blade 404 creates suctivn through the cannula
assenibly 408, Blood enters the canmuda assembly 408 at the pharality of apertures 416
disposed m the distal end portion 414 of the capmula assembly 408, The plurality of apertures
416 ave arranged about the circumiference 422 of the cannula body 4069 in a first ring 418
having aperbiwes 418a-d, a second ring 420 having apertures 430a-d, and a thurd ring 430
having apertures 430a-d. The first ring 418 15 proxumal to the distal end 4106 of the canmla
assembly 408, The second rmg 420 5 proxamal of the fust rimg 418, and the thud nng 430
proximal of the second ring 420, The pharality of aperfures 416 are separated by a plurahty
of strds 217a-¢. Atfached to the cannula assembly 408 at the tear drop portion 442 at the
distal end 416 13 the atrawmatic tip 412

{B060]  Each of the plurality of apertures 416 bas a height, a widih, and ap area. The
pluraliy of aperfures 414 can have a vanely of sizes. The fust ring 418 may have the
aperture 418d having a larger area thay the aperfure 4284 of the second ring oy the aperture
430d of the tlurd nng 430, The area of the aperiure 418d of the fisst ring 418 may be less
than 20 mum’. In some implementations, the area of the aperture 418d of the first ring 218 is
8.5 mmﬁ H mm 5 mm Hi ﬂ'mﬁ 15 Em&l{ iR mm{ 20 B‘}II}E, 23 mmz, 25 mmn’ or any other
suitable avea. The area of the aperture 420d of the second ring 420 may be less than 12 mm”.
In some unplementations, the area of the apertures 420d of the second ring 430 may be .25
mne, 0.5 i, 1oy, 2 mnd, § om0 mmw®, 12 mwd, or any other suitabde area. The area
of the apertire 4304 of the third ring 430 roay be the same as the area of apertiwe 4204 of the
sepond ring. The height of the apertwves 418b of the first ving 418 as measwred along an axis

paraiiel to the longituding] axis 444 of the cannuls assembly 408 may be less thap S mm. In
i2
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some mnplerpentations, the beight of the apertare 418b of the Hest ring 418 15 0.3 nwn, L oy,
3 pun, 5o, 5ooun, 9 w10 oy, 12 mun, 15 mam o any other swtable height. The beiglyt
of the aperiwe 420b of the second ning 424 as measured along an axis paralle] to the
fongtiudinal axis 444 of the cannuls assebly 408 may be less then 3 nun. 1o some
implementations, the beight of the aperfire 428b of the second ring 426 1 823 mm, 0.5,
Pom, 1S mm, 2oy 2.5 s, 3 awn, 3.5 oy 4 wam, 5, roen, 6 mim, o any other sudable
height. A width of the aperture 4200 of the second ring 420 measwred transverse to the
tongrudinal axss 444 may be less than 4 pune In some puplementations, the width of the
aperture 420b of the second ring 420 1 (. 5om, 1 mny, 1.5 mm, 2 snwm, 2.5 sy, 3o, 3.5
rn, 4 m, 5 oo, 6 mirn, & s, o any other sudable width, In some unplemeniations, a
height and the width of aperhre 4305 15 the same as the height and the width of aperture 4205,
{B061]  The plurality of apertures 416 prevenis the heart pump assembly 400 from fading
due to the suction of a valve leafle! against a portion of the plurality of apertures 418, The
plarality of apertures 416 arvanged iy rings 418, 428, and 430, reduces the tendency of the
phuraliby of aperfures 414 o suck heart struchures against the miets of the heart pwup
assembly 408, The multiple apertures 416, along with the struts 417a-¢, prevent the heart
puanp assembly 400 from sucking a valve leaflet mio the plurality of apertuves 416, thereby
reducing risk of blocking the apertures 416 and allowing the heart pump assembiv 440 1o
continue to provide assistance 1o the heart, Furthenmore, the phlurality of aperfures 416
provide redundant mflow mlefs for blood to enter even if one of more of the plurality of
aperbures 414 15 blocked by a valve leallet or other fissue

6] In some unplementations, a large portion of blood that enters the cannuda assembly
408 enters Hwongh the most proximal of the plarality of apertures 416, for example throngh
the apertures 430a-¢ of the thind ring 430, When one oy more of the plurality of apemu'g:s 416
it the third ning 438 15 blocked, & larger amount of Hood may enter at the phurality of
aperfures 414 1o the second rmg 420 or the fivst ring 418, Addiional apertures provide
additional wnlets throngh wiuch blood can enter the heart purap assembly. Additionally, the
sirafs 417a-c that define the pluraliy of apertures 416 can act as a soreen o prevent the
suetion of fasue aganst, or ite, the heart pump assembly 400

0631 Whale FIG. 4 shows a heart puinp assembly 400 having a phiraltty of aperfures
arranged i three rings, n some implementations there may be addhtional nings of aperhures.
For exarople, FIG. 5 shows a perspective view of & distal end portion 514 of a cannula
assembly having fowr rings of apertwres, and FIG. 6 shows a front view of the distal end

portion 314 of the cannula assemibly of FHG. 5. The distal end portion 314 mcludes a distal
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end 316, an sirmmuatic Hp connegior 348, 8 tear drop porhion 542, a longitwdmal axis 5344, and
a plurality of apertures 516 arranged & frst ring 318, a second ning 520, a thard ning 338,

and a fourth ring 3484, The phuality of spertres 316 in the first ring 518 include apernwes
318a-¢ orented radially around a cuvumiorence of the distal end portron 314, The second
ring 520 of apertiyes 520a-¢, the third ring 338 of apertures 338a-¢, and the fourth ring 540 of
aperhiwes 340a-¢ ave radially orsented avound a cironmiberence of the distal end poriron 314,
{8064] The first ring 518 of apertwes 318a-¢ hax the lavgest height of the four rings of
aperfures. The first ring 318 of apertuves 518a-¢ has a distal edge 551 of cach aperfure which
1s defined by a portion 552 of the tear drop portion 342, The fear drop portion 542 nway be
raanufachured separately from the rest of the cannula assembly 1 wluch the rest of the
pharality of aperfures 516 ave disposed, and may be joined to the cannuda assembly (not
shown) as part of the manufscturiog process. As g result, the fivst ring SIR of apertures 518a-
¢ may be formed m the cannula assembly {or m the mflow cage, not shown) during the
manuiaehire proeess as mutially only having defined fhwee sides, with a fourth, distal side left
opert. The fourth, distal edge S51 of cach aperture 318a-¢ 15 then defined by a portion 532 of
the tear drop porfion 342 when it is joined to the cannnda assembly. The proximal edge 533
of the aperfures S18s-¢ 15 rounded, giving the aperfures S18s-¢ an oblong shape.
{8651 The apertures 520s-¢ of the second ring 520 are rotationally offset from the
apertires 318a-¢ of the fivst ving, such that a ine 355 drawn through the center of aperture
Si%b pamiiei to the longiudmal axis 544 of the distal end portion 514 does not pass through
a center of any of the apertures 320a-¢ of the second ning 320, In sowe unplementabions, the
Hne 535 may pass through a portion of one of the apertures 320a-¢, but not the canter of
apertiwes 320a-¢. The apertures 530a-¢ are rotahionally ahigned with the apertures 518a-¢,
sich that the hne $55 passes through a conter of the one of apertnres 518a-¢ and a center of
one of the aperfures 530a-e. In particudar, the lne 335 pasases through the center of aperture
318b and the center of aperture 330b. The hue 533 does not pass through the center of any of
the apertures 540a-¢ of the fourth ring 540, as the aperfures 540a-¢ are 3'@{3{%_05*3&5}3«‘ pffset
from the apertnres 518a-¢ and the aperfures 530a-¢. The aperfiwes 320a-¢ of the second nng
520 arve rotationally ahigned with the apertures 340a-¢ of the fourth ring 340 such that the line
337 paraliel o the longitudimal axss 544 of the distal end portion 514 passes thyough a cender
of aperture 3200 and S40b. In some inplementations, different rings of aperfures may be
rotationally aligned or offsel. For example, m some unplementations the aperfuwes 318a-¢

and 320a-¢ of the first ring 518 and second ning 324, respectively, may be rotattonally aligned,

while the apertures 530a-¢ of the third ring 338 and apertwves S4fa-¢ of the fourth g 540
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are not rotabionally aligned with the fivst ring 518 and the second nng 520, In some
nyplementations, the apertures 318a-¢ and the apei‘h_zi‘es 530s-¢ are aligned. and the apertures
5203-¢ and the apertures 348a-¢ are rotationally offset from the first ring 518 and the third
ring 3360 In some implersentations, the second ring 520 and fowth ning 5440 are rotationally
offeet from first ring 518 by differsiy amounts such that a hoe 557 drawn through an aperhre
S20b of the second ning 320 does not pass Huwongh s cenler of anyy aperture 540a-¢ of the
fomrth ning 344,

{80661  Each of the aperbiwes 518s-¢, S20s-¢, $30a-2, and 540a-e of the plurality of
aperfures 516 has an associated height measured paraiie] to the longitudinal axis 5344, a width
measured iransverse {o the longitudinal axis 544, and an area. For example, sperture 318a
has & height 5338 and a width 541, Aperture 5183 also has an area 532 through which blood
nigy pass. The aperfure 320b of the second ring S20 has a height 334, 3 wudth §56 and an
area 334, The aperfure 5300 of the third ring 530 bas a heyght 558, 8 width 360 and anv ares
536. The apertuze 340 of the fourth ring 540 has & beight 362, & width 564 and an area 566
I some unplementations, the nwasuroments including one o more of the beght, the width
and the area of the aperfiwes 1n 8 particnlar ring are common to all the apertures i that nng
however this 1s not reguued. In some suplementations, the measurements, mcluding one or
move of the herglit, width, and avea, vary amongst the aperfivves 1 8 particular ring. In some
mnplementabions, the apertnres 3202-¢ 11 the second ring S20, the apertures 530a-¢ 1 the
third ring 530, and the apertres 348a-¢ in the fouwrth g 540, have the same measuremments
mehuding one or more of the height, wadth and area. In sowe nnplementalions, one or move
of the height, width or area of the aperfiwes vary between the apertures 328a-¢ i the sepond
ring 520, the apertures 530a-¢ m the third ring 530, and the apertures 340a-¢ 1 the fowrth ning
5440 In some m;piememﬂma the combined arcas of the apertires 318a-¢ of the fivst ning
S1R, the apertures 5328a-¢ in the second ving 520, the aperhres 530a-¢ i the third ring 336,
anad the apertures 540a-¢ m the fourth ring 540 15 equal to or greater than a cross-sectional
area of the cannula assembdy

{0671 Despiie the aperfures 518a-¢ of the Brst ring S18 having a larger area 532 than the
apertures 520a-e 1 the second ring 526, the apertures 33{0a-e i the third ring 330, and the
aperbures S40s-e w the fouwrth nmg 340, blood fows predomunately trough the most proxamal
apertures of the plarality of apertures 516 due to the smaller pressure drop at these apertures.
i all or g portion of the apertures 340a-¢ of the fourth rmg 340 are blocked by a valve leatlet,
the blood may stilf flow through the rest of the apertiwes. The smaller areas of the apertuwes
520a-¢ i the second ring 328, the apertures 530a-¢ i the third ring 530, and the apertures
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S40s-2 w the fowrth rmg 340, and the shruts S17a-¢ bebween the micls decreases the
fikelihood that the additional mnlets will be Dlocked by a valve leaflet.

{BOG8T  FHG. 7 shows a front view of a distal end portion 714 of a canmula aasembly 708
having a plurality of apertures 716 which are arvanged in two refationally oliset rings. The
canmtia assemibly T8 ncludes 8 cannuls body 709, » distal end portion 714, 8 distal end 718,
an stravroatic tp 712, a tear drop portion 742, & longiudinsl axis 744, a plurality of struts
T17a~c, and a plurality of aperbiwres 710, The plurahity of apertures 716 13 arvanged i o first
ring 718 of apertures 718a-b, and & second ring 720 of apertures 720a-b. The plurality of
apertures 716 u the cannula assenddy 708 are arvanged such that the frst ring 718 of

apertures 718a-b 15 rotatinnally offset from the second rmg 720 of apertures 7230a-b. A line
755 drawn paraliel fo the longitudingl axis 744 of the cannula assembly 708 through a conter
of aperture T18a of the first ring 718 does not pass through a center of any of apertures 720a-
b of the second rmg 720, The hine 755 ostead passes through the stnat 717b dividing aperture

7202 and aperture 7200 of the second ring 720, Rotationally offset aperfures may prevent a

Li'ﬁ

valve leaflet from complelely blockimg more than one of the apertiwes. For example, if a
vaive leaflet is suctioned fo the canmula assembly 708 anch that it covers aperfiwe 718a of the
first ring 718, the rotational offsel of the second ring 720 of apertures 720a-b may provent the
valve feaflet from Mocking all of an addittonal aperture 720a or 720b of the second ning 724
0069] While FIGS. 5, 6 and 7 show & distal end porhion of a canpula assembly (for
example, distal end portion 514 of FIG. 5 or distal end portion 714 of FIG. 7} with a pharality
of rotationally offset apertures (for example, phuality of aperfures S16 of FIG. § or plorshiy
of apertures 716 of FIG. 7), FIG. B shows a perspective view of a distal end porttonn 814 of a
cannula assembly 808 1n which the phurality of apertures 816 are rofationally aligned with
one another. FIG. 9 shows an alteroaiive perspechive view of the distal end portion 914 with
a plurahity of rotationally aligned apertiwes 916, The canmuls assembly 908 includes a
carumnla body 909, a distal end portion 814, 3 distal end 910, an atvammatic tip 912, a tear drop
portion 842, an atratunatic tp connector 948, a longitwdinal was 944, and a pharality of
apertiwes 816, The plurality of apertures 916 are arranged i a fivst ving 918 of apertnres
S1Ra-d, and a second ning 920 of aperfures 820a-d. The phuabity of apertures 916 in cannula

mg 918 of apertures 918a-d 1s rofationally

Lo

asserably 908 are arranged such that the fust o
ahgned with the second ring 920 of apertures 9203-d. A hine 835 drawn parallel to the
fongitudinal axis 944 of the cannula assembly 908 through a center of aperiure %18h of the

first ving 918 also passes through a center of apertures 920b of the second rmg 928,

Apertires 91¥a-d and aperties 920a-d are shown with a larger height than width such that
i6
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the area of each apertire %18a-d and 920a-d 15 defived by an oval shape through wihach blood
may enter the cannnla assenibly 908, Rotationally aligned apertiwes muay be simpler to
machine i 8 cannyla assenildy 90 than offset apertures.

{80761 Fl: 10 shows g frond view of a distal end portion 1014 of g cannuls assenbly 1068
having & plurahity of roind apertures 1016, which ave rofationally offset from each other. The
canutia assembly 1008 of FIG 1§ mohdes g distal end 1010, distal end portion 1014, an
atraumatic Hp connector 1048, a tear drop portion 1842, 5 longitudmal axis 1044, an
atrawnatic iip 1012, and a phoraliby of apertures 1016, The plorality of apertnres 1016 are
disposed 1 a first ning 101R of apertures 1018a-¢, 3 second nng 1020 of apertwres 1{20a-b, a
third rmg 1030 of aperiures 1030a-¢, and a fourth ning 1040 of aperhues 1040a-b. The
apertures 101 8a-c of the first ring 1018 are oblong in shape. In particular, the fust ring 1018
of apertures 1018a-¢ are rounded on & proxmnoal edge 1633 and have a distal edge 1051
defined by a porbion of the fear drop portion 1042, The apertures 1020a-b 1n the second rng
1028, the apertures 1930a-¢ in the third ring 1038, and the aperfures 1040a-b 11 the fowrth
ring 1040 are cuenlar. The apertures 1018a-¢ m the first ning 1018 and the apertures 1030a-¢
in the third ning 1038 are rotationally aligred such that the haoe 1055 through a center of
aperbure 1018 passes through s center of the aperture 10306, The apertires 1020a-b m the
seconud ring 1026 and the apertures 1040a-b m the fomth ning 1040 are rotationally offset
fromi the apertnres 1018a-c and the apertures 1030a-¢, but are rofationally aligned with each

ey
s
*

other such that a hine HIS7 through a center of the apertwe 120 parallel {o the longiindinal
axis 1044 of the cannula 1008 passes through a center of the aperfure 10408s. The phuraliy of
apertures 1016 with cironlar shapes which are arranged 1 rings about the cammla assembly
1008 such that the apertures of each ring are rofationally offset Hom the spertures of the ring
divecily above or below o may decrease the hikehhood that a valve leaflel will block multipke
apertures,
{80711 Whale FI(G. 10 shows a distal end portion 1014 of a cannula assembly 1008 haviug a
first ring of aperhwes and three addifional rings of ronnd apertiwes, FIG. 11 shows a distal
end portion 1114 of a canrmla assembly having a fivst ning of apertures and only two
additiona] rings of round apertures. The distal end portion 1114 of FIG. 11 mchudes a distal
el 11140, an atravmatic Up connector 1148, a fear drop portion 1142, 8 longiindinal axus

144, and a plurality of apertures 1116, The plurabity of apertiwes 1116 are disposed n a first
ring 1118 of apertures 1118a-d, a second ning 1120 of apertures 1120a-¢, and a thud ring
1130 of apertiwes 1130a-c. The apertures 111R8a-¢ of the fisst ring 1118 are oblong w shape

and are defined on a distal edge 1151 by a portion 1152 of the tear drop portion 1142, A
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proxual edge 1153 of the aperfures 1118a-2 ixronnded. The apertures 1120a-0 11 the second

ring 1120 and the apertures 1130a-¢ i the third ring 113 are cireular. Like the plarahity of

;,4,

aperfures 1116 m FRG. 10, the rings of the phaality of apertwres 1116 are rotationally offse
For example, the apertures 1118z i1 the fust ving 1118 and the apertires 1130a-c mthe
thivd ning 11348 are rotationally aligned such that the hoe 1135 duongh a center of the
apertire 1118D passes through a center of the apertwre 1130s
88721 While FIGS. 18 and 11 show distal end portions having a plarality of cireular an
oblong apertures |, FIG. 12 shows a front view of a distal end portion 1214 of a cannula
assentbly having a plurahity of apertures 1216, with a first ring 1218 having aperfures 1218
with a tear drop shape, while aperfures m addibional rings are civcular, The distal end portion
1214 mcludes a distal end 1210, an straumatic fip connector 1248, a tear dvop portion 1242, a
ongriudinal axis 1244, and a plurality of apertures 1216, The plurality of apertures 1216 are
disposed 1 g fDrst ring 1218 of aperture 12184, a second ring 1220 of apertares 1220a-H, and
a thard ring 1230 of aperture 1230a. Though a single aperture 1218z and 123035 are vistble in
FIG. 12, there mav be multiple aperfures meach ving 1218, 1220, and 1230 disposed radislly
about the circumference of the distal end 1214 of the cannula assembly. The aperfires 1213¢
u the fivst ving 1218 are tear-shaped such that a distal edge 1251 defined by a porbion 1352 of
the tear dvop portion 1242 of the atrawmatic hip connector 1248 15 rounded and a proximal
edge 1233 15 pointed 1 a direction of blood How through the canmla. The second ning 1220
of apertures 1220a-b, and the third ning 1238 of aperture 1230a are circulsr. In soime
uriplementations, one or both of the second ring 1220 of aperhures 1220s-b, and the third ning
1238 of aperture 123 are rotationally aligned with the first ning 1218 of apertures 121&s.
(073]  While FIG. 12 shows a first ning 1218 of tear-shaped aperfures with apertores of
other rings bemng cureular, m some poplementations all of the apertures are tear-shaped. For
example, FIG. 13 shows a front view of a distal end portion 1314 having fear-shaped
aperbures o the fust nng 1318 and & plurality of {ear-shaped aperfures arranged t a secomd
ring 132¢ and third ring 1330, The distal end portion 1314 meludes a distal end 1316, an
atranmatic fip cormector 1348, a tear drop porbion 1342, s longiudmad axus 1344, and a
plarality of aperfures 1316 disposed m a first ring 1318 of apertuwre 13183, a second ning 1328

of apertures 1330a-b, and a thurd tin

Lo

g 1330 of apertiwe 13303, Asin FIG. 11, thongh & smgle

\

aperture 1218a and 12303 are visible m the fust ring 1218 and the fhurd ving 1230 m FIG. 12

each rimg may mchude a pluralily of aperfures disposed about the distal end portion 1214 of

the cannuda assembly. Sintlarly to the first ving 1218 of aperfure 1218a of FIG. 12, the

aperture 1318g i the first ning 15 tear-shaped with a rounded distal edge 1351 defined by the
i8
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tear drap porbion 1347 of the sirawmuatic bp conpecior 1348 and & proxueal edge 1333 that 18
pointed along the longitudinsl axts 13440 The apertures 1320a-b in the second ning 1320 and
the apertires 1330a-¢ i the third ning 1330 are also tear-shaped, with each aperture having a
rounded distal end and 2 pointed proximal end. The forger opening st & distal end {apering fo
the poisted operung af a proximal end misy facilitate bood Sow through the aperfures and
imut stagnation of the blood ss 1t flows wio the pluraldy of apertures 1316

80741  Varations in the number and size of the apertures 1n the distal end portion can alter
the flow distuibution of blood win the capnula. FIGE. 14-23 show further ssvangerents of

—x

apertures 1 a distal erd portion of a cammmla. AH arvangements 1 FIGS. 14-23 show the
phuralily of apertures disposed on a ssmmlar portion of the distal end portion of the cannula,
but the apertures vary s the shape, positioning, and relative size. FIG. 14 shows a front view
of o distal end portion 1414 of a heart pumyp assenibly having a ploralsty of apertires 1416
arranged ato Hvee rings of aperfiwes according 1o certam mnplerpeniations. The distal end
portion 1414 meludes a distal end 1418, an stranmatic tp conmector 144K, 5 tear drop portion
1442 a longitndinal axis 1444, a plurality of apertures 1416, a first cocunderential strat 1463
and 8 second circumferential stvt 1463, The circumferential struts 1463 and 1483 run about
a cupuntference of the distal end portion 1414 and divide the plurahity of apertures 1416 mdo
rings of apertures. The plurality of aperfures 1416 are disposed iy a first ving 1418 of
apertires 1418a-¢, a second ning 1420 of apertures 1420a-¢, and a third ring 1436 of aporbures
1430a-c. The finst crcumferential strut 1463 divides the first ring 1418 from the second ring
1420, The second cucomiferential strut 1463 dondes the second rimg 14230 from the third ring
1438 The apertives 1418a-¢ are defined on one side by the tear drop portion 1442, The
apertires 1418a-¢ of the fivst ring 1418 are oblong w shape, cach having a height that s
farger than a width. The apertnres 1420a-¢ of the second ning 1420 and apertuwes 1430a-¢ of
the third ting 143¢ are oblong, cach having » width that 1 larger than a height. Additionally,
aperfures 1428a-¢ of the second ring 1420 and apertures 1430a-¢ of the thud ring 1430 have s
proximal edge which s rounded and a distal edge which s straight.

{R075]  FIG. 15 shows a front view of a distal end portion 1514 of a cannula assembly
according fo certam muplementations. The distal end portion 1514 includes a distal end 1514,

o

an atranmatic 4 connector 1548, a fear drop porbion 1542, & longiudmad axis 1544, a
plarality of apertures 1316, a first circnmferential strut 1363 and a second circumferential
strat 1365, The crcumberenisal struts 1563 and 1563 run sbouwt a cicumnierence of the distal
end portion 1514 and divide the phlurality of aperfires 1516 mito rings of apertres. The

plarality of apertures 1310 are arranged mio theee rings of apertures, a finst ring 1518 of
%
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apertiwes 131 ¥a-¢, a seoond ning 1520 of apertures 1520s-¢, and a third ring 1530 of aporbm

1330a-c. The first cironmferential shut 1583 divides the Brstring 1518 o the second ring
1520, The secomd ciroumferential strat 1563 divides the second ring 1526 from the third ring
1330, The apertnres 1318a-¢ of the fist ning 1318 e defined on one sude by the tear drop
portion 1542 and have a lesser height along the longitudingl axis 1544 than the apertures
141 8a-¢ of the frst ring 1418 1w FIG 14, The size and shape of apertures 1530a-¢ and
apertures 1338a-¢ are the same as m FIG. 14 Additionally, the first coonmferential stvwt
1363 behween the first ning 1318 and second ning 1520 has a larger height m the divection of
the longitudinal axis 1544 than the first cironmferential strut 1463 dividing the first ring
1418 and second ring 1420 m FIG. 14, This may provide additional area which 15 non-
stcking that can prevent suctioning of the valve leaflets to the cannnla assembly according
certam noplementabions.
{B076] FH: 16 shows a front view of a distal end porbion 1614 according to certam
mplementations. The distal end portion 1614 inchudes a distal end 1510, an alyammatic fip
cotwiector 1648, a tear drop portion 1642, 8 longiudinal axus 1644, a plurality of apertures
1616, and at a first curcunferential strut 1663 and a second eircunferential stut 1665, The
circwrnferential strts 1663 and 1665 run about & circumdference of the distal end portion 1614
and divide the phusiity of apertures 1616 mio vings of aperfures. The plurality of apertiuss
1616 are arranged nin three rings of apertures, a fivst nng 1618 of apertures 1618a-¢, a
sepond ring 1628 of apertures 1620a-¢, and a third ring 1630 of aperfiwes 16830a-¢. The first
circwrnferential st 1663 divides the fust rmg 1618 from the second ning 1626, The second
eircumferential strwt 1663 divides the second g 1628 from the third ving 1830, The
apertures 161 8a-¢ of the fivst ring 1618 are delined on one sude by the tear drop portion 1642,
A herght of the apertures 1618a-¢ of the first rmg 1618 whuch 15 less than the heighi of the
apertuves 131 8a-¢ of the first ring 1518 m FIG. 15, The size and shape of apertures 16283
anad apertures 1630a-¢ are the same as in FIGE. 14 and 15, but the height of the apertures
1618a-c of the first ring 1618 13 less than the height of the corresponding apertures m FIGS.
4 and 13, The fust cxrcumivrential sirut 1663 divuding the first ning 1618 from the second
ring 1620 15 additionally greater i height along the longitudingl axis 1644 1 the arrangement
of FI(z. 16 than w the corresponding circurnferential strnds 1463 and 1563 1 FIGS. 14 or 15,
771 FIG. 17 shows a front view of a distal end portion 1714 of 3 cannuda assembly
having a plurahty of apertures 1716 arranged mdo two rings of apertures according to certam
wnplementations. The distal end portion 1714 mchades a distal end 1714, an sfravumatic fip
connector 1748, a tear drop portion 1742, a longindmal axis 1744, a plurality of aperfures
28
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1716, amd & corowrpferential st 1763, The cirewniorentzal strat 1763 nuns about a
circmnference of the divtal end portion 1714 and divides the plurality of apertures 1716 into
rings of apertiyes. The phurality of aperfires 1716 are disposed ma finstvmg 1718 of
aperfures 1718a-¢, and a second rimg 1730 of aperfres 1720s-0. The croamprandial stout
1763 divides the first ning 1718 from the second ring 1728, The shape of the apertures
1718a-c of the st ring 1718 muay be the same oblong shape defined at & distal edge 1751 by

the tear drop portion 1742 as m FIGE. 14-16. The size and shape of the aperbtures 1720a-c of

the second ting 1720 may be the same as i FIGR. 14-16. The apertures 1718a-¢ of the fivst

Lo

ring 1718 and the apertiwes 1720a-¢ of the second ring 1720 are shown offset from one
another. However, m some unplementations, the aperfures 1718a-¢ of the fustring 1718 are

rotationally aligned with the apertwres 17288-¢ of the second ning 1720,

{B078] FH: I8 shows a front view of a distal end portion 1814 of a cannuls assenbly
having a plurality of apertires 1816 arranged mito Swo rmgs of apertures sccording o cerfam
mnplementations. The distal end portion 1814 of the cannula 1808 mchudes a distal end 1816,
an afrauroaiic Hp convecior 1848, g tear drop portion 1842, a phurslily of apertures 1816, and
a cirounderential styut 1863, The circumferential st 1863 runs about a cironmierence of
the distal end portion 1814 and divides the plorahity of apertures 1816 o nings of apertures.
The plurality of apertures 1816 are arranged into a first ring 1R18 having apertures 181 8a-¢
and a second nng 1820 having apertiwes 1820a-c. The circummferential sty 1863 drvides the
first ring IR1E from the second ring 1820, The apertures 1818a-c of the first ning 1818 are
defined on ope sude by the tear drop portion 1842 and have a lesser heaght than the apertures
1718a-c of the distal end portion of FIG. 17, The area through which blood may enter the
cannula assemblvi 808 may be decreased m FIG. 18 as compared to FIG. 17, However, the
circonferandial strut 1863 1820 15 greater m FIG. 1¥ than cuwcumferential sttut 1763 m FIG.
17, This moreases the area over which there is po suction and may decrease the hikelthood of
suctionmg a valve leaflel or other issue (o the canmula assembly.

791 FIGS. 19- 23 show arrangements according fo varions implementations m which a
distal end portion mcludes a plurality of aperfures arvanged in fowr nings. For example, FIG.
19 shows a front view of 8 distal end portion 1914 of a cannnla assembly. The distal end
portion 1914 meludes a distal end 1910, an afrawmatic tip connector 1948, a tear dvop portion
1942, a longindmal axas 1944, 2 plunahity of aperfwes 19186, a fust errcunderential stut 1863,

a second civcunferential strat 1965, and a turd cirawnferential stng 19467, The

f)"

ciremnferential sfruts 1963, 19653, and 1967 rmun abowt a cirounderence of the distal end

porfion 1914 and divide the plarality of apertiwres 1916 mio nings of aperfiwes. The pharality
2%
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of apertures 1916 15 disposed ma first ning 1918 of apertuves 1818a3-¢, a second ning 1920 of
apertires 1928a-c, a third ring 1938 of apertires 1930a-¢, and a fourtl ring 1940 of apertures
1840a-c. The first ciroumferential st 1963 divides the Brst ring 1918 from the second ring
1920, The second cucomizrential strut 1963 dovides the second rmg 1930 from the thad rng
1938 The thuod circumferential strnt 1967 divides the third ring 1938 frons the fowrtl ting
1940 The apertwres 1818a-¢ are defined on one side by the tear drop portion 1842, The
respecitve heights of the aperhiwes 19183-¢ of the first ring 191R, the aperfures 1928a-¢ of the
second ring 1920, the apertures 1930a-¢ of the third ring 1930, and the apertures 1840g-c of
the fourth ring 1940 are sumtlar. The first oircumferential strut 1963 has 2 stoular height as
the second civonmierential strut 1965 whuch 1s alse suntlar 10 2 height of the third
circunferential strut 1967, The aven of the apertures 1918a-¢ of the fivst ring 191% 13 atnmlar
i the aveas of the aperfures 1920a-¢ of the second rmg 1920, the apertures 1930a-¢ of the
third ting 1930, and the apertures 1940a-¢ of the fourth ning 1940, Though the apertures m
the second ring 1920, the thud ring 1930, and the fowth ring 1940 are shown 1w ahignment
with the apertures 1918a-¢ of the fivst ving, 10 some wnplementations the apertures can alse be
rotationatly offset.
IBOBOG]  THG 20 shows g front view of a distal end portion 2014 of & cannula assemibly 2008
having a plurahity of apertures 2816 m which each ring of apertures bas a different size and
shape accordmg to certam mmplementations. The distal end porbion 2014 wcludes a distal end
2010, an atravmatic tp connector 2048, a tear drop portion 2842, a longitndingl axas 2044,
anad a plorality of apertnres 2016, The plurality of spertures 2016 are disposed m a first ring
2018 of apertures 281 8a-¢, a second ving 2020 of aperfiwes 2020a-b, a third ring 2038 of
apertuves 2030a-b, and a fourth ning 2040 of apertuves 2040a-b. The apertiwes 2018a-¢ are
defined nn one side by the {ear drop porbion 2042, The aperiures 2018a-¢ of the st ring
201R have the greatest height of the phvality of apertures 2018, The apertiwes 20280a-b of the
second rung 2020 have the next greatest height. The aperfures 2030s-b of the thivd ring 2030
have the next greatest height. The apertures 2040a-b of the fowrth ring 2840 ave the smallest
it height of the pharality of apertiwes 2016, The pluralily of apertures 2014 are shown having
rounded shapes; however, the phwality of apertures 2816 misy have any suitable shape while
mamtatng the relabionship between the heighis. In some mmplementations, the height the
apertures 201 8a-¢ of the first ring 2018 1s less than six times the height of the apertures
2020a-b of the second ting 2020, In sorpe noplemendations, the height of the apertures
2020a-b of the second ring 2024 15 leas than three times the height of the apertures 2038a-b of

pin fosey
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the turd ving 2030, In some maplementations, the height of the apertures 2030a-b of the third

20440

ring 2034 1< less than five times the hetght of the apertures 2040a-b of the fourth

o

i

s
¥

[BOR1] In cach of FEGR. 21-22 the apertiwes of the first ring have the same obdong shape and
same size, and the aperbures of the second, thard and foueth rings have the satae sge and
shape. In FIG. 21, a distal end portion 21 14 meludes a distal end 2110, an atranmatio tip
cotwiector 2148, atear drop porbion 2142, s longiudmal sxus 2144, and a plasality of
apertures 2116, The plurality of apertures 21106 ave disposed m a first ring 2118 of apertures
2118a-¢, a second rmg 2120 of apertures 3120a-c, a third ning 2130 of apertures 2130a-¢, and
a Tourth ring 2140 of apertures 2140a-c. The aperfures 21 1&s-¢ of the fust rmg 2118 are
chiong. In particular, the fivst ving 2118 of apertures 21 18a-¢ are rounded on a proxumal edge
2153 and have a distal edge 2151 defined by a portion 2152 of tear drop portion 2142, The
aperfures 2128a-¢ 1 the seoond ring 2120 are the same shape and size gs the apertures 2130a-

¢ 10 the third ning 2130 and as the apertures 2140a-¢ m the fourth ring 2140, The plurabity of

apertures 2116 in the second ring 2126, the third ning 2130, and the fourth nng 2140 are
chlong, cach having a width which 15 greater than a heigld as measured along a line parallel
to the longindinal axis 2144, The plurabity of apertures 2116 m the second ring 2128, the

third ning 2130, and the fourth nng 2140 are rounded at their proxaaal edges 2168~ with
the centers of the proximal edges 2133 and 2169a-¢ being the proxinmai-most point of each
apertiwe. Fach aperture has an mner eé.ge 2171a-d. The moer edge 2171a-d of each nithe
plarality of apertures 2116 is chamfered. The chamfer may be at an angle of 45 degress or
less relative 10 a bine normal to the swrface of the cannula assembly 108, In some
wnplementations, the chamfered tmer edge 2171a-d melndes & chamfer of 16°, 20°, 387, 407,
S07, »50°, or any other sutdable angle. The use of & chanfered mner edge 21 71a-d can
reduce hemolysis of the blood as o enters the cannula assembly 2108, Though the chamfered
wmer edge 2171a-d 15 shown here iy an sirangement having four nings of aperhiwes, a
chamfered mner edge may be used 1o any of the amrangements shown herewn. In FIG. 22, as m
FIG. 21, the distal end portion 2214 meludes a distal end 2210, an atrssunatic (i connector
2248, a tear drop povtion 2242, a longdudinal axss 2244, and a plurahity of apertures 2216
disposed m a first ning 2218 of apertures 2218a-¢, a second ring 2270 of apertures 22283-¢, 8
third ning 2230 of apertures 2230a-¢, and a fourth z‘ing 2240 of apertures 2240a-¢. Each of
the phavality of apertures 2216 hias an mner edge 227 a-d, which 13 rounded. In some
mnplementations, the roundded mmer edge 237 1a-d mchudes a radius ranging from 40 nucrons
to 1S microns. In soime unplementations, ondy an owtward facing portion of the inner edge

227 1a-d 18 rounded.  In some tmplementations, the rounding of the inner edpge 2271a-d s
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accomplished by polislung. In sorpe nuplementations, the rounding of the nwer edge 33718
d 1s acconplished by a timbling rocess. Rounded edges miny decrease hemolysis of the
blood as i enters the cannula assembly 2208 through the plurality of apertures 2216, Though
the rounded moer edge 227 1a-d 15 shown here i an arrangersent having fow nings of
aperfires, 2 rovnded 1nmet edee may be used m any of the arvangements shows herein,

{0821  FIG 23 shows a front view of a distal end porbion 23 14 of a cannuds assenibly. The
distal end portion 2314 mecludes a distal end 2310, an atvaumatic Up conngctor 234K, a tear
drop portion 2342, a longitudinal axix 2344, and a plurality of apertures 2316, The plurahity
of apertures are disposed i a first ring 2318 of apertures 2318a-¢, a second ring 2328 of

apertires 2320a-¢, a thurd ring 2330 of apertires 2330a-¢, and a fowrth m}g 3340 of apertures
2340a-c. The apertures 231 8a-¢ of the first ring 2318 bave an oblong shape defined at a
dhistal edge 2351 by the tear drop portion 2342, The pluraliy of aperfures 33208a-¢, 2330a-¢,

and 2340a-¢ of the second ning 2320, third ring 2330, and fourth ning 2340, respectively, are

k’t

oval i1y shape such that a width 15 Iarger than a hetght, and all of the plurality of apertwres m
the second ying 2320, thurd ring 2330, and fowrth ring 2340 are the same size.

P ? - K P

{88831 PG 24 shows a plot 2400 displaving a predicted HSow of fluid through the plarality
of apertures 1o the srrangersent of FIG. 23, The plot 2400 mehudes a cut-away of a distal end
portion 2414 of a cannula assembly, 8 second apertiwre 2420, a fourth apertiwe 24490 and a
box 2441 mdicating g region of fugh flow. The plot shows the predicted flow of fluad fhvough
two apertures of 3 hearf pump as shown it cross-sechion. The heart pump has a first, second,
third, and fourth nog of apertuves, though ondy an spertire of the seeond ring 2420 and fourth
ring 244¢ are visible, as the first ring 2418 and thard ring 2430 are rotationally offset in the
depscied mmpleroentation.  Areas of higher veloctiies m the plot are depioted with longer bnes
while areas of lower flow are shown with fewer lines. The velooity magrutude of the fhad
flow ranges fom 128 x ™ m/s (abont § mis) to 6.08 nw's. The highest volumetric flow rate
{highlighied by the box 2441) ocowrs gt the wost proximal aperhures, m this case through the
aperture 2448 of the fowth ning 2440, The high wifow of fuid into the cannula assembly
2408 at this point 15 due fo the relatively lugher pressiwe gradient at thus apertwre. The blood
18 pulled from outside of the cannula assembly 240K, through the apertures and mito the
carmmla assembly 2408 where the Bood flows o the downsiream apertures {(not shown).
{84]  FIG. 23 shows a percutaneons heart prump assembly 2500 having a plurality of
apertires 2316 af a distal end portion 2514 mseried wifo a blood vessel 2501 of a patient. In

particular, the heart punp assernbly 2500 1 mtroduced through a blood vessel 2501 of a

patient and mio 2 heart 2503, The beart 2503 wcludes an aorta 2568, aortic arch 2577, aortic
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valve 2570, lefl ventricle 2572, Ioft alonun 2576, and mutval valve 2574, as well as other
strietures. The heart pamp assembly 2501 cdndes a catheter 252€, 8 muotor housing 2502, 3
canmla assembly 2508, a cannula body 2309, a distal end portion 2514, a proxomal end 253086,
g distal end 2310, an alrawpatic ip 2512, @ plurality of apettures 25196, and a phavaliby of
blood exhanst outlets 2524, The motor housing 2502 of the heart punp assembly 25060 18
cotwiected to & motor {nod shown), The motor 15 udternal to and wtegraied with the moloy
housing 2502, Inother impis:men:‘mem T motor 1§ external to the body and comected to

the purep vis a drve shaft {unt shown) within a catheter 2528 and w such an example the

x4}

assentbly 2508 may not include the motor housing 23062, The cannula assenbly 2508 5
cormiecied to g distal end of the motor houstng 2502, The distal end porbion 2514 of the
camniia assembly 2508 wclndes the phurality of apertiwes 2516 through which blood may
der the cannida assembly 2508, The plurality of apertures 3516 are mivanged o at least a
fust ring 2518 and a second ning 2520 of apertiwes whuch ave rashally onented and disposed
about a circwnmference of the cannnla assenbly 2568, Though two rings of apertures are
depicied here, any arrangement of aperfures described herem mway be used. In soime
mnplementations, the phurality of aperfures 2516 s amranged mifo three, fonr, o more rngs of
aperbures. The atramnatic tip 2312 15 coupled in the distal end 2510 of the cannuds assembly
2508, distal of the phurality of aperfures 2516, Blood is pulled ito the cannula assenddy
2508 at the plurality of apertures 2316 along path 2578, The blood passes through the
camniia assembly 2508 and exits at the plurality of blood exhaust ontlets 2524 proxumal {0
the motor honsing 2302 via path 2580,
{I85]  The beart pump assembly 2380 may be infroduced percutaneousty dm‘,ing & cardiac
rocedure through the vascular system.  Specifically, the heart pamp assembly 2306 can be
mserted percutaseously via a cathelenzation procedire through the fernoral artery, nto the
cending aorta 2368, across the sortie valve 2370 and mto the left ventricle 2572 The heart

3

punp assembly 2500 can be posthioned mn & heart 2503 of 3 patient such that the heatt pumyp
assenibly 13 mserted over the aortic arch 2577, The pharality of blood exhaust outlets 2524
raay be postironed m the aorta 2568 above the aottic valve 2570, The canoula assembly 2508

is posttioned across the aortie valve 2378 such that the phurality of apertures 2316 through

w»

which blood enters ix placed i the lefl ventricle 2572 of the heart 2503, The alrmumatic Hp

o~
i

innt

2 spaces the cannula assembly 2508 frony the walls of the heart 2503 and prevents the
pluraliy of apertures 3516 from suctioning {o the walls of the heart 2303
{B086]  In some mstances, however, the positioning of the heart pump assembly 2331 places

the phwality of aperfures 2516 near the mitral valve leaflets 2574 at the entrance to the left
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atrtam 2576, This may be due to the mdvidnal anstoray of the parbiculy heart 2503, The
mitral valve leaflets 2574 may be sucked by the suction of the puunp fowards the phurality of
aperiwes 2316 and mav become suchioned to sonwe of the phirality of aperfures 2518,
blockmng the mflow of blood through the plurality of apertures 2516, In soone mistances,
partiouiar 1o pumps with large mnlets, for exanple beart pump assendbidy 1080 m FIG 1, the
ruatival valve leaflets 2574 can be sucked through one of the plurahity of apertures 2516 mdo
the cannuda assembly 2508 where the nuitral valve leaflet 2574 blocks blood Sow through the
carmla. A plurality of apertures 2516 of a smaller size prevents the suchonitag of the nutral
valve leaflets to the plurality of apertures 2516, Furthermore, the plurality of apertuves 2516
allnws blood flow through the canvula assenibly 2508 to be mamtamed despite suchion of the
mtral valve leaflet 2574 or other fissue or debiis 1o some of the phuality of apertares 2516,
In another embodunent {not shown} the heart pumip assembly may be desigoed o supporta
patient’s night heart. In corfam aspects, the device may be mnserted perontancousty through
the fernporal vein, mto the right atriam or maerted via other techmiques. With the device so
postiioned, the carmula of the sscembly may exiend across the tienspid and pubmorse valves,
and mio the pulmonary artery. In this case, the phwabity of aperbires can be located onthe
udet of the pumyp which i positioned 1o the mivrnor vena cava VO As will be appreciated,
such a8 device ean mclnde any of the configurations of apertures desertbed above. The device
roay or yay not inclode an strawmnatic fip or projection

[B887]  FHG 2016 2 flow chart of a method for manufacturing a heart pump {e.g., heart
punp assembly 200 of FIG. 2, heart pump assembly 400 of FIG. 4, heart pump assembly
23K} of FIG 25, or any other suitable heart pumyp) having a plurality of apertures at a distal
end portion, according to certam mmplementations. The method 2000 may be unplemented o
form a heart pumyp baviog any number of apertures at the distal end portion, disposed many
nimber of rings.  The method 2666 may be inplemented for mamafacture of & heart pump
asserobly having apertures of any size or shape with straight, chambvred or rounded edges. In
step 2602 an mnpeller blade 13 coupled o a rotor of a motor. The mnpeller blade mayv have
any sustable pumber of blades and mmay be rotated by a drrve shaft connected to s motor. In
soine inplemertations, the motor 18 configured to be external (o 8 patient during operation of
the purnp. In sotoe noplementations, the motor 1 mitegrated with the motor housing, In step
2644, the inpelier Hade s mserted uito a motor housing. In step 2686, a cannulda 15 coupled
to the motor housing. The cannuds way be altached to a distal end of the molor housing, In
somne inplementations, the cannula 18 expandable. In some mplementations, the camnila is

self-expandable. In some uanplementations, the cannula may be comprised of a mash, such as
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a nifiwol mesh, covered by an elastic covermg. In some umplersenistions, the canmmla mav be
conrpnised of a sohd wire such as nitmol wire with a polyiner cover or fabnie,
[BORR]  In step 2008, the cannula s coupled to an wflow cage which comprises s phuality of
aperfures. In some unplemenistiogs, the miflow cage 1 comprised of stamdess sivel. The
phurality of apertwres may be of any number, shape, or size wihich 1 suitable for the passage
of blood through the aperiures i the milow cage and mdo the cannda. The pluralitv of
apertures are radially oriented abount a cucunference of the inflow cage. The plurahity of
aperhures are arranged o at least a first ning of apertures and a second rng of apertares
proximal of the first ving of apertures. The number of apertares inarng 83, 4, 5,6, 7, 8. 9,
10 or any other sustable numnber of apertnres. In some mnplementations, the number of
apertures m the first ring 15 the same as the mumber of apartures m the second ning. The first
ring of apertures exiends to an end of the distal end portion of the mllow cage. In some
uriplementations, the plurality of apertures additionally has more rngs, inchuding a flurd ning
proximal of the second ring and a fourth ring proximal of the third ring. Each of the plurabity
of aperfures may have an onter edge which 1o some nnplementations 1s formed or altered by a
tanliing process.
{BUBH  The phuraltby of apertures may have a size, shape, number, or posthoning which
helps to prevent the suction of heart Hssues clnding valve leaflets onto or into the plrality
of apertores which blocks the mflow of blood o the pumyp, lnnibing efficiency of the heart
pump. For exangde, i some mplementations, the height of the firet apertures s less than 9
mnt In some snplementations, the height of the aperture of the fust ring 0.5 mm, | o, 3
mm, 5 mny, 6 mim, 9 mam, 10 mvn, 12 mom, 15 oo or any other suitable height. In some
inplementations, the height of the second aperture is less than 3 mm. In some
mnplementabions, the E‘;eight of the aperture of the second rmg 1w 825 mm, 0.5, o, 13
may, 2 omm, 2.5 nwn, 3 wm, 3.5 mm, 4 s, 3, 6 mim, of any other suatable height, In
some nnplementations, a width of the second apertiwe is less than 4 mm. In some
mnplementations, the width of the apertures of the second ring 8 § .33, | ooum, 3 mm, 2
R, 2.3 nwn, 3 mm, 305 mwan 4 oy, 5, oy, 6 mon, § om, or any other suttable walih In
somne inplementations, 8 heiglt and width of an aperture m the third ting 13 the same as the
height and widih of an apertive in the second ning.
{98 The area of each aperfures nwy vary. In some mnplementations, the area of an
apertire o the fust ring 18 greater than the avea of aperfures m other rmgs. In some
implementations, the area of the first aperfure is less than 20 mm™. In some inplementations,

'R

3 Z O 2
the area of the apertwe of the first ving i3 0.5 mo, 1 oot 5 muw’, 10 o, 15 oo, 18

B
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20 mm”, 23 ma’, 23 nun® or any other switable area. The ares of aperture of the second ring
4 : 2 - - N
may be less than 12 sun”. In some unplemesstations, the avea of the aperfiwes of the second
: § 2 2 2 J 2 %
ring may be 025 nmy, 8.5 maw’, mynt, 2w, S oy, 10 oy, 12 mm, or any ier
suttable area.
{8911  The apertires may have ter edees which ave straight, rounded or chamfered. In
e evrwrer rvrry Eerr ey Fadieate b ST S T . SIS, ORI L SHEL SUNI . 3 SRS S RN . SRR S
some implerpentations, the aperfures have af least one chamlered edge. The chamfer way be

at an sngle of 45 degrees or less relative to a Hne pornl to the surface of the willow cage. In
sorpe nplementations, the charafered mner r:dgx, wnclades @ chamfer of 10°, 20°, 30°, 40°,
5G°, =387, or any other sustable angle. The wse of 8 chamfered wmey edge can reduce
hernolysis of the blood ax o enders the mflow cage. In some mnplemenistions, the aperfures
have at least one ronnded edge. It some mplementations, the rounded nner edge melndes a
ados ranging from 40 nucrons to 105 macrons.

OS] In some mmplementations, the plurality of apertures are formed w a distal end
portion of the carpnida. In some unplementations, the distal end portion of the cannuda 15
coraprised of stamdess sieel. The plarality of apertives formed 1 the cannnls may be of any
ninnber, shape, or size which i3 suttable for the passage of blood through the apertures and
uio the cannula. The plurality of apertures may be radially onented about a circwrnference of
the cannula. The plurality of apertures are arvanged mto at least a first ring of apertures and a
secend ring of apertures proxirnal of the st ring of apertures. The pwober of apertires m a

ring 18 3, 4, 5,8, 7, & 9, 10 or any other sitable mumber of apertures. In some
uriplementations, the number of apertures i the fivst ning 1s the same 85 the number of
aperfures 11 the second ring. The first ning of apertures extends to an end of the distal end
portion of the carmmla. In somse noplemertations, the pluralily of apertures addittonally has
raore rings, wolnding a fard niog proximal of the second rg and a fourth ning proximal of
the third ting. Fach of the plunahity of apertures may bave an outer edge which 1 sonwe
uiplementations 11 formed or aliered by a tumbling process
{931 1o step 26190, a distal projection s conpled to the distal end of the mflow cage. The
distal projection or alvsumatic 4p s distal o the plurality of aperiures. A base of the distal
projection nay form a distal edge of the plurality of apertures i the first ning of aperfwes. In
sorpe ruplementations, this step 1s optional and no distal projection 15 atiached {o the heart
pramp. In some umplementations, the distal projection 1s configured as a pigtal. In some
unplementations, the distal projection 1s configured as a fexable projection or extension. The
diatal projection is an atrawnatic Gy configmred to space the pharality of apertures on the
wflow cage away from a wall of the heart. In some inplementations, the distal projechion
28
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mchudes g lnmen through which a guidewre may be mserted. The distal projection provides
mechanical lenpthening of the canmula in order to prevent suction af the plwality of apernures
tos the tssues of the heart,

{B0R4] Tl 27 shows a flow chatt of a muethod for use of a heart pumip {e.g, heart pump
assentbly 200 of FIG. 2, heart prnp assembly 400 of FIG. 4, heart prunp assembly 2500 of
FIG 23, or any other suitable heart pavup) baviny & plarabity of apertures at a distal end
portion. The method 2760 may be miplemented fo form a heart pump having any number of
aperbures at the distal end portion, disposed m any muanber of rows. The method 2700 may be
mnplemented for use of a heart pump assembly having apertures of any size or shape with
siraight, chamfered or rounded edges. In step 2702, an mmpeller 15 rotated about & rotation
axis using a pump motoy to draw blood mio a cannuda of a heart puinp assembly at a plurahity
of blood milet apertures. The motor roay be external o a patient and connected {o the
uripeller by a dove shaft, Alernatively, the molor reay be miegrated nuto the purop and used
miernally. The blood mlel apertures may have any size, shape or number. The blood miet

apertures are radhally orented sbont a circamference of the canrnila and ave arvanged m at

ihe blood mlet apertuves can be configured to decrease the ooourrence of suchionng of beart
tiasues, valve leaflets and other debrs to block the indet apertures.

{095 Instep 2704, the blood 15 expelled from the heart pomp assembly at a plurality of
blood exhaust apertures disposed at a proxinal end portion of the canmia proxamal to the
motor hoasing, The blood may be sucked nito the cannnla al the blood miet spertures in the
eft ventricle and may be expelled from the blood exhanst apertiwres into the aorta above the
aortie valve., The pluralily of small iflow aperfures prevends or reduces the fendency of the
apertire to suck agamst heart structures or valve leatlels. The sinall apertures prevent the
pump from sucking a leafle! into the miet, allowing the puanp to provide more assistance o
the heart and decreasing poteniial darpage to heart structures which may be suchoned to the
PRI

{08696]  The foregomg 1s werely dlustrative of the primciples of the disclosare, and the
apparatuses can be practiced by other than the described embodiments, which are presented
for parposes of thustration and not of lnntiation. T 15 1o be understood that the apparatuses
disclosed herein, wiale shown for nse m percutancous heart pumps, oy be apphied to
apparatuses m other applicabions requiring a clesy aperture for mlow,

88971 Varnations and modifications will occur to those of skill i the art after reviewmg

thie disclosure. The disclosed features may be unplemented, m any combination and
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saboombmation {nchiding mdbipde dependent conthunations and subcombinations), with one
ov move other features desoribed herein. The various features described or ilhustrated above,
ncluding any componessts thereof, may be cominned or integrated m other syatems.
Moreowver, cortain features may be omitled or not mnplemented.

98] Fxamples of changes, substitutions, and alterations are ascertainable by one skilled
m the art and could be nade withowt departing from the scope of the mfonmation disclosed
herem. Al references cited heremn are incorporated by veferance i their enfivety and made

part of this apphication.
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Weclamy

1. A heart pump asseanbly comprising:
s yotoy;

a motor couplad to the motor

an napelier blade coupled to the rotor such that rolation of the rator canses the
spelier Made to rotate and purnp blood;

a carmmnla;

a distal projection coupded to a distal end of the cannula; and

a blood mief meluding a pluraltly of apertures radially oniented and disposed about a
ciremnference thereof

wherew the pluralify of apertures suchude at least & first ring of apertures and & second

ring of apertares, the second ring of aperhures being proximal of the frst ning of spertures.

2. The heart punp assembly of clang 1, wherein s fust apertore mthe Sest ring of apertures

has a greater area than an ares of 8 second aperture it the second ring of apertiwes.

3. The heart pump assenddy of claim 2, wherein the first aperture mn the first ring of

apertires and the seeond aperture m the second ning of aperfures are oblong.

4. The heart pump assembly of olaum 3, further comprising a thud rimg of apertures proxunal

of the secomwd ring.

S

The heart pump assembly of clamm 4, further comprising a fourth ning of apertures

proximal of the third ring.

6. The heart pump assenddy of claim 5, wherein the first apertre mn the first ring of
apertires and a thurd apertore i the thurd ning of apertures are abigned along anaxis on a
strface of the cannnla parailed to a longatndinal axas of the cannuda.

7. The heart pump assenbily of claim &, wherein the second aperfure in the second ring of
apertires 15 aligood with a fourth aperture 1o the fowth rmg of apertores along the s on the

strface of the cannnla paralied to the ongitudinal axss of the cannuda.
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8. The heart pump assemibly of clamm 7, wherem the fivst aperture mn the first nug of

apertires has a height measured paratie] to the longitudinal axis of the cannnla that 1§ greatey

thay a height of any of the second aperture, third aperiiwe, or fowth apertwe,

& The heart pump assenitdy of elatn &, wherein the height of the firet aperture 13 less than

o
!

.

10, The heart pump assembly of clamn 8, wherem the herght of the second aperture 15 less

than 3mm.

11, The heart punp assembly of claum 10, wherem the area of the first aperture 16 less than

20 mnt.

12. The heart pump assenthly of claim 1, wherein the plurality of apertwres ave formed on an

inflow cage thal 18 conpled to the canmula,

13, The hewr! purnp assernbly of claim 12, wherem the mllow cage 18 conprised of stamnless

steel.

The heart pump assembly of claim 1, wherem the plurality of spertures are foomed ngar a

ternunat end of the canmula

1S, The beart puinp assembly of clans 1, wherein gach of the plurslity of aportures 1s defiped
by an nner odge mterseching an nuterntor of the cavuula and an culer edge intersecting an cuter
strface of the cannnla, and wherein the outer edpe of each of the plurality of aperturesi

rouded.

16, The beart purnp assemnbly of claun 1, wherein each of the plurahity of apertures 1s defived
by an inner edge intersecting an miertor of the cannula and an outer edge udersecting an ounter
surface of the canpula, and wherein the ouler edge of pach of the plurality of apertnres s

chamfered.

17. The heart pump assembly of claum 1, wherein the pump assembly is sized for

percuianects msertion.
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I8, A heart pump assembly comprisimg:

a oy

s mobor coupled o the rator;

an inpeHer blade couplad o the rotor such that rotation of the rotor causes the
mmpelier blade o rotate and pamp bloed;

a canda; and

& blood et molnding a plarabity of apertures radially ortented and disposed about a
circumference thereof, the plurality of apertures inchuding at least a first ring of aperturss and
a second ring of apertures, the second nag of apertures bewig proxunel of the fivst ning of
apertures;

wheremn the fivst ning of apertures mcludes 2 fivst apertre and the second nng of
apertures welades & second aperture, the first aperture haviug an avea greater than anarps of

the secoand aperfure.

18, The heart pump assembly of claum I8, wheremn the ares of the first apertiwe 16 8t least

bwo fnes greater than the avea of the second aperture.

20, The heart pomp assombly of claim 18, whevemn the first apertnre has a haight measured
parailel to a longitudinal axis of the canyda that s greater thay a height of the sevond

aperbure measared paralied {o 2 longtudinal axix of the cannula.

21. The heart pomp assembly of claim 20, wheremn the height of the Girst aperture 18 ab least

two time greater than the height of the second apettiwe.

. The heart pusnp asserobly of clamm 21, wherem each aperhure of the fust ring of apertures

biag 8 greater area than an area of each apertive of the second ring of apertures,

The heart pump assembly of elaim 22, fwther comprising 8 thud ning of aperfures

proximal of the second ring.

24, The heart punip assembly of claim 23, further comprising a fourth ning of apertuzes

proximal of the third ring.
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25, The heart pomp assembly of clamm 34, wheremn the height of the first aperture 18 greater
than a height of o third apernwre of the third ring of apertures or a fourth aperture of the fowth
g of apertures.
. The heart puap assenibly of elatm 23, wherein the beight of the first aperture 18 less than
27. The heart pump assembly of olamm 36, wherem the height of the second apertuze 1s less

than 3mm.

23, The heart prunp assembly of claim 37, wherem the area of the frst apertire 16 less than

20 mnt.

29. The heart pump assenmbly of claim 23, wheren the first aperture in the finst ving of
apertires and a hurd aperiore i the thied ting of apertures are aligned along anaxis onan

outer surtace of the cammila parallel to 2 longituding! axis of the cannula.

. The heart pumip assenbly of claim 29, wheremn the sevond aperfiwe m the second ring of
apertires 15 aligood with a fourth aperture 1o the fowth rmg of apertores along the s on the

outer surface of the canmula parallel fo the longitndingl axis of the cannuda.

31, The heart puop assombly of claim 17, wherem the plurality of apertures are formed on

an milow cage that 1s coupled to the cannula.

32, The beart purep assernbly of claum 31, wheremn the milow cage 15 conprised of stainless

steel.

33. The heart prunp assembly of claum 17, wherem the plurality of apertipes are formed near

g ternunal endofthe cannuda.

34, The bear! puap ssseandbly of clans 17, wherem each of the plurality of aperiures s

defined by an inner edpe miersecting an mienor of the cannula and an owter edge mtersecting

34
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the ouler surface of the cannula, and wheremn the outer edge of each of the plusality of

apertures iy vounded.

33 The heart pamp assembly of clam 17, wherem each of the ?iu.i‘aiiij; of apertuyes 18
defined by an 1ner edge interseching an mterior of the conmuda and ap vuter edge Infersecting
the ouler surface of the cannula, and wheremn the outer edge of each of the plusality of
apertures is chandfered.

The heart punp assenibly of clamm 17, wherein the purap assembly 13 sized for
percutanenns wseriion
37. A method of manunfacturing 8 heart pump assembly, the method comprising:

couplimg an nopeller blade to a rolon;

inserting the unpeller blade i 2 honsing;

couphing a cannula in the hoasing, and;

coupling an mflow cage fo the canmula, wherens the mBlow cage comprises a phurahity
of apertures rachally onented sbowt a crrcnanterence of the miflow cage, wherem the plurality
of apertures are arranged i at least a first ning of apertures and a second ring of apertures
proxunal of the first ring of apertures.;

coupling a distal projection to the distal end of the miflow cage, wherem the diatal

projection 1s distal {o the plurality of apertures and g base of the distal projection formis a

distal edge of the first ring of aperfiwes.

38. The method of claum 37, wheremn the mflow cage further comprises g thard ning of

apertures proxunal of the second ring of apertures.

3%, The method of claim 3%, wherein the mflow cage firther conywises a fourth ning of

apertires proximal of the third ning of spertures.

40, The method of clann 39, wheremn the plurality of apertures mecluded m the mflow cage

each inchide an outer edee formed by a fimbhing process,

d
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Couple an Impeller Blade
to a Rotor

2604 ™ 4

insert the Impeller Blade
in a Housing

2606 ~ !

Couple a Cannula to the Housing

2608 ~

Couple the Cannula to an
inflow Cage Having a Plurality of
Apertures Arranged in
at Least Two Rings

2610 ~

Couple a Distal Projection to the
Distal End of the Inflow Cage

FIG. 26
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2700~
2702 ~
Rotate an Impeller about a
Rotation Axis Using a Pump Motor

To Draw Blood into a Cannula
Of a Blood Pump Assembly at a
Plurality of Blood Inlet Apertures

2704 ™ ¥

Expel Blood from the Blood
Pump Assembly via a Plurality of

Blood Exhaust Apertures

FIG. 27
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