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Field of Invention

The present invention relates to an improved trileaflet mechanical heart valve.
More specifically, the present invention relates to a trileaflet mechanical heart valve
with improved flow characteristics. Such a mechanical heart valve is useful for

15 surgical implantation into a patient as a replacement for a damaged or diseased heart

valve.

Background Considerations

There are numerous considerations in the design and manufacture of a

20 mechanical prosthetic heart valve. An important consideration is the biocompatibility
of the materials used in the prosthesis. The materials used must be compatible with
the body and the blood. Furthermore, the materials must be inert with respect to
natural coagulation processes of the blood, i.e., they must not induce thrombosis (an
aggregation of blood factors, primarily platelets and fibrin with entrapment of cellular

25 elements, frequently causing vascular obstruction at the point of its formation) when
contacted by the blood flow. A local thrombus can give rise to an embolism (the
sudden blocking of a blood carrying vessel) and can even under certain circumstances
hinder proper valve operation. Numerous materials have been tested for such

desirable biocompatibility. Several materials are commonly used for making
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thrombosis and thrombo-embolisms. Biological valves (or bioprostheses) emulate the
form and the flow pattern pf the natural heart valve and thus have better fluid flow
performance over conventional mechanical prostheses. Such bioprosthetic valves do
10 not require long-term anti-coagulant medication to be taken by the patient after
implantation at least in the aortic position. These two thrombus-generating factors
(materials used and flow characteristics) are problematic in conventional mechanical
heart valve prostheses. Thus, patients who currently receive a mechanical heart valve
prosthesis require a continuous regime of anti-coagulant drugs which can result in
15 bleeding problems. The use of anti-coagulant drugs therefore constitutes a major
drawback of mechanical heart valve prostheses when compared with bioprostheses.
However, biological replacement valves suffer from problems too. As clinical
experience has indicated, unlike mechanical valves, their life-span of is often too
short. Because of the progressive deterioration of bioprostheses, they often need to be
20 replaced via costly additional major surgery.
Yet another consideration in the design and manufacture of a mechanical
prosthetic heart valve concerns the head loss (pressure drop) associated with the valve.
This head loss occurs during the systolic ejection or diastolic filling of a ventricle. In
conventional designs, some head loss is inevitable since it is inherent to the reduction
25 in the effective orifice area of the mechanical prosthetic heart valve as compared to
natural valves. The reduction in effective orifice is caused by the sewing ring which
is conventionally required for surgical installation of the prosthetic valve, by the
thickness of the valve housing, and by the hinges which enable the valve’s flaps

(leaflets) to move between an open and closed position. Another portion of the head
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10 Of course, the valve’s ability to minimize leakage is also important. Leakage
generally comprises regurgitation (backward flow of blood through the valve during
operation, and otherwise known as dynamic leakage) and static leakage (any flow
through the valve in the fully closed position). In the conventional valves, the amount
of regurgitation is at least 5% of the volume of blood flow during each cycle, and is

15 often more. When a patient has two prosthetic valves on the same ventricle,
regurgitation (dynamic leakage) thus comprises at least about 10% (leakage on the
order of several hundred L per day). Thus, dynamic leakage clearly puts undesirable
stress on the heart muscle. Static leakage, on the other hand, is typically caused by
the imperfect mechanical sealing of the prosthetic valve when its flaps are closed.

20 Because static leakage also causes the heart muscle to work harder, it must be taken
into consideration in the design and manufacture of a mechanical prosthetic heart
valve,

The closing mechanism of natural cardiac valves has not been taken into
account in the design of conventional mechanical valve prostheses. When the flow

25 rate across the valve becomes zero, the natural aortic valve is already more than 90%
closed. In contrast, conventional mechanical valve prostheses at that same time
remain almost fully open. From this almost fully open position, conventional
mechanical valve leaflets abruptly close with the large amount of regurgitation. In an

aortic position, this occurs at the very beginning of the diastole, and in the mitral
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10 Thus, conventional mechanical heart valves suffer from several disadvantages.
First, conventional mechanical heart valves fail to provide optimal blood flow
characteristics. Next, conventional mechanical heart valves allow blood to stagnate
behind the valve leaflets, thus creating the possibility of blood clotting in those
locations. Also, conventional mechanical heart valves may not provide optimum

15 opening and closing times (e.g., times which properly emulate a natural human valve).
It has not been possible, in the past, to reproduce the flow characteristics of a natural
valve when using a mechanical prosthesis. Thus, with the use of conventional
mechanical heart valves, embolic incidents and subsequent mortality may be directly
or indirectly linked to the valve prosthesis.

20 Accordingly, there is a need for an improved mechanical heart valve for
implantation into a patient which provides improved flow characteristics, minimizes
blood clotting behind the leaflets, and provides more natural opening and closing

behavior.

25 SUMMARY OF THE INVENTION
Accordingly, the present invention is directed to an improved mechanical heart
valve for surgical implantation into a patient which substantially eliminates one or

more of the problems or disadvantages found in the prior art.
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invention will be realized and attained by the structure particularly pointed out in the
written description and claims hereof as well as the appended drawings.
To achieve these and other advantages and in accordance with the purpose of
the invention, as embodied and broadly described, an exemplary embodiment relates
20 to a rotatable leaflet for a prosthetic heart valve which includes a main portion having
leading and trailing edge surfaces, and inner and outer surfaces connecting the leading
and trailing edge surfaces, wherein the inner surface generally defines a convex
curvature from the Jeading edge surface to the trailing edge surface and the outer
surface generally defines a convex curvature proximate the leading edge surface and a
25 concave curvature proximate the trailing edge surface, and first and second winglet
portions situated on opposite ends of the leaflet to facilitate pivoting or rotation of the
leaflet as it opens and closes.
Another exemplary embodiment relates to a rotatable leaflet for an early-

closing prosthetic heart valve including a main portion having leading and trailing
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Yet a further exemplary embodiment relates to mechanical prosthetic heart
10 valve, the valve including an annular housing having an inner circumferential surface
and at least one leaflet disposed adjacent to the inner circumferential surface and
capable of rotation between an open position in which blood can flow through the
heart valve and a closed position in which blood is prevented from flowing through
the heart valve. The leaflet includes a main portion having leading and trailing edge
15 surfaces and inner and outer surfaces connecting the leading and trailing edge
surfaces, wherein the inner surface generally defines a convex curvature from the
leading edge surface to the trailing edge surface and the outer surface generally
defines a convex curvature proximate the leading edge surface and a concave
curvature proximate the trailing edge surface. First and second winglet portions are
20 situated on opposite ends of the leaflet to facilitate rotation of the leaflet.

Another exemplary embodiment relates to a mechanical early-closing
prosthetic heart valve, the valve including an annular housing having an inner
circumferential surface and at least one leaflet disposed adjacent to the inner
circumferential surface and capable of rotation between an open position in which

25 blood can flow through the heart valve and a closed position in which blood is
prevented from flowing through the heart valve. The leaflet has closure means for

causing the leaflet to rotate toward a closed position prior to substantial back flow of

blood through the heart valve.
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heart valve for surgical 1nplantation into a patient which provides
i nproved fl ow The leaflet includes a main portion having leading and trailing edge surfaces and inner
and outer surfaces connecting the leading and trailing edge surfaces, and first and
second winglet portions situated on opposite ends of the leaflet to facilitate rotation of
the leaflet, and first and second leaflet pivot structures adapted to cooperate with the
10 first and second winglets, respectively, to facilitate rotation of the at least one leaflet
between the open and closed positions. Each of the first and second leaflet pivot
structures includes an inflow projection extending from the inner circumferential
surface of the housing and adapted to contact one of the winglet portions in the open
and closed positions, and a closing projection extending from the inner
15 circumferential surface of the housing and adapted to contact one of the winglet
portions in the closed position, wherein the closing projection and the inflow
projection are configured and spaced from one another to increase flow velocity
proximate the one of the winglet portions.
Still another exemplary embodiment relates to a mechanical prosthetic heart
20 valve including an annular housing having an inner circumferential surface and
defining at least one opening through the annular housing, and at least one leaflet
disposed adjacent to the inner circumferential surface and capable of rotation between
an open position in which blood can flow through the heart valve and a closed
position in which blood is prevented from flowing through the heart valve. The
25 leaflet includes a main portion and first and second winglet portions situated on
opposite ends of the leaflet to facilitate rotation of the leaflet, wherein no portion of
the at least one leaflet is received within the at least one opening during rotation
between the open and the closed position to provide for increased blood flow

proximate to one of the winglet portions.
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enbodi nent relates to a rotatable |eaflet an early-
heart valve and a closed position in which blood is prevented from flowing through

15 the heart valve. The leaflet includes surfaces with complex curvatures for creating a
tendency for the leaflet to rotate toward the closed position such that the leaflet is
substantially closed prior to the initiation of back flow of blood through the heart
valve.

It is to be understood that both the general description above, and the
20 following detailed description are exemplary and explanatory and are intended to

provide further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
The accompanying drawings which are included to provide a further
25 understanding of the invention and constitute a part of this specification, illustrate
embodiments of the invention and together with the written description, serve to

explain the principles of the invention. In the drawings:
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Figure 4 is the elevated isometric view of Figure 2 in accordance with the

10 present invention with the leaflets in a partially open position;

Figure 5 is a top plan view of a preferred embodiment of a multi-leaflet
mechanical heart valve according to the present invention with the leaflets in the fully
open position;

Figure 6 is a top plan view of a preferred embodiment of a multi-leaflet

15 mechanical heart valve according to the present invention with the leaflets in the fully
closed position;

Figure 7 is a bottom plan view of a preferred embodiment of a multi-leaflet
mechanical heart valve according to the present invention with the leaflets in the fully
closed position;

20 Figure 8 is a bottom plan view of a preferred embodiment of a multi-leaflet
mechanical heart valve according to the present invention with the leaflets in the fully
open position;

Figure 9 is a bottom plan view of a preferred embodiment of a muiti-leaflet
mechanical heart valve according to the present invention with the leaflets removed;

25 Figure 10 is a top plan view of a preferred embodiment of a multi-leaflet
mechanical heart valve according to the present invention with the leaflets removed;

Figure 11 is an isometric view of a preferred embodiment of a multi-leaflet

mechanical heart valve according to the present invention with the leaflets removed;
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in which blood is prevented fromfl ow ng t hrough the heart val ve.
The |eafl et has cl osufiguigddrisa fress-sectional plancders io gxethlqusmeaf 3 prefarredr ot at e

E ﬁ\r/\g{;ghat ﬁ Oﬁggr I L I O Eiln(ljurltx tleaﬂseg;aﬁbSt ant| fliezgf@k(ve accordmg to the present bl ood

-7- invention: A further exenplary enbodinent relates to a
nmechani cal prosthetic heart val ve I ncl udi ng an annul ar housi ng
having an inner cir Clﬁxgmﬁdﬁtls abids wichoafa raftrrad einbadimeohef a leaflet for a ekt | et
di sposed adj ace ta e? n;[eg amc éartc\lrarl\(l:eugcgrrd?nrg tlo%e Srléggn?lcn%er?tgloql capabl e of
rotation

Figure 15 is an isometric view of a preferred embodiment of a leaflet for a

10 muiti-leaflet mechanical heart valve according to the present invention;

Figure 16 is a front view of a preferred embodiment of a leaflet for a multi-
leaflet mechanical heart valve according to the present invention;

Figure 17 is a top view of a preferred embodiment of a leaflet for a multi-
leaflet mechanical heart valve according to the present invention;

15 Figure 18 is a bottom view of a preferred embodiment of a ieaflet for a multi-
leaflet mechanical heart valve according to the present invention;

Figure 19 is a top plan view of a preferred embodiment of a leaflet for a multi-
leaflet mechanical heart valve according to the present invention with three differing
cross sectional views included;

20 Figure 20 is a cross-sectional view taken along line 20'-20' in Figure 17 of the
profile of a preferred embodiment of a leaflet for a multi-leaflet mechanical heart
valve according to the present invention;

Figure 21 is a cross-sectional view taken along line 21'-21' in Figure 5 of a
preferred embodiment of a multi-leaflet mechanical heart valve according to the

25 present invention with the leaflets in the fully open position;

Figure 22 is a cross-sectional view taken along line 22'-22' in Figure 6 of a
preferred embodiment of a multi-leaflet mechanical heart valve according to the

present invention with only one of the leaflets which shown in the fully closed

position;

ween an pen p03|t|on|n
whi ch 25 balce&dnfgatetﬁdpresdnhmum{bntdnmhﬁaédﬂevs%mavwd a Cl osed position

T



bet ween an open position in which blood can flow through the heart val ve

and a 5 cl osed position in which blood is prevented fromfl ow.n g

t hr ough t he W2d/§2437a| ve. The leaflet includes a mai RCHESYYBA
having | eading and trailing edge surfaces d inner and outer
surfaces connecting the leading and trail rﬂﬂ' edge surfaces, and first and

second wi nglet portions situated on opposite ends of the leaflet to

facilitate rotation of the |l eafl et, and first and second | eafl et
pi vot structures ad ted 0 coo e Wt 0 first,.and.second
winglets, respecti v ‘sf"“a’(?f’ c‘gos'sg{:&{qngﬁwgw tgkn alqng el 'gﬂén EE%‘FT et

bet ween the openrys Qgigefﬁﬂr&ﬁﬁﬂbcfﬁ%ﬁt'o? 'ﬁ?nulﬁ-el&ﬂle@fnekmldcal hédrt @Mk £26fMh oqné | et

pi-vot structures includes an inflow projection extending fromthe
i nner ci r cunf epestiitahvention with thesleaflets endvedhe housi ng and adapt ed to
contact one of the w ngl et porti @i in the. o

positions, and a cl EWR2Hiss &arhl r@?%ﬂ*&PWg ?ﬁhsmfﬁ@%nﬁﬁega@? erre

ci rcunferenti al of the
B L S o
proj ection andlﬁd&ﬁtwrﬂflﬂ tA¥vaortic posmon @lftﬂte&@lﬁﬂf@ihg&fe&rt@ﬂ@l gured and spaced
fromone another to _increase flow vel oci t%/ roxi mte the one of
the wi ngl et porti on&igure 25 is a graphical represgp afipn ghtbe perfoanangp ph Pf@ﬁﬁdl ment

relates to a nec ajca I 0S c, hear

annul ar housi nﬁ 8@5"?1"& héfeagftr% lF égiefnalvalve P ?co(@n%ﬂd he%resgn

defining at |e%ﬁenﬁ&?nptﬁeﬁhﬁﬂﬁo@ﬁ@HﬁhthE&Qhﬁ&%ﬁl%arﬂ'tﬁ!éi@'dﬁﬁ and at |east one
| eaf | et di sposed adj acent to the inner ci rcunferential surface and

capabl e Wf rot ati on Figtre€is a a cross-sectimnalopem sipudar to Brgurerﬂl\mhmh iblstratés@an

f1 ow through the hea Vv dacosed sition jn which bl ood
s prevented fPEFFTL @lmﬁm BHIOVINE TPt 2 puiltirleatihgegsnical Beart i o
includes a mai R.PEELLOY fehtrﬁ gfl. second winglet portions situated on
opposi te ends %F ﬁah g? e%s tol %%Igll itate rotation of the leaflet, wherein
no portion of the at |least one leaflet is received wthin the at

| east one opening duri ween the open and the cl osed

position to provi d&T MEEE’CQE(éQBJP'EFQHOOFIW PREFERRED EMBQDIMENTES e of
the w ngiset

porti ONReference will now be made in detail to the preferred embodiments of the
present invention, examples of which are illustrated in the accompanying drawings.
For example, Figure 1 shows an elevated isometric view of a preferred embodiment of
a multi-leaflet mechanical heart valve according to the present invention with the
leaflets in the fully open position so that blood can flow through the heart valve.
20 As illustrated in Figure 1, the multi-leaflet mechanical heart valve 100
generally includes an annular housing 105 and rotatable leaflets 110 (as used herein,
the term annular is taken to encompass any continuous surface). The housing 105
includes inner and outer circumferential surfaces, as detailed below (as used herein,
the phrase circumferential surface is taken to mean the boundary surface of any closed
25 shape). The housing 105 has three concave portions 115 and three convex portions
120 around its top surface, as well as six openings therein (called windows herein)
125 and six inflow projections 130. Note that the inflow projections 130 extend from

the inner circumferential surface of the housing 105 into the blood flow path F.
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Still a further exenplary enbodi nent relates to a nmechanical early-closing
prosthetic hwergweratve, the valve including an annul ar housi RGTRES9¥/1R312an

I nner circunferential surface, and at | east one |eaflet disposed
adj acent to the inner circunferenl?al surface and capabl e of

rotati on between an open position in which 5 bl ood can fl ow t hrough
the heart valve and a cl osed position in which blood is prevent ed
fromflow ng through the heart valve. The | eafl et includes an early-closure
nmeans for creating &ousinadf2mayde condructediof apy rigidhiecempatibiganaierisieFer osed

position such t ha he leaflet | ubstantially.eclosed. pri.or ,to
Phe i nitiati on SEFRRIg AT RaL0S Py danstiucted e PR Ampafife 3GHicTE AL 7
A final exenpl gich AEARGHINE)bickel@h@ter, ndtifiBka HeRinCRYS MaEAlesbdld
prosthetic heart val ve, the valve including an annul ar housing
havi ng an i nneconstmgcigdio€ pesnrigid/biocompatible osganicapeterial suchnas, faszzamplee | eaf | et
di sposed ,adj acent .t

t i ' nf i al f d ble
ot Potat o boPHELH Sk, Fibetadrs HORREATS Ray PR THReA Fom 3 ugh the.

o gt USSR S ML P A B
curvat ures f or praf@sdd embodliment, housingt188 demashifieal frarha sbiditdeedlid dr ot at e
toward the closed p(ﬁlietlio?lginz li%?, t}mg ?egﬂgtgﬁl(l) IGH%]; lbgtcorils%ructed of any rigid
biocompatible rﬁateﬁal (metallic, organic, or polymeric). In the preferred
10 embodiment, leaflets 110 are preferably fabricated from pyrolytic carbon. The leaflets
110 of the preferred embodiment have two complex curved, non-parallel surfaces.
Figure 2 shows an elevated isometric view of a preferred embodiment of a
multi-leaflet mechanical heart valve according to the present invention with the
leaflets 110 rotated to an open position. Figure 2 also more clearly illustrates the
15 structure on housing 105 which facilitates rotation of and retains leaflets 110. Each
leaflet 110 has two winglets 205 (angled portions at the ends of each of the leaflets)
with a main portion disposed therebetween. Winglets 205 rest on inflow projections
130 (at least when the leaflets are in the closed position). In addition to the six inflow
projections 130, housing 105 also has three closing projections 200, six winglet guide
20 paths 210, and six winglet guide arcs 215. The leaflet pivot structure of the heart
valve of the preferred embodiment which retains the leaflets 110 and its winglets 205
within the housing 105 may be informatively compared to the structure described in
U.S. Patent No. 5,123,918 which is incorporated by reference herein. As shown in
Figure 2, windows 125 communicate with the blood flow through the heart valve 100
25 at regions denoted as 220. Thus, windows 125 allow blood to flow across the back of
the winglets 205 and substantially wash the leaflet pivot region in both the open and
closed positions. This washing helps to greatly reduce blood stagnation behind the

winglets 205, and thus reduces the likelihood of formation of a local blood clot or

thrombus in this region.

TET



substantial ly closed prior to the initiation of back flow of blood through

t he heart It is to be under {9(995 bot h
t he general W9593’|5?4B?| on above and the 20 f ol | owi ng detsl;al I e(?m?i12

description are exenplary and explanatory ggd are intended to

provi de further explanation of the invention as cl ai ned.

BRI EF DESCRI PTI ON OF THE DRAW NGS The acconpanyi ng

drawi ngs which are included to provide a further 25 under st andi ng of

the invention and C%‘c?té't Hh%vﬁn §13f ?bé ﬁgﬁr?féh\%?éhﬂ{lsmé%hféﬁtaﬁ%§for

enbodi nents of the i'nvention an tten description,

serve to appropripfeatractifud ngfdlmydn ﬂie&ﬁm@fhg 108 andwgtithimrwashingtflosv tlurcm/ghn gs:
PCT/ US99/ 12212

Figure 1 is antes wulpw apd e the; leaflat piyobregiony e the prafersd sabpdisment, orfméows

mul ti- heaf% Lgeclplas 5%al heart val ve according to the present
I nvention vm'thll2 Pt P the fully open position;

Figure 2 §s another ghfgh86udiSOI6S mbf b¥ e Bf ary MheThLsHHE, BohoskinEsthef a
preferred embodiment has three concave portions 115 and three convex portions 120
around the top surface of its circumference, i.e., a scalloped arrangement. These
concave portions 115 and convex portions 120 play a special role during the surgical
implantation of valve prothesis 100. During implantation, a sewing ring (see Figure

10 26, for example) is attached to the outer circumference of housing 105. The surgeon
then stitches through the tissue and through the sewing ring to attach the valve in its
desired location. If the surgeon inadvertently places one or more of the stitches
around the housing 105, when the stitches are pulled tight, the geometry of housing
105 will move the misplaced stitches towards concave portions 115 rather than

15 convex portions 120. Thus, there is little opportunity for a suture to be looped over
the convex portions 120 of the housing 105 and thereby impede the opening and
closing of the leaflets 110.

Figure 3 an elevated isometric view of a preferred embodiment of a muiti-
leaflet mechanical heart valve according to the present invention with the leaflets in

20 the fully closed position to prevent blood flow through the heart valve. As shown,
housing 105 also includes six leaflet capture projections 300 which help to prevent the
leaflets 110 from being easily removed from their pivot/hinge structures. The
effective closing angle of the complex curved leaflet may be defined by the chord of
the leaflet in its middle section. Note that in the preferred embodiment, the chord of

25 leaflets 110 preferably close to an angle of about 30° to about 40° with respect to the
inflow plane of the housing 105.

With the leaflets 110 in the closed position, the angle or pyramid shape of the
closed leaflets 110 also channels the flow through the windows 125 of the valve

housing 105 which results in improved washing by blood flow across the back of the



5 mul ti-leafl et nmechanical heart valve according to the present

I nvention with the | eafl ets in an open position;

Fi gure 3 iswiopeeedsevated isonetric view of Figure 2 in accordanissong2ih the
present invention with the leaflets in the fully closed position;

Figure 4 is the el evated isonetric view ofl4Fi gure 2 in accordance with the
10 present invention with the leaflets in a partially open position;
Figure 5is a top plan view of a preferred enbodi ment of a nulti-Ieaflet
mechani cal heart valve according to the present invention with the leaflets
in the ful |y winglets 205@p@gorpgl§teg{ washes the leaﬂet pivot region. Aiggims 311swpghugg t op

pl an vi ew of err ey | eaf | cal

heart val ve aggg’Fg‘? &%fﬁﬁﬁ%eotg?‘ré@%“a 1%‘/88 uh %H“W Tﬁle$?3%1 fglgftf“és[

fully llk@ﬁlﬁbﬁﬂ%f@&%abbﬁ@f a local blood clot or throml'h_lh G HHEs régiof. @ bOt tom pl an
view of a preferred enbodinent of a nulti-|eaflet mechani cal heart

val ve accordi ng t o Figure Aishownan ¢lematad isametnic view ¢ prefefred embodimeneofail | y
cl osed 05|t|on bot t om pl an VI§+W of a

o for r B0 enb kA moghapiset heaptahfiapording o the HReseRAR PR HEEK By al ve
according to t: i t I

open positi Onﬁé}&]eﬂ 16 into'd et dlgrbagfrl g&éﬁé}g(slg@ﬁ&oée?o%aif%#%\?ﬁéﬁno eful]y
preferred enbogempssitionf and theifullly-closed pedition). In this pdxﬁtdnalslwbﬁlashﬁﬁpbsm&hme
according to the present invention wth the leaflets renoved; 25

Figure 10 is av}wpthsﬂ@ﬂevuléﬂ/a@raté@aﬁtrx@m%we@rhimﬂwamssahmchsuxfw | et .
mechani cal  heggf Mals A %C%d uregk&%e%ﬁdc%sefﬁ% chih ﬁ?e?ethé }}"ﬂhterfeatﬂh Lgaflets

renoved; an 1sonmetri R¥Ped

enbodi m@nt of repidil Al rdeﬁﬁéﬂeatabove, this wasHilRCHAHN 1o rediigatducy dlosd s@a@ﬁ@m&i ng to
the present invention with the |leaflets renoved,
behind the winglets 205, and thus reduces the likelihood of formation of a local blood

clot or thrombus in this region.
Figure 5 is a top plan view and Figure 8 is a bottom plan view of a preferred
embodiment of a multi-leaflet mechanical heart valve according to the present
15 invention with the leaflets in the fully open position. As shown, the open leaflets 110
divide the blood flow through the valve 100 into several distinct flow paths. Main
flow path 500 extends along the central axis of valve 100, while outer flow paths 505
are delineated by the open leaflets 110. Note, as shown in Figs. 1 and 2, winglets 205
of leaflets 110 do not completely cover windows 125 when leaflets 110 are in the
20 open position. Thus, in this position, as well as any open position, blood flows
through windows 125 to completely wash the leaflet pivot region, reducing the
possibility of stagnation or blood coagulation in this region.
Although the opening angle of the leaflets 110 may be optimized for differing
requirements, the chord of the leaflets 110 of the preferred embodiment open to an
25 effective angle of about 75° to about 90° with respect to the inflow plane of the
housing 105. The effective opening angle of the complex curved leaflet may be
defined by the chord of the leaflet in its middle section. This opening angle, coupled
with the unique contour of the leaflets, provides for a central flow valve, similar to the

natural valves of the heart. This results in a reduced pressure gradient or pressure

g1
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Figure 12 is a partial cross-sectional isometric view taken along |ine 12'-
12" in WO99/6H33ure 11 of a preferred enbodi ment of a mul F¢T/PERf %112
mechani cal heart val ve according.to the present invention wth
the | eaflets renoved, Fi g& e 13 is a cross-sectional plan
view of the housing of a preferred 5 enbodi nent of a multi-|eaflet
mechani cal heart val ve according to the present i nventi on;

Figure 14 is a side vi of a. ed..enb ment._of | eafl et for

it - Tt KL R S

I nventi on; mechanical heart valvésgure 15 is an isonetric view of a preferred
enbodi nent of a leaflet for a 10 multi-|eaflet nechanical heart valve
according to the prd&sgme 6iiswmptplamyiewandFigure7isabottorﬂpgmr\@evgef a prederfadont
view of a preferr enbodi nent . of a | eaf]et for | eaf | et
mechani cal heafbg g‘l“%"é‘t ag H&"‘E‘F Jratlegne n’ﬁ?’e@éﬁt"a Vﬁ\?ﬁ?ﬂrfh&ﬁ o the present

Figure 1% is alaRah GhQhe aﬁét?ir?{h'égﬁll r%m%' noks%hbﬁﬂflh%e Ex@fen% mul ti -

| eaf | et machanl ca eart va ve accor tot present I nvention

Figure 18 is a ehfbotiineny, tkaveaflets 1p0 efost ﬂednzeﬂbm@lomﬂﬂowfpams Keaahes05 or a
mul ti - | eaf | et nmechani cal heart valve according to the present
i nventi on; respectively. Howe\mr,gmsemwlat@cas, ftdpabpbch#sva@wt%keaﬁp ?pﬁl@ﬂ]égﬂéd

val ve accor ai ngertierie el Bl poitian dhpesiien SaedRERT Ry SomdI B

while allowing for minor static leakage, tends to improve some performance

10 characteristics, e.g., reduces the harmful effects of cavitation (by increasing the
cavitation threshold) at the trailing surfaces of the leaflets during closing. This small
gap need not be continuous or constant along the intersection of the leaflets 110. It
may be a gap which is widest at the pointed tips of the leaflets 110 and get
progressively narrower radially towards the housing 105. It is noted that a very small

15 opening between the leaflets only near their tips is shown in the figures (due to
manufacturing).

Figure 9 is a bottom plan view and Figure 10 is a top plan view of a preferred
embodiment of a multi-leaflet mechanical heart valve according to the present
invention with the leaflets 110 removed. This figure illustrates the structure on

20 housing 105 which facilitates rotation of and retains leaflets 110. As shown, this
structure includes six inflow projections 130, three closing projections 200, six
winglet guide paths 210, six leaflet capture projections 300, and six winglet guide arcs
215.

Figure 11 is an isometric view of a preferred embodiment of a multi-leaflet

25 mechanical heart valve according to the present invention with the leaflets removed.
As shown, each window 125 is placed just above a winglet guide path 210, the
winglet guide path 210 being defined between an inflow projection 130 and a closing
projection 200. Also shown in this figure is the sewing ring receiving portion 1100 of

housing 105. Although in the preferred embodiment sewing ring receiving portion



cross sectional views included; 20 Figure 20 is a
cross-sectional view taken along line 20'-20" in Figure 17 of the
profile of sygssherr ed enbodi nent of a leaflet for a multi-|EaEflsson2212

mechani cal heart val ve according to the present invention;

Figure 21 is a cross-sectional view takenlédong line 21'-21" in Figure 5 of
a preferred enbodinent of a nmulti-Ileaflet nechanical heart valve
according to the 25 present invention with the leaflets in the fully
open position; Figure 22 is a cross-sectional view taken
along |ine 22' 1100 s anrexpinged pargobhousing 105, other yemahipring attaohinsdt arsvgements

mul ti-|eaflet maﬁ ani cal1 h(?art val ve according to the pr esent

i nvention witf°Y IR?CBH% BF%t he 1 eafl ets which shown in the fully closed
posi tion; g 19

e Pt R e 8 sorysetong)somate ey sk eng g 1212, e
along line 2| Figfe 11 of Epgaﬁsm:d embodlmentﬁf minu&tx-ﬂnaﬁétanecﬂﬂn&aﬁmﬂrtmh}te of a

mul ti-leafl et mechani cal heart, val ve corij present

i nventioh wit ﬁcqqq@ngé%ﬂ]eé)ggsemém@en w1 sremoved As illustrated, inflow

projection 130 includes a non-uniform surface portion 1205. I has been discovered

through testing that additional wear resistance may be achieved through the use of this

non-uniform, asymmetrical surface on one side of the inflow projection 130 as it

mates with a complementary seating surface on each leaflet 110 (provides for surface
10 interface contact rather than point interface contact).

Figure 13 is a cross-sectional plan view of the housing 105 of a preferred
embodiment of a multi-leaflet mechanical heart valve according to the present
invention. Although differing cross-sections could be considered, in the preferred
embodiment, a converging nozzle cross-section is utilized. As shown, housing 105 of

15 the preferred embodiment includes converging section 1200 as well as sewing ring
receiving portion 1100. Thus, housing 105 of the preferred embodiment converges in
the flow direction F which minimizes flow separation and turbulence on the inflow
side of the valve during forward flow through the open valve. The converging nozzle
also reduces the pressure drop or pressure gradient across the valve during forward

20 flow through the open valve when compared to other heart valves which have a rather
abrupt or blunt shape on the inflow side of the housing. Thus, the housing of the
preferred embodiment has improved flow characteristics and minimizes pressure or
energy losses and flow separation through the open valve.

Figure 14 is a side view of a preferred embodiment of a leaflet 110 for a multi-

25 leaflet mechanical heart valve according to the present invention. The preferred
embodiment of the leaflet 110 according to the present invention includes a winglet
205 at each side of the main portion of the leaflet 110. Figure 15 is an isometric view
of a preferred embodiment of a leaflet 110 for a multi-leaflet mechanical heart valve

according to the present invention. The main portion comprises inner flow surface

I



Figure 24 is a graphical represent éition of the performance of a preferred 5
enbodi nent of a nmulti-leaflet nechanical heart val ve accordi n? <-;'
etPsbling,

pr esent WO 99/62837ent i on in the aortic position at three di

rates; Figure 25 is a graphjcal representation of the
performance of a preferred enbodi nent of a nulti-Ileaflet

mechani cal heart val ve according to the present I nvention in the
mtral position at three differing heart rates; and 10 Fi gure
26 is a a cros cLil ' lafk 1alq: | | I a
preferred enbogrlérir)gh%ﬁt%w \s‘{%r\‘/?\n%ﬁ gug?’r%g{d?%e%gng{fﬁe% I;héa’f ng? rallrrléﬂc%?r"fie g{éﬁ%ﬁear t
val ve Bi1Sor Al igntiencdaboyy, deadlet 1 f0nvielntiesawo winglet seating portions IEODAI LED
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS 15 Ref erence will now

be made in det avhich mathwith infayy prjeciapotileht depited mdhis figure, outep layesprface
: Cron. A e o > . s
For Coxanpl o 71 AP Haib s Boficakt atsgh S Seloaibl o BILE0 MRANGEIE £12 1 OS

enbodi neng of _ Altho?ugglthé prefeptilefibodRedhe bf £ Rafled0ifor 2vti-Rager di ng to
the present invention with the |l eaflets in the fully open position

so that bl ood caechahival hdartoalye aceardingde theutsest ingention is somewhat trighgular in
illustrated in Figure 1, the ti-leafle chani cal ,heart val ve 100
Gener al 1y 1 nel S e iies ROHS FisgrlBaDa R SRR SUrE L ETE R
used herein, G dpaAfh H fc‘ﬁ-@ LR of S65i . cont i nuous
surface). The h%eu%tllhnzgd&’g@o{l% Q‘f#o?\:ii:}l? 8 inngr gngﬁ uter (I:l?%l%:ﬁuo?rlf erenti al
surfaces, as detai | eFighed Idws pdontisied, Bipues 17 is a top view, atidhBigate E8Si8 a bottom
circunferential surface is taken to nean the boundary surface of ,anﬁ cl osed
£

25 18hape) viewpd apsefeiredycrrborlimsat afigrleaflet 40 tay @ mghitlpaflet meekanigad heast ee
convex portions . - . ce, I '

openi ngg t herei Y\alz%%(icf’%d&n %n% ﬁggé\%&’%g%%ieﬁ?&?%ﬂﬁo% lﬁégggrt]i selsk‘gﬁiﬁfelltggzvgs
proj ecti ons 130inchidt vifiglatoutdi@uifidd HO0RNE wesdlétdnser boffaX1608d Wih gkt outer

the inner circunferential surface of the housi n% 105 into the blood flow
path F. surface 1600 is the surface that is washed by the blood flow through windows 125.
As depicted in Figure 18, inner flow surface 1400 of leaflet 110 is convex along a line
15 extending between winglets 205.

Figure 19 is a top plan view of a preferred embodiment of a leaflet 110 for a
multi-leaflet mechanical heart valve according to the present invention with three
differing cross sectional views included. The section cuts (A, B, and C) show the
changing cross section of the preferred embodiment of a leaflet 110 for a multi-leaflet

20 mechanical heart valve according to the present invention from centerline A-A to just
short of winglet 205. As can be seen, section A-A shows a cut of varying thicknesses
and contours, and section C-C near the winglet 205 shows a cut with a lesser variation
in thickness and less pronounced contours. Section B-B shows an intermediate cut
exemplifying the transition between A-A and C-C. Preferably, the leaflet is

25 symmetric about section A-A.

Figure 20 is a cross-sectional view taken along line 20'-20' in Figure 17 of the
profile of a preferred embodiment of a leaflet 110 for a multi-leaflet mechanical heart
valve according to the present invention. As shown, inner flow surface 1400 has a

convex curvature from leading edge surface 1410 to trailing edge surface 1415. Quter
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Housi ng 105 nay be constructed of any rigid bioconpatible material. For
exanpl e, howo 24935 may be constructed from any bi oconpati HGI/vSMA2AR C
materi al , such as chrom um nickel -tungsten, and titanium Housing
105 may al so be constructed of af$-rigid bioconpatible organic
materi al such as, for exanple, 5 pyrol ytic carbon. Furthernore,

housi ng 105 rmay be constructed from any bi oconpati bl e pol yneric
material, such as a bioconpatible plastic material. In the

preferred embdlvhsmface M@Q&h%gﬂﬁ@@ap@l eraeatiTeTpm leadting edge mfaneﬂélﬂ foc rod.

Li ke housi ng 0 cted of an

bi oconpat i bl e]twafrﬁ"r?r@fe rﬁ@?if‘?? ug?@éwlsgrtﬁ%ernf@g%%fz?r&ex cprya %h@ﬁef erred
10 e”boq:lr&ﬁﬂfate thé Rafahi%%d%éﬁuﬁ&@l@f 0 rirfbinYork %érWﬂxrfaE@ EERlY LI C
carbon. The l|eaflets 10 of the preferred embodi ment have two
conpl ex cur vedpncayacpovatire 201 0sprofiameesthe trailing edge surface 14¥.gure 2 shows an
el evated isonetric yi eferred enbodi

mul ti -1 exf |l et rech e SRR qprgrsW@e@@e@mhgﬁﬂslqaﬂetsam%wwm.on
with the spparatlSih ' Sheh PRk @ﬁc?grﬂfaﬂc&réaﬂg‘éﬁﬁﬁ@%ﬂﬂeq%@ Y Firpdl SO

nor e clearly i structure ousi
facilitates r Q‘ppﬁebﬂtbd(ﬁy cneakilled &i te attedfluil Mednbfics Easkhape of the leaﬂet 110

affects the pressure distribution over its surface as the blood flows over the around it.

As shown in Figure 20, leaflet 110 according to the present invention has an

10 approximate virtual pivot axis at a location shown at 2000. Thus, during operation the
pressure distribution over the leaflet will affect the rotational tendency of leaflet about
the virtual pivot axis 2000.

Given the shape of the inner and outer flow surfaces, the differences between
the static surface pressure along the inner flow surface P, and the outer flow surface

15 P, and in view of the location of virtual pivot axis at a location shown approximately
at 2000, the leaflet 110 is caused to tend towards rotation to a closed position. These
pressure differentials are created by the airfoil-like shape of the leaflet 110 in the flow
direction F. The fluid mechanics (including pressure gradients thereof during flow) of
an airfoil are well known to those skilled in the fluid mechanics art. The early closure

20 of the mechanical heart valve according to a preferred embodiment of the present
invention starts as flow F through the valve 100 decelerates and the pressure field
reverses. In the aortic position the leaflets 110 are substantially closed before the flow
reverses, similar to the function of a natural aortic valve.

In another aspect, the inner and outer flow surfaces, 1400 and 1405,

25 respectively, are advantageously designed such that in fully opened position of the
leaflets the surface tangents of both flow surfaces at the trailing edge surface 1415 and
the outer flow surface 1405 at the leading edge surface 1410 are substantially aligned
in the direction of flow F to limit flow separation and eddy formation (turbulence) as

blood flow leaves the trailing edge surface 1415 of the open leaflets 110. In



| eafl et 110 has two winglets 205 (angled portions at the ends of each of
the leaflets) with a main portion disposed therebetween. Wnglets
205 rest on W¥9968#3pr oj ect i ons 130 (at |east when t HECVESP122 5, ¢
in the closed position). In addition to th_§9§ix i nfl ow proj ecti ons
130, housing 105 al so has three closing projections 200, six w nglet guide
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retains the leaflets 11 | ' . ' e Lng
105 may be inf g %@Wg lv@th?()ﬁrgié‘ﬂe&%&"é’%n@% %I(lae%é % Et%g ﬁersgm e5eH h’g%’g F\T}]rl?acqun%%np
U.S. Patent No.offhelidderFidiv ¥ii4B 1460 prokRhae aRtlesliny edgRisarRaCR 10T @hdleatlst
shown in Figure 2, w ndows 125 conmunicate with the bl ood fl ow
t hrough t he hedl0 fomhs/an angte fpreferably about @oahsutEOf orithorespecp@ihe flnws,

w ndows 125 all gw bl o to,fl ow across .t he back of t i N S.
D0n amd 5.t arfUTeaen, psn oW Sep-aiianam bt e sy B opter gt fd08 hur 4
cl osed pasitio all ' : t t jon
benind L | CTespedtivcly RBY BICAT1OR RS el BidRAnRIQREH1 4
formation of a rhewhahichllhead valvet100according to the thesentiinreenttion rdduse tiebilence, flow
PCT/ US99/ 12212 i i . -13-

Not e that the eparatien. apdengigy lnssasasmociatd Wity Baw shrgush the apsn ¥alvel | ows f or

ta EP{)SSLI ate struct url<allgurrei2(~'lii§i iaE%sé—QecEiQﬁalQ?e%{aﬂgn &ggg ;ﬁﬂg 29pili' Wg{’l\%%qép W flow

preferred embodiment of a multi-leaflet mechanical heart valve according to the

10 present invention with the leaflets 110 in the fully open position. Figure 21 clearly
illustrates the interaction of winglets 205 with the winglet guide paths 210 and
winglet guide arcs 215. Also, this figure shows that the distance between inflow
projections 130 and the closing projection 200 decreases in the blood flow direction.
Thus, winglet guide paths 210 create a nozzle effect to direct blood flow through

15 windows 125 to substantially wash the rear surface of winglets 205 to minimize
stagnation.

Figure 22 is a cross-sectional view taken along line 22'-22' in Figure 6 of a
preferred embodiment of a multi-leaflet mechanical heart valve according to the
present invention with only one of the leaflets 110 shown in the fully closed position.

20 As shown, when in the closed position, leaflet 110 rests upon inflow projections 130
and the closing projection 200. As also illustrated in this figure, leaflet capture
projections 300 help to retain leaflet 110 in housing 105.
Figure 23 is an enlarged cross-sectional view taken along line 21'-21" in Figure
5 of a preferred embodiment of a multi-leaflet mechanical heart valve according to the
25 present invention with the leaflets 110 removed. Like Figure 21, this figure shows
that the distance between inflow projections 130 and the closing projection 200
decreases in the blood flow direction due to the widening shape of the projections
130, 200. Thus, winglet guide paths 210 act as nozzles to direct blood flow through

windows 125. This nozzle creates increased flow velocity into and around the



the windows and into the leaflet pivot region. In the preferred enbodi nent,
w ndows 125 are triangular in shape. 5 Al t hough

housi ng 105y8®Ysd87 made in any annul ar shape, the housi ng oPCriuge9/12212
preferred enbodi nent has three concave portions 115 and three convex

portions 120 around the top surt2se of its circunference, i.e., a
scal | oped arrangenent. These concave portions 115 and convex
portions 120 play a special role during the surgical i npl antation

of valve prothesis 100. During inplantation, a sewing ring (see Figure 10
26, for exanpwi)dois 125 badwaikldt@uidearas ®16r Thisrfgund Elscesimwscthe mudynaglic:LOS The

surgeon then stitches_through the ti throu sew ng
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suture o be | oopebigutce24 and 25 are graphical sepresentatensiof e perfprmangernf 2housi ng
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prevent the the preferreq gbqdiment @r\“l‘ e‘éag‘écl se ea(‘f?rdlﬂ%t?ﬂé
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| eafl ets 110 preferably close to an angﬁe of _about 30Q[ & i;\b tth 40[ err]
with respect the leaflsts aré substantialiy ¢lasgdhekare therfloEevRrsess ah&’ bﬁlml ar to the
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125 of the VaﬂMﬁ' characteristics of the preferred valve housing 105 as well as the preferred leaflets
15 110 which tend towards closure because of their novel geometry.

This closing behavior differs dramatically from that of conventional
mechanical valve prostheses. As mentioned above, in conventional mechanical valve
prostheses at the time when the flow rate becomes zero through the valve,
conventional mechanical valve prostheses remain 90% open. Thus, with conventional

20 mechanical valve prostheses, a significant portion of the closure (more than 90%)
occurs during regurgitation (backward flow) of blood through the valve, and thus the
closure is very rapid and entails a large amount of dynamic leakage (regurgitation).
Thus, this very rapid closing under high pressure backward flow can lead to numerous
undesirable results (cavitation, HITS, and unnecessary stress on the heart muscle). In

25 contrast, the preferred embodiment of 2 multi-leaflet mechanical heart valve according
to the present invention begins to close just after the flow peak (as flow decelerates
and the pressure field reverses) and the valve’s leaﬂeté are substantially closed
(approximately 90%) before the flow reverses (at V=0). Thus, the preferred

embodiment of a multi-leaflet mechanical heart valve according to the present

T



housi ng 105 which results in inproved washing by bl ood flow across the back
of the PCT/ US99/ 12212

-14- WO 99/4243Y| et s 205 and conpl etel y washes the | eaf | ®CTA{SIg2212
region. Again, this washing hel ps -%P- greatly reduce bl ood
stagnation behind the w nglets 205, and thuS reduces the

l'i kel i hood of formation of a local blood clot or thrombus in this region.
Figure 4 shows an el evated isonetric view of a preferred enbodinent of a 5

I - ' . [ to th nt inyention
Win the o MHOBRRERI bosy Bl R Aok dr) BBy B bt (st pen
- hal f way bet werenlhébe comblesely closed prior 8P &2 iRidiatién @ﬂthélﬁikhtﬁ}%sﬁfé'ﬂa\)/fwl%\?%xﬁsfd

position). In this tposition as well as any position in he

| eafl ets 110 ar Bow; the preferrgdgmbadimentof e multitleastet friechwmnicat hemtvaleadsandng to

f the leaflets 11 Jthrough the windows 125 to
compl et el y washE Ry SfopTobesnge TRetod: 3 fautatiza AR Fondireumorend 1 i s

washi ng hgl ps t fibyy reduce bl ood stagnation ~ behind the
wi ngl e?s 805, a%gg{%ébgeduces the Iikelihood of formation of a |ocal bl ood

clot or thronbus in Oficsursedfishould be understood that the cldsugsisedfdrmasicetofithdpreken
view and Figure,8 is a boftom plan view of a preferred enbodi nent

of a multi-I eaf IN¥EntRAGPYI Readivnted to mest desirgd eBtegrnyich s 2 desirsdelasing

percentage at zero flow velocity (initiation of backwards flow), or timing of the
initiation of closure rotation with respect to the maximum flow velocity. Preferable

10 adjustments to the design could comprise modification of the airfoil-like geometry of
the leaflets 110 to affect the pressure distributions along the inner and outer flow
surfaces 1400 and 1405, respectively, a structural modification to the pivot structure
to relocate the virtual pivot point of the leaflet, a reshaping of the leaflet to alter its
center of mass or its neutral point, etc. The present invention conceives that optimal

15 valve closure performance occurs between 50% to > 90% closed before the flow
reverses.

Finally, Figure 26 is a a cross-sectional view similar to Figure 21 which
illustrates a preferred embodiment of a sewing ring for a multi-leaflet mechanical
heart valve (in the aortic position) according to the present invention. As shown, this

20 preferred sewing ring is attached to the outer circumference of housing 105 at sewing
ring receiving portion 1100.

As illustrated in the detailed description, the improved mechanical heart valve
for implantation into a patient in accordance with the present invention substantially
eliminates one or more of the problems or disadvantages found in the prior art. The

25 novel structure, as particularly pointed out in the written description and the appended
drawings hereof, provides a improved mechanical heart valve for implantation into a
patient which provides improved flow characteristics, minimizes blood clotting

behind the leaflets, and provides more natural opening and closing behavior.



15 invention with the leaflets in the fully open position. As shown,

the open leaflets 110 divide the blood flow through the val ve 100
i nto sever ayyodogidsnct flow paths. Min fl ow pat h 50CTASI¥IAE2 al ong
the central axis of valve 100, while outer flow paths 505 are

del i neated by the open leaflets 110. Note22-as shown in Figs. | and 2,

w ngl ets 205 of leaflets 110 do not conpletely cover w ndows 125
when leaflets 110 are in the 20 open position. Thus, in this

position, as well as any open position, blood flows t hrough

wi ndows 125 to confiveldieyapparent to those skifledin the o% that ¥epions medificationyatthe

ibilit f st ti bl.ood ti j i i .
A'though t e SHATOHG carif resds i Bemp R 8t ok ey BirtasiRipitio s pagent of
differing the presehEAVEdtRIBAIRDut &dpartiigGtdin tHe shitR ok S@pk @F thelidtnBbn! he
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angl e, coupl eg ivalents fth‘é’isﬁ-ﬁctﬁﬂtégdiéﬂfogééﬂme?aﬂ.t our of the leaflets, provides
for a central ?‘fow vane, simlar to the natural val ves of the

heart. This results in a reduced pressure gradient or pressure
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drop across the valve in the open position when conpared with rmst
conventi onal mechani cal heart val ves. ure 6 is
a top plan vit¥P¥83%i gure 7 is a bottomplan view of a prefe?FEﬂJS 912212

enbodi ment of a nulti-leaflet nmechanical hegst val v
present 5 invention with the leaflets*in the | !@ |on
As shown, in the preferred enbodi nent, the e the

mai n and outer flow paths 500 and 505 respect [ veI y. However

sone i nstances ,be desirable to | eave a snall gap bet vveen
the leaflets |nw1§h%ﬁ@¥—osed position. It has been discovered that a small

gap, vhi | e glrbambRdedms fdﬁarméstﬁét@tneﬁnlvﬁ%fée rikigpds to inprove
sonme performance 10 characteristics, e.g., Bces t he har nf ul

ef fects of cavitati crmgimportiey isekiding leddng and trailing edm\sutfades,cumdtlhmaahol d) at
the trailing surfaces. of the |.eafl ts duri ngaclos : ThIS smal |

gap need not beP A FanRsicting He %ﬁﬁ]ﬂn%a‘t’@rf ikipgeqggSurfaces, Wheseigithe inger
leafl ets 410. Idyrface %er?gmélg{@ﬁn&% Gn98P hGR frém\ﬂtéjl%ﬁcilng V\Eé 1%94, ﬁ g tips

of the leaflets 110 progressivel

towar ds t he housdiling ddye.sutfhcd mdnhd adelt dm&facagetﬁfaﬂly&iﬁﬁhés al&)nvex curv@d%@d“l ng
between the leaflets onl¥ near their tips is shown in the figures (due to
e

manuf act ur i ng) . Proximate the'leading edgg-pirfrce apd p sorcaye cenyaipt proximatathariliigyur e
10 is a top pla!{z1 ‘F %fm%preferred enbodi nent of a nmulti-|eaflet
mechani cal heart SValve agccor di ng to the present I nvention with the

leafl ets 110 renovedgrsildtidsetdrid@uringict potsibhadifmteddtm oiabbétfétéﬁ%of)me%&ﬂet to
housi ng 105 which facilitates rotation of and retains leaflets 11 As

shown, th9s facilitate etatiomrofthe leafldtudes si x i nfl ow proj ections 130 t hree
closing proj ections 200, six

2. The rotatable leaflet of claim 1, wherein the inner surface has a convex

curvature from the first winglet portion to the second winglet portion.

15 3. The rotatable leaflet of claim 1, wherein the outer surface has a concave

curvature from the first winglet portion to the second winglet portion.

4, The rotatable leaflet of claim 1, 2, or 3, wherein the distance between the inner
and outer surfaces is greater proximate the leading edge surface than the distance
20 between the inner and outer surfaces proximate the trailing edge surface such that the

leaflet has an airfoil-like cross section.

5. The rotatable leaflet of claim 1, wherein the leaflet is formed from pyrolytic

carbon.

25 6. The rotatable leaflet of claim 4, wherein the leaflet is formed from pyrolytic

carbon.

7. The rotatable leaflet of claim 1, wherein each winglet portion is attached to the

inner and outer surfaces and the leading and trailing edge surfaces.
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wingl et guide paths 210, six |eaflet capture projections 300, and siX
wi ngl et guide arcs 215. “Figure 1 1 is an
i sometric wWyewsmiszp preferred enbodi ment of a nulti-| eafl et P2PUS99/12212

mechani cal heart val ve according to the present inventi | the | eaflets
renmoved. As shown, each w ndow2#25 is placed | ”ﬂﬂl | et
gui de path 210, the w ngl et guide path 210 bei . n

an inflow projection 130 and a cl osi ng proj ection 200. Al so shown
inthis figure is the sewng ring receiving portion 1100 of .

housi ng 105. &\ t hofsgotatahletlpatleh fasfan epdytclosing dropdiptic Se9i HMejve FomPHERE vi ng
portion PCT/ US99/ 1

12 . s .
g 315650 ROFon DA adading 1 reiing e 5SS BT 8 ng 11 ng
attachnment arganoapBiistonnecting the 16k SarBrARPSedde s@daces; :
Figure 12 is a partial cross-Sectional isonetric view taken along line 12'-
12" in first and second winglet portions situated on opposite ends of the leaflet to
5 facilitate rotation of the leaflet; and
closure means for causing the leaflet to rotate toward a closed position prior to

substantial backwards flow of blood through the heart valve.

0. The rotatable leaflet of claim 8, wherein the closure means causes the leaflet to
10 begin to rotate toward a closed position about when the maximum flow rate has been

achieved through the valve.

10. The rotatable leaflet of claim 8, wherein the closure means comprises a

configuration wherein the inner surface has a convex curvature from the leading edge
15 surface to the trailing edge surface and the outer surface has a convex curvature

proximate the leading edge surface and a concave curvature proximate the trailing

edge surface.

11.  The rotatable leaflet of claim 10, wherein the closure means further comprises
20 a configuration wherein the distance between the inner and outer surfaces is greater

proximate the leading edge surface than the distance between the inner and outer

surfaces proximate the trailing edge surface such that the leaflet has an airfoil-like

cross section.

25 12.  The rotatable leaflet of claim 10, wherein the inner surface has a convex

curvature from the first winglet portion to the second winglet portion.

13. The rotatable leaflet of claim 12, wherein the outer surface has a concave

curvature from the first winglet portion to the second winglet portion.

il



Figure 11 of a preferred enbodi ment of a nulti-Ileaflet nmechanical heart

valve 5 according to the present invention with the leaflets _
renoved. As WQ W23t ed, infl ow proj ecti on 133 ms
non-uni form surface portion 1205. | has be di scovere I"[’ I mﬂa ,ﬂlw
testing that additional wear resistance may~be achi eved *t hroug of
this non-uni form asymetrical surface on one side of the i nfl ow
projection 130 as it mates with a conplenentary seating surface on

each leaflet 119 (pr Vir?ﬁ?abﬁeolreaﬁe%ro%gfalem %%r#ilgﬂb%gi%@? eelgectgg acfeg%glr’]a} han

poi nt interface tont

pl an view of therdlptieédiBonl05 of a preferred enbodi nent of a

mul ti-leafl et mechani cal heart valve according to the present

i nvention. Although differing cross-sections could be considered, in the

preferred embodj nent, a.cqnvergin ozzl e cross-section is
utilized. As sHdwn, “ﬂ&?&ﬂ’@c pEpsthetiq Be Val?ﬁag‘ep‘faé‘fwsm%odi ment i ncl udes
conver gi section i i . el win ortion

gl ng ja%%nﬂ?r wglnﬁfl%?’%%\r%gg%& o} mfert%ntxal surfa(é. g'ng p

1100. Thus, housing 105 o enbodi ment converges in

the flow direction RtVdastanentafietdizpssed bdjacet pRtha inreR ciddiinferbnbibl RiPGSe &y t he
i nfl ow si.de of the valve during forward flow through the open

val ve. The con¥applsef ietasiopbetween an operypesitiqnda yhich blned parcfew trouglotheor

pressure gradi he val ve. duri farward 20 fl ow t hrough the
open val ve V\heglg%:%?}%lg?é%d %Sﬁg?ﬁ%qsﬁ}?géptwr}gﬁ} @ﬁgmf%‘ﬁnf?&\f@% flowing ough

abrupt or bl untheheapevade, tHededflet banpddia® of the housing. Thus, the housing
of the preferred enbodi nent has inproved fl ow characteristics and

m ni mi zek) pressure or a main pogivariggiudiog dedingrad fttatingsdge satfices ahb haiegh
t he open val ve. si de _view of a preferred

Fi 4 18,
enbodi ment of a | eaPOVES grfages %Pnlr?g‘lfjt{q%-t%??agmg and frailing edgeBEfases, svherdiear t

val ve according to tReinRErefte bRl RBnesd\CnREL i
enbodi ment of the leaflet 110 %%cor dlslng {l%s tﬁ’g prg‘?ﬁ%@%ﬁn%%ﬁ?ﬁlgﬁdlp%g?%edes a

wi ngl et 205urfacegadthe tsiiling edgetsnefacednd thootteosurfate phirrdlRafdfiats 4 10.
Figure 15 is an isonetric view ) of a preferred enbodi nent of a
leafl et 110 for a mfPRYSX PEYANUE PRIRalsitheleading pdes suripee and a concavesgugvatuieng

to the present inveqyan.cTAEuHRhD B LBl GREPT | Ses inner flow surface

first and second winglet portions situated on opposite ends of the

leaflet to facilitate rotation of the leaflet.

16.  The mechanical prosthetic heart valve of claim 15, wherein the annular

20 housing comprises a nozzle shape along the inner circumferential surface.

17. The mechanical prosthetic heart valve of claim 15, wherein the inner

circumferential surface includes inflow projections to receive the leaflet.

25 18.  The mechanical prosthetic heart valve of claim 15, wherein the inner surface

of the at least one leaflet has a convex curvature from the first winglet portion to the

second winglet portion.
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1400, outer fl ow surface 1405, |eading edge surface 1410, and trailing edge
surface wo 99/62433415. As mentioned above, leaflet 110 includes two™

wi ngl et seating portions 1500 whi ch nmate w | ' i ons
130. As depicted in this figure, outer fl2w surface Hm"mlllmllﬂﬂmm
| eaf | et 110 is concave along a line extending between*the W ndl efs 205. 5

Al though the preferred enmbodinment of a leaflet 110 for a multi-leaflet
nmechani cal heart valve according to the present invention is sonewhat

tL i angul ar in19,  The meclsniqabprobthetilsaarttviahvesfickan| 18 wherei the puteratface ot her
shapes and nunbers of leaflets may be uti]ized w thout.departin
from t he scop®fBe atlsastiope lﬂaﬁf’tﬁb“sﬁr‘@%‘é‘l‘f? CRIY IR frgm_tixe frst ngtl‘g portion to t gu?e :
16 is a front _yi Fhgue:-17 is a top view, and Figure 18 is a bottom 10
view of a prefe(g?ﬁ%vglﬂ%gjgﬁlﬁéht of a leaflet 110 for a multi-leaflet

mechani cal heart val ve according to the present invention. As

shown in these figures, wnglets 205 i )
5 20.  The mechanical prosthetic heart valve of claim 15, 18 or 19, wherein the

distance between the inner and outer surfaces of the at least one leaflet is greater
proximate the leading edge surface than the distance between the inner and outer
surfaces proximate the trailing edge surface such that the at least one leaflet has an

airfoil-like cross section.

10
21.  The mechanical prosthetic heart valve of claim 15, further comprising at least
two leaflets.
22.  The mechanical prosthetic heart valve of claim 21, further comprising at least
15 three leaflets.
23.  The mechanical prosthetic heart valve of claim 15, wherein the valve housing
is formed from a metallic material.
20 24.  The mechanical prosthetic heart valve of claim 15, wherein the at least one
leaflet is formed from pyrolytic carbon.
25. A mechanical early-closing prosthetic heart valve, the valve comprising:
an annular housing having an inner circumferential surface: and
25 at least one leaflet disposed adjacent to the inner circumferential surface and

capable of rotation between an open position in which blood can flow through the
heart valve and a closed position in which blood is prevented from flowing through

the heart valve, the leaflet comprising closure means for causing the leaflet to rotate



i nclude wi nglet outer surface 1600 and wi nglet inner surface 1605. W ngl et

out er surface 1600 is the surface that is vvashed by the bl ood flow
t hr ough wi nd&¥{R9%63437 As depicted in Figure 18,

1400 of leaflet 110 is convex along a |ine_L5 exte Ojg“mmmalﬂmum
wi ngl ets 205. Figure 19 is™a top pmer e

enbodi nent of a leaflet 110 for a mul ti -I eaf I et rrechanl cal heart
val ve according to the present invention with three differi ng
cross sectional I

changi ng cross tgér'g o%b% Iﬁgﬁgnlp gpxgtrofsggéthﬂngalgl mencg ofﬁooﬁgg?%}ﬁg

mul ti-leaflet Zive, rrechanl cal heart valve according to the present

i nvention fromcenterline A-Ato just short of w nglet 205. As can
be seen, section A-A shows a cut of varying thicknesses and

ot ot on M"Y SR R hRRRLS Al AR AR YR sl S BB o
shows an §nt er n@giu3¢ Mesttcauses the 1eaﬂé%>f@m§m fodobde io%ra b apséd mmd@%ﬁﬁ@n A—

and G C. Preferably, the leaflet is symmetric about section A-A
Figure 20 is a whossmaginiino fav retedmas b@dnemhm/mhtjyrdugheheﬂalvao in Figure 17
of the profile of a preferred enbodi nent of a leaflet 110 for a
mul ti-I|eafl et rrechani caI heart val ve according to the present
i nvention. As r has ve of cl .
curvature from ead| ng eg%hgwscu cfl ﬁ%‘%gﬂ? ral aﬁr}/g Vg gg aént}r? gérfﬂll%? at
Qut er least one leaflet compnses.

10 a main portion including leading and trailing edge surfaces, and inner and

outer surfaces connecting the leading and trailing edge surfaces; and
first and second winglet portions situated on opposite ends of the at least one

leaflet to facilitate rotation of the leaflet.

15 28.  The mechanical early-closing prosthetic heart valve of claim 27, wherein the
closure means comprises a configuration wherein the inner surface generally defines a
convex curvature from the leading edge surface to the trailing edge surface and the
outer surface generally defines a convex curvature proximate the leading edge surface
and a concave curvature proXimate the trailing edge surface.

20
29.  The mechanical early-closing prosthetic heart valve of claim 28, wherein the
closure means further comprises a configuration wherein the distance between the
inner and outer surfaces of the at least one leaflet is greater proximate the leading edge
surface than the distance between the inner and outer surfaces proximate the trailing

25 edge surface such that the leaflet has an airfoil-like cross section.
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fl ow surface 1405 has an S-shaped curvature from |l eadi ng edge surface 1410

to wolo@sdsh Ng edge surface 1415. Quter flow sur
convex curvature 2005 proxi mate the | eading emﬁmmﬁlgmgw
Furthernore, outer flow surface 1405 has -28- coneave Cur & «2010
proxi mate the trailing edge surface 1415. 5 The shape of the
preferred enbodi nent of the leaflets 110 m nim zes flow

separation in the open position and enhances early closure of the |eaflets.
As will be 30. A megigniealprostbietinyheariaalykicomptsing: t he art of fluid

mechani cs, the shape of .the leaflet 110 . affects t pressure
distribution over Ayl Bgn%ga\fl%arb}ng%clfqug\f‘ge%%rsurtchfg,‘g} und it.

As shown in Figure 20, Lgaichfit Qséif“&%[cghﬂg ROnh8RiRhRERMal BUBRELAD has
an 10 approximate virtual pivot axis at a |ocation shown at 2000.
Thus, during egabRtdfestatifrebetween an opeprpesision én whish bidmdtdan flowtbroughthd eaf | et
will affect the rotational tendency_ of |eafl et about vi.rtual

. ! . the
pi vot afi s 20beart valve and a closed positiotsin, whichfhipodrinprevesited fram; fiavdpe gﬁau%ht er

fl ow surfaces,, the diff n o Is - Br essure
along the i nng}e qeﬁla\)(/alsv ﬁ»ﬁpg(%@%%[‘ gﬁ% Y&g%cf e mgétaéltrl ?n? Pgﬁvﬁgdr?g@gé %%gmg
Plerr] and inayd @¥iak edgsurfecat ahinfér and outed kurficeotormettingathe keatlingahd on

shown approxi mately at 2000, the |leaflet 110 is caused to tend
t owar ds r ot at treilingedge surfacess andiirst pashsecqrbwinglet portions sitygfedon gpposite ends

differentials are created.b he. aj.;foil-like.s of ] let 110 in
the flow of the at [fia_?té’@F iledxﬁe{:t_oefemh{a;q @}a&owghhg%%gstanﬁg%glgﬁ, %g& pressure
gr adi er!kto_s thereof gk ian@sdchbRMeafibt pivot structures @apidd toQobperite wig the Kif®wad t 0
those skilled in the fluid mechani'cs art. The early closure 20 of the
mechani cal heagdond sdingletacresprediivalytto fariljjatefretatiesiofthp atdieast ane lspfletihstyreasent
IpP \elgghlr gnf ?L?E}Eesopaeg aIlcli 8lvovseFd ;Eoglrt%lrjl ,hea;[:lt] gf t\ﬂg lﬁ\r/se'f a%&) (s)ecggg Felaﬁéta;;[i\ei‘cﬁ sg'ﬂglu}ers]e
comprising:
an inflow projection extending from the inner circumferential surface of the
15 housing and adapted to contact one of the winglet portions in one of the open and
closed positions; and
a closing projection extending from the inner circumferential surface of the
housing and adapted to contact one of the winglet portions in the closed position,
wherein the closing projection and the inflow projection are configured and spaced

20 from one another to increase flow velocity proximate the one of the winglet portions.

31.  The mechanical prosthetic heart valve of claim 30, wherein each inflow
projection has a first width proximate the inner surface of the annular housing, and a
second width distal from the inner surface of the valve housing less than the first

25 width.

32.  The mechanical prosthetic heart valve of claim 30, wherein each closing

projection has a first width proximate the inner surface of the annular housing, and a



reverses. In the aortic position the leaflets 110 are substantially closed

before the fl ow reverses, simlar to the funct
aort | C Va| VeWO 99/62437 | n anot her aSpeCt , t he | L!mlﬂm,{ﬂ'm@@'@ow
surfaces, 1400 and 1405, 25 respecti_\égl_y, are advaht ageausiny ned
such that in fully opened position of the | eafl ets the surface
tangents of both flow surfaces at the trailing edge surface 1415 and

the outer flow surface 1405 at the | eadi ng edge surface 1410 are

substantially al]j . | n: the di ' L | ow
separation andasgéi%;@ thrr%lftFlofrr\oTttE{‘Bé%esﬁl gf‘gg;&gf;thQ Ual% hg&%ﬁ%%@# r'l{c?vxt/i rFlfe aves
the trailing edggdtisurface 1415 of the open leaflets 110. In
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accordance with a preferred enbodi nent of the present invention, the

surface tangent f the inner .flow surtface 00, pr.oxi mat e, t he

| eadi ng edge s aceT}Tﬂ???‘S?lc@l?éoﬁ%%’ﬂh&‘g Valve ot & amljl{é’ Wlb%m\)ﬁ%argw&re of
preferably aboyj, dedindsQt Qe dPE:RAS thetithidupe BiRhatt end iflot! 8W closin

di rection. Thus, u%’lgw s%par ation oir% bo%h t he i%ngr and outer surff:fces,g 1400
and 1405, 5 projeci@spectively, of the leaflet 110 is m nim zed.
Accordingly the leaflets 110 of the nmechani cal heart val ve 100
according to the present invention reduce turbul ence, flow

separal on, andener i aSSARAASSORRAL AR oL oA e g val vo

Figure 21 is a cross-sectional ‘view
a between the inflow projection and the closing projection decreases in the blood flow
10 direction to direct at least a portion of the blood flow through the at least one opening

when the at least one leaflet is in the open position.

3s. The mechanical prosthetic heart valve of claim 30, wherein the inner surface

of the at least one leaflet generally defines a convex curvature from the leading edge
15 surface to the trailing edge surface and the outer surface of the at least one leaflet

generally defines a convex curvature proximate the leading edge surface and a

concave curvature proximate the trailing edge surface.

36. The mechanical prosthetic heart valve of claim 35, wherein the distance

between the inner and outer surfaces is greater proximate the leading edge surface
20 than the distance between the inner and outer surfaces proximate the trailing edge

surface such that the at least one leaflet has an airfoil-like cross section.

37. A mechanical prosthetic heart valve comprising:
an annular housing having an inner circumferential surface and defining at
25 least one opening through the circumferential surface; and
at least one leaflet disposed adjacent to the inner circumferential surface and
capable of rotation between an open position in which blood can flow through the
heart valve and a closed position in which blood is prevented from flowing through

the heart valve, the at least one leaflet comprising a main portion and first and second



preferred enbodi nent of a multi-Ileaflet nechanical heart. valve according to
the 10 present invention with the leaflets 110 i he fully open
position. Rygubg43di clearly illustrates the i am ) of =
wi nglets 205 with the wi nglet guide paths 210 and CW}W ngle
arcs 215. Also, this figure shows that tHk#-distance between itn Ui ﬁ
projections 130 and the closing projection 200 decreases in the blood 11 ow
di rection. Thus, wi nglet guide paths 210 create a nozzle effect to
direct blood flow through 15 wi ndows 125 to substantially wash the
rear surface wingldtpgitions sin@Sed an opiposite ends of the leaflet tot fagilitats rotation of the
Figure 22 is a cross-sectional view taken opg.line 22'-22' in Figure 6 of
A o Eaflct, Rhersipoiocnnaon Otbe o 15 pr el i teofuafuifi e BT S0S, oo
according to : : | | ' . : eafl ets
%&glr}guqulnyg r?taﬁ&?ﬁéﬁ%ed ¥ %Bédz%ﬂl the Ef&sé&@%ﬂ%@o plovidierot

110 shown in closed position. hown, "when 1 n the

cl osed posi ti@ereateddfidmt fldvt Proxirmate taimeeofithé ingle pojtiomsi ons 130 and .

the closing projection 200. As also illustrated in this figure, |eaflet
capt ure3 projections 300 help to retain leaflet 110 in housing 105.
Figure 23 is e [ - | (VA | vakd N
Fi gure 5 g*@?gg&ﬁﬁ%&eﬁpég&é%b%o iv%fé)ﬁ?)‘fvg#aﬁggﬁh itlé}&?ég% etuga}rrélgﬁéni cal
heart valve agfiRingin€ludd firkandBecond leaflet giv6ttructiveridistod w ddopérae witafheet s
110 renoved. Like Figure 21, this figure shows _ that the distance
bet ween i nf | ofirspang secendowingled poiens, respeetively, tyfapilitate eatatinn of tle at least one

e e L e T
nozzl egpot o di GRfcturkd QRshrsipw t hrough wi ndows 125. This nozzle

creates increased flow'velocity into and around the _
an inflow projection extending from the inner circumferential surface of the

housing and adapted to contact one of the winglet portions in one of the open and
closed positions; and
a closing projection extending from the inner circumferential surface of the
15 housing and adapted to contact one of the winglet portions in the closed position,
~ wherein the closing projection and the inflow projection are configured and spaced
from one another to direct flow through the at least one opening through the

circumferential surface.

20 39.  The mechanical prosthetic heart valve of claim 37, wherein the main portion
of the at least one leaflet includes leading and trailing edge surfaces, and inner and
outer surfaces connecting the leading and trailing edge surfaces, and wherein the inner
surface generally defines a convex curvature from the leading edge surface to the
trailing edge surface and the outer surface generally defines a convex curvature

25 proximate the leading edge surface and a concave curvature proximate the trailing

edge surface.

40.  The mechanical prosthetic heart valve of claim 39, wherein the distance

between the inner and outer surfaces is greater proximate the leading edge surface

]
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w ndows 125 and wi nglet guide arcs 215. This figure also shows the

aer odynani ¢ W0 9962437 and snoot hed scul pting of inflow p IJ

the cl osing projection 200 in the hl ood fl ow d“l m"mﬁm”ﬁ”&ﬂﬂ
aerodynamc profiles help to limt flow sep Fation e‘bldyB *

formation (turbul ence) as blood flows across these el enents.
Figures 24 and 25 are graphical representations of t he perforrrance of a

preferred enbodi f. a ti-l af | et chani ¢ hear.t val ve cor ding to
t he B?BR’E @ ﬁ%?ﬁr%’%‘rre nfh¢ fRoeh e oter ?ﬁstpr%m%sth% fraikige edge
respectively at sﬁﬂﬁ{c%%uéi‘l thhEth B0l Bhd leaflet has an afr?otllec?o{s‘régctl of0: and 120 beats
per mnute). As shown in Figure 24 In e aort t he
preferred enbodi nent of a nmulti-Ieaflet nechani cal heart val ve according to

the 10 present _invention begin to close very early. |In fact, as
i |lustrated, cl&&ureThegiephanicalprosthetic heart valyepf qléim 38, sihersimtne @b keast ape

decer €1 2158 A0 oblERERT Gy SLhHRERNARRE PP Rl Mg etpd™

simlar to the projections. function of a natural aortic valve. This early

closure tinme is made possible by the fl ow characteristics of the
preferred val ve housi ng 105 as wel | as the preferred | eafl ets 15 110
whi ch tend towar, sur use,_.o hej r ryx

This closing beﬂg\/l otrgﬁfnfef: P%?ﬁﬁ‘f’{lﬁ anyvan ?ﬁectlﬂg‘t f“’%@m@ﬁ@%ﬂa‘l valve

mechani cal val vVRowifSk &R ﬁ-(ﬁﬁ?amlhp f.-gbove, in conventional nechanical
val ve prostheses at the tine en the flow rate becones zero

t hrough tlRe val ve, conventi onal nechani cal val ve prostheses remain
90% open. Thus, fﬁ‘m th._gconventio mechani cal_val ve prostheses, a
1°0

al 20 .
si gni fi cant por CW@ha@F?ﬁgHWé&F%P@T‘tY?éYF afpdgim 37, wherein the at least one

leaflet is formed from pyrolytic carbon.

44. A mechanical early-closing prosthetic heart valve, the valve comprising:
15 an annular housing having an inner circamferential surface; and
at least one leaflet disposed adjacent to the inner circumferential surface and
capable of rotation between an open position in which blood can flow through the
heart valve and a closed position in which blood is prevented from flowing through
the heart valve, the at least one leaflet comprising an early-closure means for creating
20 a tendency for the leaflet to rotate toward the closed position such that the leaflet is
substantially closed prior to the initiation of back flow of blood through the heart

valve.

45. The mechanical early-closing prosthetic heart valve of claim 44, whereby the
25 at least one leaflet is more than 50% closed prior to the initiation of back flow of

blood through the heart valve.



occurs during regurgitation (backward flow) of blood through the valve, and
t hus the closure is very rapid and entails a I anount  of
dynam c | eaBf6hd3s9ur gi tation). Thus, this v ﬂ’{i’? '/

under hi gh pressure backward flow can | ead to numerous = ”’ ﬁabl e
results (cavitation, H TS, and unnecessar32-stress on the heart ﬁuscl

25 contrast, the preferred enbodi nent of a nulti-I|eaflet mechanical
heart val ve according to the present invention begins to close
just after the flow peak (as fl ow decel erates and the pressure
field reversedy. an®he hrechmxﬁoaeemy-dasﬁhgpmsﬁm@c mmamqf&lailyl 45| whengby the

Db et or elewpes et s kB LR 5t o oY B fiRe B e
pr esent - bloodthrp%({}@ é’%gﬁ@g

-21- egins to close early and begins to close very
slowy. Because the leaflets are aInDst conpletely cl osed prior
to the initiation of the high pressure backwa t he

preferrdd enbddi medhe orechanigal ear M-@aﬁméPmﬁ@é%hﬁa@a‘{al‘f?epfrcﬂa“&“éﬁﬁv8’1‘5'@@1') th¥ing to
the present | gtv l%arllstt Ioge? }erég% ﬁ%ﬁt {ﬂ%ﬁ Lzbe lés@&’ Bgorot tﬁ@ffﬁtﬁaﬁbﬁ%@ba&ﬂ ﬂ-cﬁv opl ood

trauma, and shoul d
be understoodb}daa%{iglg},g%meam@rforrrance of the present

48.  The mechanical early-closing prosthetic heart valve of claim 47, whereby the
10 at least one leaflet is more than 80% closed prior to the initiation of back flow of

blood through the heart valve.

49.  The mechanical early-closing prosthetic heart valve of claim 48, whereby the
at least one leaflet is more than 90% closed prior to the initiation of back flow of

15 blood through the heart valve.

50. The mechanical early-closing prosthetic heart valve of claim 46, wherein the at
least one leaflet further comprises:
a main portion including leading and trailing edge surfaces, and inner and
20 outer surfaces connecting the leading and trailing edge surfaces; and .
first and second winglet portions situated on opposite ends of the at least one
leaflet to facilitate rotation of the at least one leaflet, each of the winglet portions
having a first side proximate the annular valve housing and a second side opposite
thereto.
25
51.  The mechanical early-closing prosthetic heart valve of claim 50, wherein the
early-closure means comprises a configuration wherein the inner surface of the at least

one leaflet has a convex curvature from the leading edge surface to the trailing edge

41



I nvention could be adjusted to neet desired criteria, such as a desired
cl osi ng percentage at zero flow velocity (initiation of backwards
flow), or ti WHP/BH3% he initiation of cl osurfa["lmm '
respect to the maxi numflow velocity. Preferable 10 by m#m’g”lo
t he design could conprise nodification of The airfoil-li ke geondtry

the leaflets 110 to affect the pressure distributions along the inner and
outer flow surfaces 1400 and 1405, respectively, a structural

nodi fication to the piwvot sStruckur to rel ocat he wvirtual pivot
poi nt of the | durtacs 1R aRRESEREE Brs 4 mvpn g BpfipSifis b feating de
center of mMaSS Qifabd shdEeHnkae RPIIire pRIximatbife RABALEAgd Si¥fakd. | on concei ves

t hat optiml 15 val ve cl osure performance occurs between 50%to > 90%
cl osed before the flow reverses. Finally, Figure

26 is a a cross-sectional viewsimlar to Fjqure 21 which . )
illustrates a pref er?@dn%ﬁ%ﬁ’ﬁ\fﬂrféﬂb"c@ﬁﬂ% Eg%d‘%tf }}ep.ﬁda]fvs,o?ala;m Pt Whergin the

mechani c | we (ot ] ' j e
mr oot hvent 1 SE o Rphg RS RS ATl e S kb
attached to t hendwutsr soifices 6T theankast@e Neafist 18 grebfdy padximasithgleading edge ri ng
receiving portion 1100. . _As illustrated in the detail ed

descri ption, t Harfapgpihen the digancghetegenibginnendpater surfaces proxgpate tist waitiag i on

into a patient in accordanc Lth 1h resent. i nventi.on substantially
el i m nates one %ﬁe ﬁ’br&%wosf‘c ﬁ'&y\%? Sb\tegﬁé)gf) eaﬁf’tslga\?g%{rgodggoﬁsﬁﬁtbmi' n the prior
art. The 25 novel structure, as particularly pointed out in the

written description and the appended drawi ngs hereof, provides a
i nprovedlfrechantal Heamechanicakeaflyrclosing prosthcticdreaitivalyeaf claim 50, wherain ent

whi ch provides inproved flow charagteristics,. m,nimz bl ood_¢cl qQtting
behi nd t he |eaf%‘g¥’§‘, ongRpeping hrgugh fgaBnnar }eﬂuawgabmvnﬁamﬂ%w B‘S‘%Oad{w

behavi or.

across the first side of at least one of the winglet portions when the at least one leaflet

is in the open position.

15 54. A mechanical early-closing prosthetic heart valve, the valve comprising:
an annular housing having an inner circumferential surface; and
at least one leaflet disposed adjacent to the inner circumferential surface and
capable of rotation between an open position in which blood can flow through the
heart valve and a closed position in which blood is prevented from flowing through
20 the heart valve, the at least one leaflet comprising surfaces with complex curvatures
for creating a tendency for the at least one leaflet to rotate toward the closed position
such that the at least one leaflet is substantially closed prior to the initiation of back

flow of blood through the heart valve.

25 55. The mechanical early-closing prosthetic heart valve of claim 54, wherein the
surfaces with complex curvatures causes the at least one leaflet to begin to rotate
toward a closed position about when a maximum flow rate has been achieved through

the valve.
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It will be apparent to those skilled in the art that varli m |mr‘

and W5r9b,@£43pns can be made in the nechani cal hear m‘m ' \H‘M“r
i nplantation into a patient of the present inventiorf wit hout ®
departing fromthe spirit or scope of the34-nvention. Thus, it is

I ntended that the present

5 of this invention provided they cone within the scope of the

di scl osure hereof and any

her ei n.
-23-

A rotatable leaflet for a
prost hetic helgast %Il?ﬂgeghﬁm gqrql;glses : - -

a main portion including

leading and trailing, adde fiihaG&Rg 1948Hhe MB $ailfiRtdge surfaces, and inner and

10

15

20

25

outer surfaces connecting the leading and trailing edge surfaces; and .

first and second winglet portions situated on opposite ends of the at least one
leaflet to facilitate rotation of the at least one leaflet, each of the winglet portions
having a first side proximate the annular valve housing and a second side opposite

thereto.

57.  The mechanical early-closing prosthetic heart valve of claim 56, wherein the
complex curvatures comprise a configuration wherein the inner surface of the at least
one leaflet has a convex curvature from the leading edge surface to the trailing edge
surface and the outer surface has a convex curvature proximate the leading edge

surface and a concave curvature proximate the trailing edge surface.

58.  The mechanical early-closing prosthetic heart valve of claim 57, wherein the
complex curvatures comprise a configuration wherein the distance between the inner
and outer surfaces of the at least one leaflet is greater proximate the leading edge

surface than the distance between the inner and outer surfaces proximate the trailing

edge surface such that the at least one leaflet has an airfoil cross section.

59.  The mechanical early-closing prosthetic heart valve of claim 56, wherein
at least one opening through the inner circumferential surface is provided to allow
blood flow across the first side of at least one of the winglet portions when the at least

one leaflet is in the open position.

i nventi on cover the nodifications and vari ati ons

equi val ents of the structures disclosed
56. TEéZI‘IebIﬁﬁﬂdal&d%Mclosmg prosthetic heart valve of claim 54, wherein the at

1}



outer surfaces connecting the leading and trailing edge surfaces, wherein

the inner 5 surface generally defines a convex curvature fromthe

| eadi ng edge WRPP824E7 t 0 t he trailing edge surface andaigssesurxaz
surface general |y defines a convex curvay proxi mate the | eading
edge surface and a concave curvature proximate the trailing edge
surface; and first and second w nglet portions situated on
opposite ends of the leaflet to 10 facilitate rotation of the

| eaf | et . 2. The rotatable leaflet of claim1l, wherein the

i nner surface has a convex curvature fromthe first w nglet

3. ThtQQot at abl e
ac e
ey ngl et portion.
t he di stance

Xi rat e the

portion to the second w ngl et pﬁkaion.
| eafl et of claim1, wherein the outs
curvature fromthe first w nglet
4. The rotatable | eafl et of

bet ween the inner

| eadi ng edge surface th and outer
surfaces proxi mate the : ¢ | eaf | et
has an airfoil-like crgsg PN : &t able\l eafl et of

claim1, wherein the | gaffT Yan ' 25
6. The rotatable | ep 3 A siif¥pr ned from

pyrol ytic carfpff

SUBSTITUTE SHEET (RULE 26)



7. The rotatable leaflet of claim1, wherein each winglet portionis
attached to the I nner and outer surfaces and the | eading and

trailing edggosvgisatres.
-24-

PCT/ US99/ 12212

8. A rotatable leaflet for an earlé-éa&,&_ng pro%EJ
0

conpri si ng: a
edge surfaces, and inner and
and trailing edge surfaces;
portions situated on opposi
rotation of the | eﬁél et;
| eafl et to rotate towand_;
backwards fl ow of bl ood ¥
rotatabl e |leaflet of cl#

to 10 g

| NCpoyll

FIG. 3

SUBSTITUTE SHEET (RULE 26)

PCT/US99/12212
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etic heart valve
| eading and trailing

facilitate
ns1®r causing the
subst anti al
9. The

THE



10. The rotatable leafl et of claim8, wherein the closure neans conpri ses
a ccwhi glg{fation wherein the inner surface has a convex curvature
fromthe | eadRg &tfge 15 surface to the trailing edge sHGTdERYA#d2t he
outer surface has a convex curvature 3/14 proxi mate the | eadi ng edge

surface and a concave curvature proximte the trailing edge
surface. 11. The rotatable leaflet of claim 10, wherein the

cl osure neans further conprises 20120 a configurg C'?on wherein the

di stance between the inner and outefr urfa@y)is grealer proxi mat e

t he | eadi ng edge surface tha? he di
surfaces proximate the traili Yo7 K
airfoil-1like Cross s /"}/

30 \
of claim 10, wherein t h&QQ % {ﬁ\ ‘Q\
y/

4'/’ ’ g
the first wnglet portion /,/1(%///@;’
The rotatable | eafl et of .‘/' / 74\

Y )=

pet n the inner and outer
2 é?ﬁ?t the | eafl et has an
. The rotatable | eafl et
curvature from
13.
44@ has a concave
Wi gl et portion.

o/
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- 25- 14. The rotatable leaflet of claim8 or 11, wherein the
leaflet is formed from pyrol ytic carbon. 15. A
mechani cal pwosd/éasi ¢ heart val ve, the valve conprising: 5 PCT/US99/12212

an annul ar housi ng having an inner ci r&f{ger ential surface: and

at | east one |eaflet dk&ed adj acent the inner circunferential surface

and capabl e t at | op—ebween—an..gopen pasition in which bl ood
can flow t hrough the —.r-I w-\&'\ a_cfefed posi{OQon in which
bl ood is prevented from 8% ng t hr ough - heart valve, the

leafl et conprisi A9 19 s ;s ti ongrncl udi ng
| eadi ng and trailing/gge s\\\faces, and inng A and outer
surfaces connecti %’ ead and traili nS, wher ei n

eral Ty def\nes a convex//

t he i nner surface A8 trvaceeenf "\\M t he | eadi ng

edge / surface t\Wthe trailipgg edge surtace\and the outer
surface general |l jf//d8fi nes a \ / convex curvatyke proximate the .
| eadi ng edge sufffade and a concave\xurvatge 15 proxi mate the
trailing edge s f g; and \ / first \and second

wingl et portiorfd SI\Oated on opposiXW efds of the

N\

/N

4 22

SUBSTITUTE SHEET (RULE 26)
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leaflet to facilitate rotation of the leaflet. 16. The
mechani cal prosthetic heart valve of claim15, wherein the annul ar 20
housi ng conpM@8%6243Mozzl e shape al ong the inner circunferent PRE/USHYVI2At..

17. The mechani cal prosthetic heart v of claim 15, wherein the inner
circunferential surface includes |nflom1pr01ect|ons to receive the |eaflet.
25 18. The mechani cal prost-- heart val ve of clai m 15, wherein

the i nner surface af | et has a convex
curvature fromthe first w ng :c second wi ngl et
portion. - 26-

SUBSTWUTESHEET(RULEZS)



19. The mechani cal prosthetic heart valve of claim18, wherein the outer

surface of the at | east one |eaflet has a concave curvature from
the first wygebgissportion to the second wi ngl et popCTms99/122125

20. The nechani cal prosthetic heart é?lée of claim15, 18 or 19, wherein
t he di stance between the i nneb/48d outer surfaces of the at |east
one leaflet is greater pr oxi nate e | eadi ng edge surface than the
di stance between the inner and-gt=et aces proxinmate the

trailing edge surface such let h an
airfoil-like cross sectig 24/, o prosthetic
heart valve of claiml i t her céggri~|ng at two | eaflets.
22. The nechani cal 403 hetic heart 18 ve of & X1, \Xurt her conprising-

at | east 15

prosthetic heart va IS

formed froma neta /i mat eri al . 20 130 5 prosthetic _

heart val ve of cl ¢ t5, wherein the at | east one cafl et is
formed from pyrolMti

200
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25. A nmechani cal early-closing prosthetic heart valve, the valve

conpri si ng: an annul ar housi ng having an inner

ci rcunferentiBP%6#4¥%ce: and 25 at | east one | edQTAISIGIENDsed
adjacent to the inner circunferential s & e and capabl e of
rotation between an open position in whic | ood can flow through the

heart val ve and a closed position in which blood is prevented fromfl ow ng
t hr ough the heart valve, the leaflet conprising closure neans for
causing the leaflet to rotate Sy Fe— toward a cl osed
position prior to substantial back flowgt f T TH o&é@ t he heart

val ve. 26. The nechanic,//s: 2 pr O t?etic heart val ve
of claim 25, wherein the 5 27 i | eafl et to begin

to rotate toward a closed @Mt off 3oL maxi mum fl ow rate

has been achi eved through the)y# Vg,

ear |l y-cl osi ng prost ic héééf’v. = 2\ : y the at
| east one | eaflet co -2;535,/’ )

///////ii:*\\/1100
/
/|
1200 _
FIG.13
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10 a main portion including | eading and trailing edge

surfaces, and i nner and

trailing edggogdsdhaces; and

portions situated on opposite ends of éiﬁgeu
| et .

facilitate rotation of the le
early-cl osi ng prosthgggg

cl osure neans conpri a co
defines a convex cuf
trailing edge surface and th
convex curvature proxi mate t
curvature proximte the tra
mechani cal early-cl osing pro$

U

cl osure neans further conpri {
bet ween t he i nner a
is greater proxinmate the | eadi

bet ween the i nner am§@Qter {
surface such that the | eafl et

205

o —

outer surfaces connecting the |eading and
first and secon@Cwusgd/ee12
| east one leaflet to
28. The mechani cal
al ve of claim 27, wherein the j
uration wherein the inner surface generally :
ure fromthe | eading edge surface to the |
@ er surface generally defines a 5

eagkﬂﬁ'edge surface and a concave
edge surface. 20 29. The

tic heart valve of claim?28, wherein the
configuration wherein the distance

surfaces of the at | east one | eafl et
dge surface than the distance
es proximate the trailing 25 edge
an airfoil-like cross section.
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30. A mechani cal prosthetic heart val ve conprising: an
annul ar housiqg havi ng an inner circunferential surface; and
at | east one W@81624%7 di sposed adj acent to the inner circunfer 8TUSPYEIZ ace

and capabl e of rotation betmeengquOpen position in which blood
can flow through the 5 heart val ve and a closed position in which
bl ood is prevented fromfl ow ng through the heart valve, the at

| east one | eafl et conprisigg a maigQForti 1bincluding | eadi ng and
trailing edge surfaces, ams \g#T&f and out? surfaces connecting the | eading
and trailing edge , irst and second wi nglet portions
situated on opposite ends of the at |east one leaflet to
facilitate rotation of the at t one leaflet; and 10 first
and second | eaflet pivot str s adapted to cooperate with the first and
second wi ngl ets, resqgebi S tol facilitate rotation of the at |east one

| eaf | et between d and cl osed positions, each of the first
and second | eaflet pivot stry S conpri si ng:

an inflow projection extendif; frbomthe inner circunferential surface of
the 15 housi | Hud—adapt edl t o contact one of the winglet portions in
one of the open and ed positions; and a

cl osing projection extending| the inner circunferential surface of the
housi ng and adapted to contacf ong of the winglet portions in the closed
posi ti on, wher ein e cjosing projection and the inflow

proj ection are configured and| spaked—2A405 from one another to increase
flow velocity proxinate the he of the winglet portions. 31.
The nechani cal prosthetic he |t vhal ve of claim 30, wherein each inflow
projection has a first w dthjjprox] mate the inner surface of the annul ar
housi ng, and a
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second width distal fromthe inner surface of the valve housing | ess than

the first 25 wi dt h. 32. The mechani cal prosthetic heart
val ve of cl @ig9ek43z7Wherei n each cl osing proj ect i eCTESSY/@202 r St
wi dt h proxinmate the inner surface of k?? nnul ar housing, and a

- 29- second w dth di st al the inner surface of the valve
housing | ess than the first wi dt h. 33. The mechani ca
prosthetic heart valve of claim 30, wherein the annular 5 housi ng

defines at | east one opening therethrough proxinmate the inflow and cl osing
proj ections.
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34. The nechani cal prosthetic heart valve of claim33, wherein the

di st ance bet ween the inflow projection and the closing projection
decreases i n WR&H43bd fl ow 10 direction to direct at | ®&FUSYBRILi on
of the blood flow through the at |east Wﬁ@peni ng when the at

| east one leaflet is in the open position. 35. The nechani cal
prosthetic heart valve of claim 30, wherein the inner surface of
the at |east one | eaflet general lppngleftres~a convex curvature fromthe

| eadi ng edge 15 surface to e t ekt edge surface and the outer

surface of the at |east one |eaflet ganeral ly defines a convex

curvature proximate the I(jg(& n!’g_edge surface and a ! concave

curvature proximte the tngiVi ede sur f ace. - ég The

mechani cal prosthetic heart val ve /a claim 35, wheyein the distance

bet ween the inner and outer surfes is greater prixi matg the | eadi ng edge

surface 20 t han qg@ tange between the inney - r surfaces

proxi mate the trailing -edge ' Hirface such tRhat the at | east one

| eafl et has an airfoil-Iligke crgss secti-om 37 A mechani cal
a,t_n__a_x!gg&r housi ng

prosthetic heart valgg%c IiZl ng: —
havi ng an inner cir erentigl surface and defining at 2 | east one

openi ng through the circunf erei al surface; and at | east
one | eafl et disposed adjacent tX the inner circunferfential surface and
capabl e of rotation bet ReEN position in whigh can flow

t hrough the heart val ve nd a cl osed posi

prevented from fl ow ng through \ t he heart
| eafl et conprising a main portion agg Tirst and

1405

1on in wWhich blood is
alve, the at | east one
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- 30- wi ngl et portions situated on opposite ends of the |eaflet
to facilitate rotation of the | eaf |l et, wherein no portion of the
at | east onggleggldset is received within the at |east one  pCT/USIY/IRENI Ng
during rotation between the open and the closed position to provide for

i ncreased bl ood flow proximate to one t/18e wi nglet portions. 5

38. The mechani cal prosthetic heart valve of claim 37, wherein the
annul ar val ve housi ng i ncludes first and second | eaflet pivot
structures adapted to cooperate with the first and second w ngl et
portions, respectively, to facilitate_rotati ool fhe at |east one

| eaf | et between the open and cl osed p&+tTgt £aeNQf the first and second
| eaf | et pivot 10 structures com®isinNy: \\\ an infl ow
proj ection extending fromthe inner circunfﬁ\ential st face of the

housi ng and adapted to contact one_Q hecwi-Hgl et poAt Npns in one of the
open and cl gsed _posH ‘ a closing

proj ection ext endi ng&erdte » - i Nace of the 15

housi ng and adapt ed t o ,Cofata f the w ngli¢ .0\\s in the closed
posi tion, wheffei Y 0si ng project} 10 %iS@fIOM/projection
are configured and spaced QM SHE=aT &t fl ow t hrough
the at | east one opeQi ng through ' Infe—¢Nfli al surface.
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20 39. The nechani cal prosthetic heart valve of claim 37, wherein
the main portion of the at | east one |eaflet includes |eading and
trailing edge"9iP#B2s, and inner and out er surfaces REIUSIOMI2NY
the leading and trailing edge surfaces, gggqgwherein the inner

surface generally defines afedavex curvajue fromthe |eading edge surface
to the trai I14r1§ ‘o%' fac;,a.aiiw he outer surface generally
defines a convex curvature 25 ’ proxi mate the | eadi ng edge surface and
a concave curvature proxi mate tR¢ ailing edge surface.

40. The nechani cal pro‘fﬁt tic Pedr N\val veld4dd cl ai m 39, wherein the

di st ance bet wee e inne ut fr surfaces ifpqyreater proxinmate
t he | eadi ng edge surface 3

ran t he gsstance
bet ween the inner and outer surfaces @‘ e Lhe P TRQ eda
surface such that the at | east one | eafl f&w N ®SS section.
300 ‘
"
) \\'

- 215

300 \

210 —
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41. The mechani cal prosthetic heart valve of claim38, wherein the at

| east one 5 openi ng through the circunferential surface is proxinmate
t he openi ngwansh/ehHsi ng proj ections. 42. pcT/F$ve12212
mechani cal prosthetic heart valve of claim37, wherein the annul ar val ve
housing is forned froma netallic nat eﬂ&éﬂ 10 43. The

mechani cal prostheti¢ heart valve of claim 37, wherein the at | east one

|l eafl et is formed.fr®m pyrol ytic cathon. 44, A mechani cal
early-closing proythetic heart val»&{ }he val ve conprising: 15

an annul ar housi ng havi ng an i ngs i nf erential surface; and

at | east one |eaflet]di sposed > acent {» the_inner circunferential surface
and capabl efof rotatgn betweer g n position in which bl ood
can flow through the (Yeart val ve Jand a close?pm)_ ption in which

bl ood is prevented ffom fl owJig t hrough t he heart valve, the at

| east one |l eaflet copprisin n early-cl ostgd means for.
tendency for the leajlet t otate toward thg™gl osed pO@
leaflet is substantially cl osed priofdyp the i
fl ow of bl ood through the (fgart val ve.
mechani cal early-closing prosthetic heart valve O
at least one leaflet|is oye than 50% cl osed pri or ()
back fl ow of bl ood t hrough the heart val ve.
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- 32- 46. The nechani cal early-closing prosthetic heart val ve

of claim45, whereby the at | east one leaflet is nore than 60%
closed prior YO¥#KE3nitiation of back flow of bl ood RGH/GIYH231Re
heart val ve. 5 47. The rrechaniﬁl/.lgarl y-cl osing prosthetic heart
val ve of cl aim 46, whereby the at’I'east one leaflet is nore than
70% cl osed prior to the initiation of back flow of bl ood t hrough
t he heart val ve. 48. The nechani cal early-closing prosthetic
heart val ve of claim47, whereby the 10 at |east one leaflet is nore
than 80% cl osed prior to the initiation of back flow of bl ood

t hrough the heart val ve. 49, The mechani cal early-cl osing

prosthetic heart valve of claim48, whereby the

v 1
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at least one leaflet is nore than 90% closed prior to the initiation of
back flow of 15 bl ood through the heart val ve. 50. The
mechani cal Wwardxah0si ng prosthetic heart val ve of clai m 46 pcwfiss®izaigd he at
| east one leaflet further conprises: a main portion
including |l eading and trailing edge suﬁaégis, and inner and 20 out er
surfaces connecting the leading and trailing edge surfaces; and.

first and secdnd wi nglet portions situated on opposite ends of the at |east
one V [leaflet to facilitate rotatTon of the at | east one leaflet,
each of the wijnglet portions i a first side proximate the

annul ar val ve|housi ng and a second si gé& opposite thereto. 25
51. The mechanical early-closing prostheti¢ heart val ve of clai mb50, .
wherein the 1,23 rly-closure e cQNMRrises a configuration wherein
t he i nner surface at | east RNe | eafl et has a convex
curvature frow1thg)leadiﬁ%)edge surfja ejtrai |gpM=80ge
®)
O
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surface and the outer surface has a convex curvature proximate the |eading
edge surface and a concave curvature proxinmate the trailing edge
sur f ace. WO 99/6243%,2 The mechani cal early-closing prost herdTeUSseM2a12

val ve of claim51, wherein the 5 ﬁkﬁ-closure means conprises a
configuration wherein the distance betm422 e inner and outer
surfaces of the at |east one leaflet is greater proximte the |eading edge
surface than the distance between the inner and outer surfaces proximte
the trailing edge surface such that the at |east one |eaflet has
an airfoil cross section. 10 53. The mechani cal early-cl osing
prosthetic heart valve of claimb50, wherein at | east one opening

t hi ough t he annul ar housing is provided to all ow bl ood fl ow acr oss
the first side of at |east one of the wi nglet portions when the at | east
one | eafl et is in the open position. 15 54. A nmechani ca
early-closing prosthetic heart valve, the valve conpri sing:

an annul ar housing having an inner circunferential surface; and

at | east one |eafl et} di sposed adjacent to the inner circunferential surface

and capablje of rotation between an open position in which blood
can flow t hrough Yheg heart val ve and a.¢l osed position in which
bl ood is prevented firom flowi ng through 20 e heart valve, the at

| east one leaflet cqnprising surfaces with cofipl ex\curvatures for
creating a tendency {for the at | east one legflet tolrotate toward the

cl osed position such that the at leaflet is
substantially cl osed b?t%gjﬁ@t&pe initiatig fl ow of

bl ood t hrough the hgart | ve. C%) BPM=120
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25 55. The nechani cal early-closing prosthetic heart val ve of
claimb54, wherein the surfaces with conpl ex curvatures causes
the at | easiypésahpafl et to begin to rotate t owar Opcer/ 64994 52
posi ti on about when a naxinun1f|om1rat? ??@ been achi eved t hrough

t he val ve. 8

56. The mechani cal early-closing prosthetic heart valve of claim54,
wherein the at | east one |l eaflet further conprises:

a main portion including | eading and trailing edge surfaces, and i nner and
outer surfaces connecting the |eading and {railing edge surfaces; and . 5
first and second wi nglet portions situat@djon opposite ends of the at | east
one leaflet to facilitate rotatihor of the at |east one |eaflet,
each of the winglet portions hayNJg a first side proximte the
annul ar val ve housing and a second side ¢pgosite t her et o.

L 110
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56, wherein the
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(54) Title: MECHANICAL HEART VALVE
(§7) Abstract

The present invention relates to an im-
proved trileaflet mechanical heart valve (100)
and an improved leaflet (110) for use with
such valve, The valve (100) and leaflet (110)
of the present invention provide improved
flow characteristics, minimize blood clotting
behind the leaflets, and provide more natu-
ral opening and closing times. The valve in-
cludes a valve housing (105) which contains
pivothinge mechanism (130, 200, and 300)
for allowing rotation of and retention of the
leaflets (110). The valve housing (105) also
includes windows or openings (125) which al-
lows for complete washing of the pivovhinge
mechanism (130, 200, and 300) as well as the
leaflets (110). The novel leaflets (110) are air-
foil~like having a complex S—shaped curva-
ture on their outer surface. This novel geom-
etry, when combined with the location of the
leaflet’s pivot axis, causes a tendency for the
leafiet (110) to rotate towards the closed po-
sition. Thus, the leaflet (110) begins to close
much earlier than a conventional leaflet and is
substantially closed before the flow reverses,
similar to the function of a natural valve.




