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[0001] TITLE OF THE | NVENTI ON [ 0002] BLOOD PUWP SYSTEM

[ 0003] CROSS REFERENCE TO RELATED APPLI CATI ONS [ 0004]
wah@speesent application clainms priority to U BT/US2008/059585

Provi si onal Patent Applicati on Serial No. 60/910, 369,

Il ed Apri nts of all of which are
[0{)M‘Jor por %II&%QFS%HQN%&% . [0005] STATEMENT
RDI “g FEDEFALLY SPONSORED RESEARCH OR DEVELOPMENT
TEM007] REFERENCE TO APPENDI X

[0008] Not appl i cabl e. [0009] BACKGROUND OF THE
I NVENTI ON [0010] Field O The Inventi on Thi s

l@@hﬁfﬁ%@ﬁi‘%ﬁﬁ%@ﬁ@%l%%ﬂ@%@hp OIRATRISLSh NS
0088 2 | o EER R FEREIF LI i 9 Toroisional Pt

A;gil%%ﬁ'loqﬁ RBriay NENG0/19, 396‘9" ﬁl/e%PI ,?31165t heo7 thé %ntents of all of
I rcunmst ances. First, a bl’ood mely conpl et

WHl@ﬁ'&@@@ﬂ@oﬂib@mdﬂﬁﬁémb Qéfdréné@t functioni ng
properly, or second, | ood punp may boost bl ood

circulation in pati ents whose heart is still
functioning al though punpi ng at an i nadequate rate.

[0{)@5)]13] F&T&TEMENTU RBE(PaREMINGo. FENDBRAMPY WSRONSORED
is commonly assigned and incorporated herein by

RESEARGMEEORDEY PMENT discloses a 1 / 22 HOUSTON:
0021906. 027US: 1246516vl ventri cl e assi st device (VAD)
0Q0%dver ci Motyappdicabled to as the "DeBakey VAD(r) ." The
VAD(r) is a mniaturized continuous axial-flow punp
designed to

[0007] REFERENCE TO APPENDIX
[0008] Not applicable.

[0009] BACKGROUND OF THE INVENTION

[0010] Field Of The Invention. This disclosure relates generally to blood
pump systems, and more particularly to blood pump systems and operation
methods associated therewith.

[0011] Description Of The Related Art.

[0012] Generally, blood pump systems are employed in either of two
circumstances. First, a blood pump may completely replace a human heart that
is not functioning properly, or second, a blood pump may boost blood
circulation in patients whose heart is still functioning although pumping at an
inadequate rate.

[0013] For example, U.S. Patent No. 6,183,412, which is commonly

assigned and incorporated herein by reference in its entirety, discloses a
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provi de additional blood flow to patients who suffer

from heart disease. The device is attached between the
wa@p®s/12f69¢ he | eft ventricle and the aorta. [00B&l/UNINS059585

known bl ood punp systens typically are controlled in

an.open |.oop fashion where a predeterm ned speed |s |
vegiclgnassiple devise (HAD)aFpBYNGKd mw&ﬂelfrs t He %éhgurléeBakey

v Bb0] SR Mo B BB o bR RAE b o Besica o
prBEAE L RTRa AR L BRSOy PRI OBk iscase. The
ocBi 35 SRR PR RSP R0 LU PUTRIPFREIFL B0k

[00RFf1 O, MRngég&fd%vﬁ *IﬁOBHfﬂ(}Pﬁpﬁsg%télﬁs%gpi&ghgﬁP@wh lled in an

to a nonitor par anet er pati e as the

opeﬁtlbgptfa§hﬁiﬂ Hhepé abbl%@l@térhgwleglg%ﬁed[i@%@hn@hﬁé heswifage varies

punp I's operated in a close or open | oop

acf:@ﬁﬁhg Ro thé préssigeidifbléntial dBsd e SV AThePpUMAp itself may be
operati ng paraneters, such as voltage |evel, current

cohtrotled ipuaplaseddadopf fashiomtweher@in thdactuak pundpldpogd is fed back
addi ti onal measurenent devices to the punp system

to hawametar camtoadhgyl ithat ecompasgsst e aavdualddspeedt e  the desired
power requirenents for the system [0016] BRI EF

prainrrRinadspedl andEdiueN theoarppTaecardianglyng¥het pumeps may be
present . di scl osure concern a bl ood punp system such_as .
cogtrgNpd( v r¢lesed akosipsttasiapne en aykichmtheripuppnppeed is varied
syst.em i ncl udes, for exanple,_ an inplantable punp.an
acgOKEAL e @pnﬂt@geé @ﬁf@f@ﬂqrrﬂf thﬁé)aél‘?%. supﬁaeassg}get Ié%ﬁlent% pulse or
bl%(g@ﬁéer i.ncludes an inplantable flow neasurenent
¥ HCphr ocessi ng devi ce receives indications of

OBSD 220 3RS M B 4R AR, PR R b en tor
rfEATE S s 0 g EOES LG8 AR BRRRIES. such
volfags VISR N cuti@t CRvel NpuhlP WpBaS WK Rite 2 dnd2the like. Adding

additional measurement devices to the pump system, however, can complicate

the system and add to the power requirements for the system.

[0016] BRIEF SUMMARY OF THE INVENTION

[0017] The teachings of the present disclosure concern a blood pump
system such as a VAD (ventricle assist device) system. The pump system
includes, for example, an implantable pump and a controller for controlling the
pump. The system further includes an implantable flow measurement device.
A processing device receives indications of pump parameters such as pump
voltage, pump current and pump speed. Flow rate is determined based on the
pump parameters, and this determined flow rate is compared to the actual flow

rate as measured by the flow measurement device. The flow measurement
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HOUSTON: 0021906. 027US: 1246516vl devi ce may be
periodically energized to make the conparison, then
wpossnedIoff to reduce power consunption. The PECTES2008/059585
period in which the fl ow neasurenent device is powered
off is based on the difference between the determ ned
dexie mRy hemeatodically raregizefddorpakenthe compariseng iy powered

ith a.first aspect of the present. disclosure, a,bl
otffip 1EgurE oY hecerRublionhel B ntipke TGO BLrghich The flow

TP PE ARSI ROt oS o TF B GS beoween the

deg#ﬁﬁﬁl%g a%??tg%eﬁﬁéfﬁéwt&evi ce receiving indications

e processi ng device being

[0018P" ammag, {0 aﬁ’ %E@él’ﬁa%ef\irﬂ}g’ ea{ fatg. al%gséﬁ)g V[\l/lér Eﬁes@ﬂf'ﬁi%c(leo sure, a

paramet ers ahd conpare the ermn te to t

DIGRAPHAS S e ot e 3R BESR sk omprises

pubep Pe fliodd ntdlshiye NP ae eidet coriffituredasunegdsireate & w . rate of fluid
and the flow neasurement device may periodically be

behonepeshpetlf . avdidat peoadssing i devibe eseitimy inkdécdtiony of pump
nmeasur enent devi ce periodically powering off, the

pademetas,i thepprecssdigf lefare bepry podgminmiedeta aterimane flow rate
determ ned in response to the difference between the

bas¢dwir the: pamap tpasameteraral coowaratthe detefmingdeiflow rate to the
accordance with the first aspect of the disclosure,

measairgd ilpwaateredBridirthey aseozdancs watly s aspgebap the disclosure,
g dUREgd BTl S8 B R oot e FREShed o
o RE iR AfStanehe el iR S Byt Biedly be powerea oft
AQGFHERANYS o Ik aB¥elhet B PE phaSRERERS SR periodically
poSfEEDE Suc RO BugFRAT SPRRR L heheR SFARIRT R Bierminea

in (li:’% ; sBYBRLE XA FERAS HESEEdPEe g&gﬁﬁf% éﬁ)gﬂgglﬁp 'T,ﬁéz!i’s‘iﬁed flow rate.

I'ses sanpling paraneters o :
In TB@$NeT N cbiardeOW TtRt theoffifst UaghR@i B MeTRBSblosure, the pump

determining flow rate based on the punp paraneters,

paddificters may be selected from a group comprising pump voltage, pump
current, and pump speed, as well as combinations of such parameters, and the
processor accesses a look-up table or uses a polynomial modeling or similar
such system to determine the flow rate, although the processor may directly
calculate the flow rate based on the pump parameters.

[0019] In accordance with a second aspect of the present disclosure, a
method of operating a blood pump system is described, wherein the method
comprises sampling parameters of a blood pump, measuring the flow rate of
fluid being pumped, determining flow rate based on the pump parameters, and

comparing the determined flow rate to the measured flow rate. In further

accordance with this aspect of the disclosure, the determined flow rate may be
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conparing the determned flowrate to the neasured
flowrate. In further accordance with this aspect of

wo b@sdeses osure, the determ ned flow rate may PET/BS7002059585
HOUSTON: 0021906. 027US: 1246516vl peri odi cal |y conpared
to the neasured flow rate, an he fl ow sur enment

peal@dil@mynﬂ&rﬁédpcmq meaéumﬂéfoaﬂ 3t andiha ﬂimmwsurement
in the event .of the flow npasur nt deyi ce

deyie By RATI9 iR AGROBETed e S8s1ien3Ly.ghibeay <ot of the flow
for a peri;od. of tinme that is deters ned,in respanse o

maepurgirBRLIERIE misiQichl1f e Vb P eME e ir 5 BRNGFeh Bt for a
| ow f.ur C j .t !

el Hfic ML ¥ SO SEFkoee R e Al e BEeen the

ﬂd;v{f] gi'ﬁ‘t@ addOH gl%ﬁa%gﬂrﬁ% l"@ox@“fﬁ%e." O 39fthel Lﬂﬂ%o‘%ﬁ%@]@é‘ Syith the first

punp speed, as conbi nations of s

asPECRHEHE! TiscAPsirehehd mgﬁ SPAHrafetas St Xabé Qelecid ffalthea group

or uses a pol ynom al ing or simlar such system
cohﬁn@lﬁh?f Pudgp t helthbew pahp. cakiheuaihd hrulpospesdr d®wwell as
directl'y calculate the flow rate based on the punp
copgviangdes ©f siohAramBtdrs, HPOR pridAVsGFadddssSENERAk-up table or
VIEWS OF THE DRAW NGS [ 0021] The follow ng figures
usé¢oarpgsnonnél nteelgpmesensimpacsidlt aystom emdetrmine the flow rate,
included to further denonstrate certain aspects of the
althpugbriheiproeassosrmayrbréatlyesalicotatadhe dloweaatebased on the pump
understood by reference to one or nore of these
ParayakeEs. i n combi nation with the detail ed description
of specific enbodi nents presented herein. [0022] FIG
1 schematically illustrates various conponents of an

106781 fe' RS BFSLRETHON GBS SESERAGSVIERS qr Thr

r < tional view of an exenplary inplantable punp
D]%é%gilg ance with teachings of the present

[062FF' OSUHGre following figures form part of the present specification and

are included to further demonstrate certain aspects of the present invention.
The invention may be better understood by reference to one or more of these
figures in combination with the detailed description of specific embodiments
presented herein.

[0022] FIG. 1 schematically illustrates various components of an
implantable pump system in accordance with teachings of the present
disclosure.

[0023] FIG. 2 illustrates a cross-sectional view of an exemplary
implantable pump in accordance with teachings of the present disclosure.
[0024] FIG. 3 illustrates a block diagram illustrating aspects of a
controller module in accordance with teachings of the present disclosure.
[0025] FIG. 4 illustrates a multi-dimensional data table correlating pump

flow, pump speed, and pump power.
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[0024] FIG 3 illustrates a block diagramillustrating
aspects of a controller nodule in accordance with

wo e@sh24sge of the present disclosure. [0025] FP@@/UZ2008/059585
illustrates a nulti-dinmensional data table correlating

flo speed, d ower. 4 / ISTON:
(06260 906, X#EGB%%@E@Q%@?@@@@%!Q@%@ CQHPPPW@il(%’aﬂ trating a flow
bl ock di agram concept ual | ilJustrati.ng a flow rate
rae e pRAGON SYaTa i aletidaiRte Vi pietchufi g ghe present

ditITe resent disclosure. [0027] FIG 6 illustrates a
'O Cui agram show ng a flow cal cul ati on process in

[0?%’8]%? ac\%ﬁp\g ¢ Lﬁlﬁﬁﬁ‘%‘f@ﬁn 45h fgcéﬁt Iglng@{gg% esrrgltovﬂh Ch ORYGE calculation

e 1 nventions erel are

prg?%’fs%gﬂtdc%?de{&e"ﬁf‘itih%ﬁc | 's‘;d'nffotgg:&%elﬂ s@l'otsgfé‘. ative

only a few specl nments have been shown

[0628May ofwBNaMNeeidventidfsddidvidied idiRaee ARSEEHISIE i) various
detail below. The figures and detail ed descriptions of

mddigRatidOR§CArld @ lRMAN EB RsaAINA fewt spetdfict @mboditents have
the breadth or scope of the inventive concepts or the

beappsioden ot avaxs of rexamyplainehic dratiiegs ahldeafd desasbahdn detail
detailed witten descriptions are provided to

beldwusthat Bgttes amd eletaied descaptiens ofathese sspecdiic embodiments
ordinary skill in the art and to enabl e such person to

argrake inietdadeot hmii theehréadéh corsoepesof fleonpjentFEArQERDts or the
DESCRI PTI ON [ 0030] The Fi gures descri bed above and the .

appended relagns rinpanynngnngpe c Rathest thee figuses amg detailed written

functions bel ow are not. presented to |l.imt the scope
deg¢ripfians A5p| IEPf@é(i@’sCf H‘avl.ilqsﬁ%‘httfé‘%i 19VeRHEe CLBlsePET 1@ [ person of

ended..claips. Rather, the,Figures and witte
orGBEY SIS KT ATE afoonaetp coable, el peRonte ke and use the
ini ntt hecart .o make and use the inventions for which
Y)ecﬂ et ?)]il%etpé%ﬂ on is sought. Those skilled in the art
will appreciate that not all features of a conmerci al

[0029] DETAILED DESCRIPTION

[0030] The Figures described above and the written description of
specific structures and functions below are not presented to limit the scope of
what Applicants have invented or the scope of the appended claims. Rather,
the Figures and written description are provided to teach any person skilled in
the art to make and use the inventions for which patent protection is sought.
Those skilled in the art will appreciate that not all features of a commercial
embodiment of the inventions are described or shown for the sake of clarity
and understanding. Persons of skill in this art will also appreciate that the
development of an actual commercial embodiment incorporating aspects of the
present inventions will require numerous implementation-specific decisions to
achieve the developer’s ultimate goal for the commercial embodiment. Such

implementation-specific decisions may include, and likely are not limited to,
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enbodi nent of the inventions are described or shown
for the sake of clarity and understandi ng. Persons of
waRiosl246m6 this art will also appreciate that tPReT/US2008/059585
devel opnent of an actual conmercial enbodi nment
|ncorporat1 g aspects of the present inventions wll
AgjiAnce Tt éﬁ%terfhﬁqﬂé#‘éht MH}?S%@L?} tedc gReramead-relpted and

otlg%ﬁhéﬁglrt h gg% peéy S@E"}gt |}r]ra nS:R%S%%ﬂHHﬁSWG 01, Locatlon and

T I
AT BT e . ot
unﬂéft&kﬁ%g t?(ﬁeﬁiofsecofﬁﬂ 14 Véﬁtﬂeﬁﬂng 'b%?]?ﬁ't%'ftﬁfhdﬂfsﬁgc@ure It must

rme. Wile oper orts m ght
be%ﬁé‘r@%oﬂ%aﬁ 'tﬁ@ ﬁﬁfe‘iﬂiﬁrﬁgdﬂsé‘lo@é‘d %ﬁ%ﬂgﬁt REFSHRaré @ﬁﬁbepuble to
forts woul neverthel ess, a routine undertaking

nuh%rohb Qe @afn@dfd hlodificatians aﬁé\éﬂlte@n@ﬁ@fd)ﬁmﬁ 1abil§, the use of a

di scl osure. It nust be understood that the inventions

sirgivdet tegag sueh dsabahtnobdimeited ao £“sUds et iibleaded as limiting of the
nuner ous and various nodifications and al ternative
nuiabversof itestsl yAldd) ehesusecdf @lationpll tarmsesugh asichutasot limited to,

but not limted to, "a " is not intended as |imting
“tap,”t fottamPeiledt,” | ‘tr@hi Aupper,t h dowee, oT‘d(DWnai upa1 81de ” and
terms, such as, but not Ilmtedto "top," "bottom

the |héqet are usgcy g | ‘the "Wiigen, escrmﬁ;@m for q]@\m{y mne Qgeelﬁc reference to
}L and the |ike are _use tﬁ]ge vvrlttg
the §gure§t ABA 18y nef Aptepgled o A hg Qs Bhdber inviesion or the

’3@‘?@ and are not intended to limt the scope of the
aPPH BHSr the appended clains. [0031] Particul ar

10GFPR° oF Brkiclal dabGUBRHISHTHE ARaREPThaT e Brsilived below
witlh lrﬁfeér% ?Ssbl%k 'Egﬁgf‘a&ﬁ(sj A/t obe d‘fﬁqeﬂlﬁg ?ﬂohga&f methods.

eac I agr ans or opera

It ’vsh 145 ﬁﬁHe&'ﬂc? od T SRIPHIRR F<' 8{'?1@51&81{08 réﬁ‘lstd?gi/@)f Bpkrational

iagrams and/ or operationa strationg, can
111u§fPét?6@“ afdbY oAlsinafioAsdoer biiKist 3h il dWRICR: FREfahs and/or

conput er programinstructions. Such conputer program
operational illustrations, can be implemented by analog and/or digital
hardware, and/or computer program instructions. Such computer program
instructions may be provided to a processor of a general-purpose computer,
special purpose computer, ASIC, and/or other programmable data processing
system. The executed instructions may create structures and functions for
implementing the actions specified in the block diagrams and/or operational
illustrations. In some alternate implementations, the
functions/actions/structures noted in the figures may occur out of the order

noted in the block diagrams and/or operational illustrations. For example, two

operations shown as occurring in succession, in fact, may be executed
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i nstructions may be provided to a processor of a
gener al - pur pose conputer, special purpose conputer,
WA\l 1248061/ or ot her progranmabl e data processi PQI/US2008/059585
system The executed instructions nay create
tructures and functions for inpl errentlng t he acgtions
Sué%ﬁ@@ﬂﬁﬁé‘dc@?ﬂ%rﬁ@t q%ﬁ QYFEHOSn 81t §p“é¥%ﬁq 6ﬁialln the reverse

ordein EPEH ir?%hﬁp%glﬁ%?v"e kLY Rt ot a T P Ees rmy

(0852 er’E sPphBR aFOEFmETbERsE R By Pye ﬁgdmsms disclosed
hefd§’ 3 223’83[‘&@“@8 %Cﬁ&gﬁ%tnﬁﬁﬁg‘@ﬁ?@@%ﬁfﬂﬁﬁg language,
coﬁ%éﬁﬁ&ﬁéﬂ' g?ﬁl' ﬁfc#%' revgﬁﬁ&gﬁ%eorotgtlg%v PRYeE L8AS, such as

eexcute eenlnguo

as§éiﬁb§“ gpL& 'dﬂd’/bﬁ?ﬁi%’rééédéct iR hrosehieha r%}99%@’(]ecuted entirely

granms for use wth or by the ertbodi ments

ond'a3§hfgfl€ dpRRRESIGT ARM/de adFddst efulki Pl@ proRE&fIrs Olalsent §dnd-alone
progranm ng | anguage, conventional procedural

sofinage package lozng pageof anothensofivemel pactkdge. such as
assenbly | anguage and/or m crocode. The program may be
[0@33)cut ed [rrganeedly texmsa Appbtentsr s soeataddi bloat pessp system
mul tiple processors, as a stand-al one software package
andrma‘dlq@obf op¢rasimg fush a blaadpenmskige, Whoss) thexsystem can be
general terns, Applicants have created a bl ood punp
pregrmamedn o ndeteoaIg fbpwr adicsgbasech an mwBl parneters and the

syst wherein the, system can be progranmed to
GRS ISV 5y W BTE0 3 BPVGAT RS ¥ics HAY heqeontrolled

nmeasur.ed flo ._Wherein the power usage of the
usyig,sach a%‘s?f%’én%@m%ﬁ“@a usi ng such determ ned fl ow

109FHES: ¢ adddtine oo dgPoddta. Lpﬁwgﬁafﬁiﬁ #p exemplary blood
puﬂﬁfoéﬁﬂgﬁﬂg &Ws;ag?z)ﬂf‘anc%aw HgﬁleOf 5@ %?l lér%hsc-m&re The

emis a ventrlcu ar a

1111%&%5)? Q{g&@ﬁn 19 Suchtasudr Se?és?ssteﬁe‘{ll'&g gﬁéﬁ?ts%fen’fblo such as

ich is conmonly assi
disclosed in U.S. Patent No. 6,183,412, which is commonly assigned and

incorporated herein by reference in its entirety. The VAD system 10 includes
components designed for implantation within a human body and components
external to the body. Implantable components include a rotary pump 12 and a
flow sensor 14. The external components include a portable controller module
16, a clinical data acquisition system (CDAS) 18, and a patient home support
system (PHSS) 20. The implanted components are connected to the controller
module 16 via a percutaneous cable 22.

[0035] The VAD System 10 may incorporate an implantable continuous-
flow blood pump, such as the various embodiments of axial flow pumps
disclosed in U.S. Patent No. 5,527,159 or in U.S. Patent No. 5,947,892, both of

which are incorporated herein by reference in their entirety. An example of a
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i ncorporated herein by reference in its entirety. The
VAD system 10 i ncl udes conponents desi gned for

w0 pqeBaedeas i on wi t hin a human body and conponenP&I/US2008/059585
external to the body. Inplantable conponents include a

blé&%@ﬁggﬁaﬁé %Qﬁ;s% %lcﬁfnw e BT mietit GBS inveiias issillystrated in

Fifd fffe RoRumieion | U aRRESp B hofisingas afiffuser 34, a

TG0 A SR CEROILS oSG o Ol s 4o

o SR T AR AP TR oA LR plood slow
. . L .

paBIBICHIR AL A PGy pl I ind FplchcPafucp3oor 10

[0036Pr Por gtRdsRAeseUD RYalifiIRIE RS hé 3)611113 o@hi ¥ Yis Preferably

exanple of a 7 / 22 HOUSTON. 00219 7US:

lodaé@odaisidd abd PP bkt abl eafdrhadse baten ffdodiingnig 52 for
of the invention is illustrated in FIG 2. The

prededipkaa stpommdgnétice fisdéslm opengmbodénegt, 3he stator 40 includes
di ffuser 34, a flow strai ghtener 36, and a brushl ess

thie€ stotowrw BRlingh ot maylbeddsea phase i "4@r ADdlta” manord. The rotor
42. The housing 32 includes a flow tube 44 having a

42bisobecatedw phih the flower sitrer ddgfor sotiationdin mesponss, taatbe stator
a bl ood outlet 50. [0036] The stator 40 is attached to . .

magietisudieldoasinigcindes anpinducespd§ st anegmpgller 0.t Hcitation
flow. tube 44 and has a stator field winding 52 far :

CUpicHY l}éi?’rﬂj)l@(%{%tt f SRt éf P aknBotitAlHg, magnetic

Fel s B S NS e So Sl SRR s g 62,
I it hi h I b 4 f i i
aniloffisnte " rhra2 S RafipR" i AGtatihg Phe R, ¢R B, paaduge rotary
mét%jl:l‘cer 58 and an inpeller 60. Excitation current is
pplied to the stator windings 52 to generate a

[0(():3;%]? | g prag @eéé&egi'rtﬁéllgy i@ﬁ%ﬁ#&%laidHYti&ga}lr%%g@fssoiﬁﬁiea&@emplary

led to the rot nets thus the

pu%l‘rﬁ%g, gtg%? OII()Sl 'rN)//I@Y‘é ispeciTRiadly, HoriBasIf thef dUtFol& module 16 and
the pump 12 are shown. The controller module 16 includes a processor, such
as a microcontroller 80, which in one embodiment of the invention is a model
PIC16C77 microcontroller manufactured by Microchip Technology, Inc.
(Chandler, Arizona). The microcontroller 80 includes a multiple channel
analog to digital (A/D) converter, which receives indications of motor
parameters from the motor controller 84. Thus, the controller module 16 may
monitor parameters such as instantaneous motor current, the AC component of
the motor current, and motor speed.

[0038] In exemplary embodiments of the invention, the motor controller

84 comprises a Micro Linear M1.4425 Motor Controller (available from Micro

Linear corporation, San Jose, CA). The operation of the brushless DC motor
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notion. [0037] FIG 3 conceptually illustrates

addi tional aspects of the exenplary punp system 10.
wopms/1speci fically, portions of the control | erP@DUS1088/059585

16 and the punp 12 are shown. The controller nodule 16

i ncl ydes a processor, such, as m crocontrol |l er, 80,
38R Prasite HHGIAI tTeaHiTER ety EWRTEB bes @DHisdefin a proper

S EUSHOCTS SLCLoESTLEOUL St BB et el DL MELORNR Two stator
BRSSPIl P IBHLTS Gl bLE SN BI Spencin
: 84- .
;B REBRITHR do" RGOSR B, VaMBes oz, dpg rotating
m%%dé%e'l@% B aneeys gﬁ’ri]’gl‘?f eﬁ%ﬁdcﬁﬁ{enét&[e&lgegéﬁ?%?&in{he motor

mot or ‘current, nmot or spee

coRtRMRY HY sENRAIHAEN bfec¥forhHRvE TOREE i(EMlKl%lt‘ﬁgboﬁom the motor
controller 84 conprises a Mcro Linear 4425~NMot or

Wiﬁ@[ﬁ%sob'? e6 detahinbihe ﬂlb?@‘t VYoatutdtkaaphass P&j@nc@Nusing phase
San Jose, CA). The operation of the brushless DC notor

lo&k lo@2 (POLITIdhn GRS OB heRE S a ohdutbot, 38chfad hstator winding
present invention requires that current be applied in

52a ipr'opEr by anoence magndiee sinas @f furndj mysh 58 dro garesated by the
the rotati nﬁ field. Two stator wi ndings 52 have
magnatef2 apphe ddushlesh W amotony 38ne voltage amandyced. The voltage
sequencing .the current on and off_to the respective
widk Bcseasg Withngyosspeedd 2 dt &3 passiklgyHeserse thip yalige in one of
produced. In . an enbgodj nent of the invention, the .mtor
the ghiiceottRin WINAIBgs oY Baekissl @b batafviber moder's Bipslings 52 are
voltage fromthe notor w ndings 52 to,deterni ne the
aclPaisar i i i BrIRE B DR b FAPHATE | ock
(PL t echni.ques., nevar. a..conguct qr ch as a .
100998 or "SRV Tredb S BercB oo ARchRbr 62 PORED  reladive
f , A . of
o 6T EAS oE5 R TR DS P VLS5 o curen
se%ﬁéﬁ&%ﬁ W bbe b s?ﬁﬁﬁ s¥hb6r, AR asSREEA] é?feci Sehsor or a fluxgate
ossible to serise this voltage in one o
sensor. Implementing aspects of the present invention using a motor with rotor
position sensors, rather than a sensorless motor, would be a routine
undertaking for one skilled in the art having the benefit of this disclosure.
However, adding additional components, such as Hall effect sensors, requires
additional space, which is limited in any implanted device application. Further,
using a position detection device adds sources of system failures.
[0040] The actual pump speed is determined and fed back to the
controller module 16, which compares the actual speed to a desired
predetermined speed and adjusts the pump 12 accordingly. In accordance with
certain embodiments of the invention, the pump 12 may be controlled in a
closed loop fashion wherein the desired pump speed is varied for events such

as sleeping, normal activity or high energy exertion.
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the three stator wi ndings 52 because only two of the
motor's wi ndings 52 are activated at any one tine, to

waledsnpiope t he rotor 42 position. [0039] An al PET/N81008/@59585
met hod of detecting the rotor 42 position relative to

he stator 40 for_.providing the proper.stator w nding .
[088F e t o RmURHBIAN STUERCS FIGE 0F bEligrps i an intgral

R I NI L
T8, BB, 0 R Bt P T B 12
T AR gt e 1 2 IS I AR e e BRI e, BhnL Rydor 14 and the
m&%&ﬂ?@&!@cﬁohrazh?%o@:@%%rs}24 POV ES dﬁgﬂg‘g&/ﬁ??@é flow sensor 14

space, imt I'n any 1 nplante

an8PRhtpe® R ok UG to YRé NiGoPeairblIeR SQEtaQFdWR{%jthe system to
devi Ce adds sources of systemfailures. [0040] e

m@giteinspuienép@elowsrel er m ned and fed back to the
controll er nodule 16, which conpares the actual speed

[0042]a desilied flove detingom Inecinglp€lodv andteadj 4t matyhbe peimployed to
12 accordingly. In accordance with certain enbodi nents
coanfintibasiynusasiion realhemeubio ot flosy rbte, quotvidinizeal tiue, acalibrated,
cl osed | oop fashion wherein the desired punp speed is
andanidependenewaeire odchload Slowepvhie eonsmhing tapproyinaately 0.5
hi gh_energy exertion. 9 / 22 HOUSTON; 0021906, 027US: .
Watta.cBawier roduatiomh@eves, idsy benotaingd byalersvingr flawr directly
i ncl udes an i ntegral ow nmeter 124. At | east one flow
frayagbinsig PWMPHIZH od TGoMAOBK hdeBPraaeh Budgriyme bisod flow
er nat a flow sensor 14 may be.integrated with .
rafe QS35 Berdin iy o e T RNao G ed Sorhubiqhhavith the
i pl ant ed. f | sensor and the mcrocontroller 80.
exﬁsﬁﬁ]g‘Te&i?q%?mWﬁeﬁegééélVes data fromthe flow sensor
nd oyt | o t Q- 1.C t r
0852 ol il 0ieh SBi6 Ui IENERPERRL N eF Gpd speed
in{)o?‘hﬁxtic{rp%?ofgﬁeﬁ | O PIERIE e nd THhrRT AnhtrPY iR Ghe LAdnlBRY of the
e enpl oyed to
microcontroller 80. FIG. 4 shows an example of such a data table. The
microcontroller 80 is then programmed to sample the pump's analog voltage,
current and speed signals and, via a lookup into the primary data table, outputs
the corresponding flow value for display and pump control purposes.
[0044] The real-time flow meter 124 is periodically energized and its
output compared to the derived value. The duty cycle used to control the real-
time flow meter 124 is proportional to the difference between the actual
measured flow and derived flow values the more closely they match the less
often the flow meter 124 is energized. Additionally, a secondary data table
containing actual flow, derived flow, voltage, current, and speed information is

stored and used to prove that the algorithm performs correctly over the course

of its use. A compilation of secondary data tables from multiple patients may
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conti nuously nmeasure real-tinme blood flow rate,

providing a true, calibrated, and i ndependent netric
wo@tooblipwds f | ow whil e consum ng appr oxi mat el y OPGI/V&L0$059585

Power reductions, however, may be obtained by deriving

flow direct]y fromintrinsic punp signals. The. ) )
alsg heruserniocHEoRRANIES dRe DYITRAND datiiahiew Whils this particular

sk st (e W At 1edain RIS by Bk okstil determine flow
124, 004ﬁhA rimary data table coptaining flow 1 ial

ratGg, QT paRRromifire s B pfiaTiaK P gl?%fae&ugﬁ gs polynomia

I STRPRIs R Bl g IR PRIveR o' Pk s

(0§45 ¢ aDiTtye Th6ieh FSRSANTOlURY SL1bSdiiRD BE HE HMEme flow
to sa t age, e

npl e the punp”s anal og vo current and spe

métef rl@'élsalt@)ﬂ% wittRa ¥1bRokdAnhiibA élglsriﬂh;pg?fe\gd@ at&sk@hl Which can

out put s correspondi ng flow val ue I spl &y and

coRUMMaNo i@ refbBPsRApul 48ddHatd Bowealforhigion Qvhileic®hsuming
124 is periodically energized and its output conpared

legsahaheomtsténthd 1V B0 uthe poweduifitheyitdbw meed I ¢golfi oT'his hybrid
the real tinme flow neter 124 is proportional to the

appirddodr émdheb allosen thdalgotithah wedsutested linva aate and controlled
derived flow values the nore closely they match the )

mamsy and ereduies fpoveeoasulpidn hengiezdban a magnitude while
Additionally, a_.secondary.data tabl e containing actual

mginginingethe erecision, ofvbe xdsting tealdime ow rgstfégl 24,

OTRET T B0 R AR AR BN, LB A0 e o
defgifiingli§oRystEin 200ny sine; e bl cul oS yoltEs gurent, and
spid ST9H dOBGHRT MR Ui gl olRler"Eah e BE, il s ihetudes
mifEetEfd’ ot 408 LR RRedicr o RPEICE Fio, fuplg the intrinsic
pulfty sREIS 712, BIEMARS BRNADEI At TRRA108, SHRIHE @2AC) 214 to

ves to

oukPR4&drivére W:c‘iag'\?\,éé 88 a0oltdbe pfaportionial §16vena rkciRfon voltage

the real -tine
reference (VREF) 216 for use by both the ADC 210 and DAC 214, and the

microcontroller 80 to coordinate necessary data acquisition, timing, and
discrete digital 1/O (input/output) activities. The microcontroller's 80
functionality may be implemented using a low-power Programmable Read
Only Memory (PROM), Field Programmable Gate Array (FPGA), Complex
Programmable Logic Device (CPLD), or other suitable device.

[0047] Pump power is the product of pump voltage and current.
Therefore, the multi-dimensional matrix may be reduced in complexity by one
dimension if the system first derives pump power by calculating the product of
the sampled pump voltage and current signals. As discussed above, a derived

flow value is extracted from a primary data table 220 containing a
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meter 124 along with a flow estimation algorithm

yields a system which can continually and reliably
wooiopaz4eaccurate flow i nformati on whil e consunP@USES059585

than one-tenth (1/10) the power of the flow neter 124

itself. This hybrid_approach further allows the
muytighmiensin IBétf%sﬁﬂi‘%FF'Vﬁ tﬁ REp Hew dsksysoPray vpdidge, pump

i £ SO ROURL. CgBRUTBL LN, B, Hor LARg, Sy BOnl Lude G
T GyphlE uEs BB A ety 1 s Rehiary systems,
SR B oY S B O G FATRe R O fged pumo
o P T8 B ARG i Eb SR, ARERUNRF sfecd e wilepln other

iw@%mbﬁtét%si, ¢ hiAticd iMhemsishaNdagriX 12 filRd with non-linearly (non-
I C) 214

i ngl e-channel digital-to-anal og converter (DAC)

evealyyulisibwedi piadpf flow vélsuspuaapaoltideagimp current, and pump
proportional flow, a precision voltage reference

spédtRidaxa 3ué oo ysevide haghet hesoNiod lthdadcACY2i#t areas where
and the mcrocontroller 80 to coordi nate necessary

thetet magcepuss larigerchamniges ng, flawdwdils oaspeet ¢t giodtalgel cOrrent, and/or
(input/output) activities. The mcrocontroller's 80

speethclho agstieny nmyy inderpolpteethendatd insirags hetweemppwegrammed data
Progranmabl e Read Only Menory

PROM, Field _
pomtsgFarthebl diedype o HagrpOokEiay ,(usggrv’éa)éﬁe%@wtﬁdr%ba gunction of
Logi c Device (CPLD), or other suitable device. [0047]
whsiFppicePumng s fhATpeisaisEc (‘d’_fI'VE%ﬁ%P YBHERYE QPRIAHNEr ent .
10038 onpi ektarparyebie™a dERis Sty Vilbe syay ch ealdiiticd”dircetly
w5 NE T BUTBC B b SN EIRL R%l R0 ACh BBt pumy

\Y ived flow value is extracted froma
pog‘%qrgglfdya)o%t%% table 220 containing a 11 / 22 HOUSTON:

R thars ona L 1
[0?&!}0}; | Sé pej[:hig%étﬁéﬁi PpRtentPHH) ovIdE bakdiér lacbuiidyalbth greater
computational complexity and with greater power consumption. More
specifically, benefits include increased system reliability, decreased
component count, decreased power consumption, decreased heat dissipation,
decreased conductor count (girth) within the percutaneous tether, decreased
VAD interface connector size, decreased cost, decreased controller
size/volume, and decreased amount of hardware implanted into patient.

[0050] For example, one method of directly deriving flow uses three
equations to derive flow rate information from the pump motor's operating
characteristics. The equations described below are based on several multiple

regression analyses performed on empirical pump motor data (ie.
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The sanpl ed val ues function as pointers into the
table. In exenplary systens, the nulti-di nensional
wordmsitx4epe filled with linearly (evenly) di strP@IUSIN0S/ 059585
punp fl ow versus punp voltage, punp current, and punp
speed .data val ues. |n other inplenmentations, the
ChAACESTigh GreHEY STlafctat g Ry aTous [1PBU THies HVaThS [NUHaR ngtor speed,

R S

1008'ei & Ry R ER e IR S e R R B PRT i R Burves of an
exy ARG PyRt) 1 Rlem ARG sPEEES RS, BEMEMi, ingrog @ direer
fulggt:léﬁ Sf Egﬁf ‘ﬁ;lotofr%eteﬂp?m%or' PbRAPO! Fhd E}fnlgt{éegu%ﬁt.bﬁs such,

ected as 'a function o ere on~t’he p

th&Bahm @}Eiisﬁtrﬁ&ltﬁﬂé VRSw eSSt 8MaivenoRiedt Al pdwW&48iroduct of
Al'ternatively, the derived flow val ue may be

meidk CUbRAEE Ahd elrrynt)si NMDhéke agdudovasvdrhainidatefiBwiestes for

the derived flow as a function of punp power and

cosespandider puath frhowwrf §puods, powesrspamd_difeential GFd&ures. The
This method potentially provides greater accuracy wth
pugnEaystent angasuats orEbr voltakexittotonodreint,hamyt eatter speed but not
power consunption. Mre specifically, benefits include
the¢ ndiftrsntiak ypressnncelacedss| ithg , puayy. eaddforamatelant this is not a
count, decreased_power consunption, decreased heat .
pammeigsathadnis gasilyamsaseisddasdovaddntequire tagdiupngl glectronic
.t he percytaneous tether, decreased VAD interface )
CitguHAke PORVaRS cand RleesEdiTapidiceds P dag aowRiedr o the inlet and

ouflgh BT, o Vs BRID oty s HERPITE. TBREduRaTRGnd their
reflod SERFBls LA SR TR SR IRMARRA) o the overa
Sng%ﬁ{ ating characteristics. The equations described

el'ow are based on several nultiple regression

[oqgﬂ/ yses TRRERERt BeIMES | FRlesBHIP tJ0FPst aidlhte Qlifferential
pressure from motor voltage, current, and speed. The calculated values for
differential pressure can then be recombined with motor voltage, current, and
speed to calculate unique values of flow rate. This mathematical derivation
contains three equations including:

[0053] Calculation of motor power as a function of voltage and current:
Power(t) = f(Voltage(t), Current(t))

[0054] Calculation of Differential Pressure as a function of Power and
Speed:

DifferentialPressure(t) = f(Power(t), Speed(t))

[0055] Calculation of Flow Rate as a function of Power, Speed, and

Differential Pressure:

Flow(t) = f(Power(t), Speed(t), Differential Pressure(t))
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curves) detailing various flow rates versus punp notor
wa@p@sd24epower (the product of voltage and cur r BOIL/PS20881059585

differential pressure. [0051] Non-linearities within

OB B 2 BB BSETRRCR SHDN R L STl proces.
1 P BT S5 TR o seca.
RGP AT RO R R kB S oy gt
indEBLE a0 SEE AL BAPRIRICL: PRSP Gmbined with the

POWET S, er ent ressur €s.  The pufp Sys

ca%ﬁéﬂé@f@sﬁﬂéﬁ%ﬁ?‘@r gﬂ;](?tﬁg l}ﬂ%f@f 1§ Eal&lhte a{@%@gﬁm%‘?ﬂe using

pressure across

th@négﬁatwt fdﬁ/,DPbﬂgS (tWo F“i’ﬁde}e@ﬂfeﬁﬂ%ﬁﬁaﬁfé@t %éw%as hhd speed).
measur ed and woul d require additional electronic

Caltvilawd Wlue%ofdrV@i:f%reﬁﬁﬂl Pr&sary and rcsehipoiding albges of motor

mounted on the inlet and outl et sides of the D punp
volrge, mdibeseirmnes and embt@n nee dnech cbaibineéltat @lculate flow

hardwar e and software woul d i ncrease the conplexity of
ratehesing eéhaldquagisneior HI0042) (thteer afdependent badables; power, speed,
necessary to first calculate differential pressure
anflrdohfenentozl prebsurge, current, and speed. The cal cul at ed
val ues for differential pressure can then bhe
[002%bnbi nddiewiaquatiensr 10| Paysr audr dhfferemidals Jusgsutg may be
al.cul ate uyni.que values of flow rate. This .
subli WP O H1CTE 8P IRERLIVEringRERAeTY YaTiahica i ks squation for Flow.
i.ncl udi ng: 053 | cul ation of t ower a.
it siTontels Vit R els eaation ook Ry & a Kindtion of Power
(Moltage(t), Current(t 0054].. Cal eul ati gn_ of
angy $Peodifit it sRebielpY SbbIRRREtioRh G Bydfoddor Flow(r) and
ed: D f i al re(t) .= fi{Pover (19, (t :
DI Siort, deSeRiesh HirBRRH,,hi) applieqPi df (rBfBR: ' dression
tedMiMGlies SPREOAW on empirical in-vitro pump performance data.
Approximately five hundred (500) invitro data points were taken using a
MicroMed Flow Loop (MicroMed Technologies, Inc., Houston, TX) and
related electronic test equipment. Pump Motor voltage, current, inlet/outlet
differential pressure, and flow rate were measured and logged. The data was
taken between one thousand (1000) RPM and twelve thousand five hundred
(12,500) RPM in five hundred (500) RPM graduations. The equation for
Flow(t) is based on the use of three independent variables (power, speed, and
differential pressure) and the equation for DP(t) is based on the use of two
independent variables (power and speed).
[0058] The equation for Flow(t) was developed by first generating a
simple regression equation (y= at+ b*X1 + c¢*X2 + d*X3), evaluating its

correlation matrix, and then further refining the equation. This was repeated
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Differential Pressure: Flow(t) = f(Power(t), Speed(t),
Differential Pressure(t)) 13 / 22 HOUSTON.:
wOOREAVBIO27US: 1246516vI [0056] FIG 6 is a bl PCRUS2008/059585
diagramillustrating the flow cal cul ation process The
stem pust fjirst sanpl e. notor voltage, r. current,
sughdthitt B

dthdt Bettsheldts, Werer RERigHesk Almpmsuyaﬁ%h iftyo|odaghions were
geaswggt%%r ?%ths}yé o ﬁm % gnILIE tarl]lflége? \%lasquo]%lt of multiple
de arlmcigll? tﬂ{elfja(l?fnskzn ?;9:1 g?ﬁgtor p@ﬁﬁ{;{qt(ﬁn%%‘% f) of mult1ple
N S I RTEETD gy deeminisic
. 1 |
B Orel 29 L7 3R R Ao I PRt o Tl ow

[0039F USi g %E%?q@géﬁoﬁ%nﬁg&‘é( Hétaﬁl‘iﬁ%%e' ﬂé‘%’l@gﬁféﬁt of the

vari abl es; and differenti pressur

eqRQ61] fEFf‘eI)@{tbatWQQSafs@f peer@in@hdirD ficersamid aiterauve fashion.
Pressure may be substituted for their respective

Approgpeaddptfovativaklred equatibes eucrat garerhted dhdwvalititsd with the
will ultimately yield a single equation for Flow as a,

bebutit teqoiation Rowiag @cdefpeedt olfrmahqdmecdrmﬁnynatlon of R*=0.9334
i npl enentation, the equations for Flowt) ?l é

andmready@ewdowffmmm@nmmpkmtemmaimmf)f Rur0.0863. This "best
regression techniques performed on enpirical in-vitro

fithuaepiagient &y mbse dighbya demgprivisticacsplaining 9aidr of the variation
&EOO vitro data points were taken using a M croMed

Wi dg‘é f-cr oMed Technol ogi es, Inc., Houston, TX)

OB 0,505, SRS, BRI P A, -1 000
o G BB ER R M TR 3P curcy o

the% %glgfr@ ng}{dge\rf Z%:?u Q?éj Jﬁ‘gd{lqlﬁ eoyfg g%% l? %@da?ﬁﬂ' ﬁ#[}ﬁ% €oefficient of

ﬂaﬂBgtxggguﬁg of—{ lyore RNICRERAAT. A RAP-8$9334. The result
1S RTotal =0.9250 and therefore the entire model accounts for 92.5% of the
variation within the data set.

[0061] A third regression analysis was performed to further justify the
need for using the intermediate DP(t) calculation. This third regression
analysis details the development of an equation for Flow as a function of
Power and Speed. Approximately four hundred equations were generated and
evaluated with the best fit equation having a coefficient of multiple
determination of R*=0.8244 and an adjusted coefficient of multiple
determination of R,’=0.8162. The accuracy of the entire model is the product

of each equation's multiple coefficient of determination with Rpowerzzl .000 and

RF10W220.8244. The result is RTota12:O.8244 and therefore the entire model
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differential pressure) and the equation for DP(t) is
based on the use of two independent vari abl es (power

war@sapwes). [ 0058] The equation for Flow(t) WeST/US2008/059585
devel oped by first generating a sinple regression

acEehinel G Gk fAhe aRaatkenwilhiorbe AR iseLrgnLHO) percent less
U e A e e T

00 V=0 CORRLRBLD 260 o MEBEMAFISAZH Corvar
a5 oSG BT 2 st DB S rising
iR Shern SBUMAFD, S End Y AREGECRILIG  Pieital Signal

Prgéés'%_o?_et(gD$P§).59]Ha‘E'd§@ﬁ@ndirﬁ?&&ﬁéﬁhﬂ@néma y’os include a Field

etailing the devel opment of the equation r DP(t)

ProBgaahfi®] GhRS Dﬁ@'a%r(FP@Ag,a@om&)@éﬁtPl‘()grimﬁﬁﬁble- Logic Device
Approxi mately four 'hundred equations were generated

(Cand pualApyi] R tioint Spédi€icles¢grhtdd Edteatii @SHAyifog eaample.
coefficient of nmultiple determ nation of R =0.9334 and
[0863adj ustAednoteef Aboventhcodemutd ifldve vddue nsripeatoidocalbf compared
Ra 2=0.9303. This "best fit" equation is also highly
to dbe¢ exctiali Boivc vabuel 28 migagues] swilofthe hedventedtrcaktivia Mow meter
the data set. [0060] The accuracy of the equation for
128034 sprsarobds me£he gotipranceabelavean the aetmsl wndnealculated flow
product . of tor vol tage and current. Th ccyracy of )
ralrgalbg iy 4SHRAS thecbasie Iox BHBGCYE earobghardedicated real-time
mul tiple coefficient of de mnation wth RPower .
o3 prof andelen S1cter oSl i RBpesopkkar thegehiad qnd derived
flow values will allow the real-time flow meter to remain unpowered for
longer periods of time saving valuable system power and, conversely, large
differences will force the real-time flow meter to be powered on more often.
Moreover, the magnitude of the difference between the actual and derived flow
values may be used to indicate that a flow restriction, abnormality, or
perturbation exists in the flow path to or from the pump.
[0064] The exemplary system 200 shown in FIG. 5 also contains
additional programmable non-volatile memory (e.g. EEPROM, FLASH, etc.)
used to store a secondary multi-dimensional data matrix 222. This memory is
used to acquire in real-time actual pump flow, derived flow, pump speed, and
pump power data for archival and post-processing purposes. The secondary
multidimensional data matrix 222 may further be used for future refinement

and optimization of the primary multi-dimensional matrix or directly

implemented derived flow equation.
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is Riotai 2= 0.9250 and therefore the entire nodel
accounts for 92.5% of the variation within the data

W@ ea08/1p90861] A third regression anal ysis was peecT/o82008059585
to further justify the need for using the internedi ate

t) calculation. This third regression analysis )
IO%hi & dhestby HghsEniMpICRANBERRS; ofher ciCtadlo PP power s

functi.on of .Poywer and Spee Approxi mat el y f our.
coNTE A JOBHT S ORI o HenoTat DR IG deb bated isithe product of

T T
ondhei b ERIFEE SRR TR SRR AEVET Sl M7 hft e from
T

fldw. We@é&:ﬁuﬁgﬂg%@étﬁ dhRevghRs e wiltecNite SaiBRYI vaRick 2flow and
HOUSTON: * 0021906. 027US: 1246516vl accounts for 82.44%

sp8éd tihfctiedh At pomtedst fHitd thBaaBd. arket mul@nditdéhsidellc@atrix may
| ess accurate than the nodel which utilizes the

bei fitled weidh direabtR( (Svendy cdisatiboted p@Bp2flowheersus pump speed data
mat hemati cal derivation may be inplenmented in software

vahres, or wghdvan-éineSoiyt (roree vemlye rdistratited pump| flow versus speed
using the existing mcrocontroller 84, an additional
data maliealtorpgomida bigher resaletionaaml geeuhcgiignaaeas where there may
Processor (DSP),. Hardware inplenentations may include
exipt Haegel chapges s eciGatigh Aespset (toptiay aodfgyl sikeed. The system
. Progra bl e Lagi c Device (CPLD) or i cati.on
mtsﬁa%liaff;%e@é@ﬂgtaéea P%?én p)&ygr@}nmAﬁfciaé% Ropnis, and the type of
. [ 0063]. As noted abpve, .the deri fl.o I i .
intS B alioBal RS coRgapE et ERetact dnchifb,bar freagn the pump'
hmea§ur-etd wi th ttﬁﬁ defﬂl?i cat ed ragal -time flow neter 124
ChA AL FUTAS P HE & PPEFEHEE bet ween the act ual
cal c t . ' . '
10§81 oty FErs bOREE VBl e IR et iffblred 1o the
acﬁla‘?%g)lv@éaldvn dﬁlg\g,‘r"?@@éﬁ difFRnke HekHRERTRE SRR YRR d186lated power

act
values is used as the basis for duty-cycle control of the dedicated real-time

flow sensor 14 and flow meter 124. Small differences between the actual and
derived power values will allow the real-time flow meter 124 to remain
unpowered for longer periods of time saving valuable system power and,
conversely, large differences will force the real-time flow meter 124 to be
powered on more often. Still further, the magnitude of the difference between
the actual and derived power values may be used to indicate that a flow
restriction, abnormality, or perturbation exists in the flow path to or from the
pump.

[0067] The invention has been described in the context of preferred and
other embodiments and not every embodiment of the invention has been

described. Obvious modifications and alterations to the described
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flow values will allowthe real-tinme flow neter to
remai n unpowered for | onger periods of tinme saving

wQ adoaabiees syst em power and, conversely, | arge PCT/US2008/059585
differences will force the real-tine flow neter to be

endhacERaTs Qr%‘é%%ég e %Mo@agﬁgsﬁﬁﬁ'l thodrt aTheqisclosed
andoiReIoRed endpddndils Ga o iatended oty Lgﬂr%%nsgtﬂae seope o
anb oo 8 R Riof SOR kR B e XS, B0 gather, in
co AL, FEPe 1y SRB oA en o 5B 1 s

mgﬁﬁﬁaﬁﬂgréﬁ %@%89? @n?sc%“tﬁ@ full gﬁl%ln’[ HFSﬁEBUﬁhls within the
OW, punp spee punp power

chﬁé Br kg B0 BRIl 8N PRR! foRIRERSIAARYT POSES.  The
secondar% mul t'1 di nensi onal data fratrix 222 may further
be used for future refinenment and optim zation of the
primary mnulti-dinensional matrix or directly
i mpl enented derived flow equation. 16 / 22 HOUSTON:
0021906. 027US: 1246516vI [0065] In still further
i npl enentations, the actual punp power is conpared to
derived punp power. The actual punp power is the
product of punp voltage and punp current and the
derived punp power is obtained based on the punp flow
and speed. The derived power value nmay be extracted
froma primary data table containing a
mul ti-di mensional matrix filled with punp fl ow versus
punp speed data val ues, wherein the sanpled val ues of
fl ow and speed function as pointers into the table.
This multi-dinensional matrix may be filled with
linearly (evenly) distributed punp flow versus punp
speed data values, or with non-linearly (non-evenly)
di stributed punp flow versus speed data values to
provi de higher resolution and accuracy in areas where
there nmay exist large changes in power with respect to
fl ow and/ or speed. The system
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interpol ates the data in areas between programred data

points, and the type of interpolation used may be
w@elsaesds as a function of where on the punp' SPCT/US2008/059585

characteristic curves the systemis operating. [0066]

The derived power value may be periodically conpared

to the actual power value, and the difference between

100l 2 oRvBEAT IS FABIRR BSr (R Geai catea.

real -tinme flow sensor 14 and flow neter 124. Small
di fferences between the actual and derived power

val e ecd — ' flow meter 124 to
1'reml‘ixl unpé rﬂ%téﬂl g Siﬁp%‘rei ods of tinme saving

val uabl e Wm power and conversely, large

di fferenc forcethe real-tinme flow neter 124 to

be pover gif|of MRASIIRHER deRhéd boﬁﬂghﬁ%{ to hit@siRIMtd AE& rate of
of the difference between the actu and derived power

flidbeesg pel;uged to indicate that a flow
restriction, abnorrmllty or perturbation exists in

the fl OWaFIﬁbbessm rdefvicenrddesv mgnindi¢£isnd offpamp parameters, the
i nvention has been described in the context of

processarg eltvacel batihgrpergredimedtts dattrnuneeflemy rate based on the
enbodi ment of the invention has been descri bed.

pughy ipavamatads faindacoopgrathe detesnunedfiowaatcheo des an¢asaged flow
17 / 22 HOUSTON: 0021906. 027US: 1246516vl enbodi nment s

ratgre available to those of ordinary skill in the art.
The di scl osed and undi scl osed enbodi nents are not
i nt ended to limt or restrict the scope or

i.on, concei

app of the inv
2. AP Riogd S, sy O Rlidht cPRERI e etRiniiitL flow rate is
i cant t ends to ot ect all such
pe Bl (PO LN MRS BBhErte turl oxtent that
such falls within the scope or range of equival ent of
the followng clains. 18 / 22 HOUSTON: 0021906. 027US:

3. 12499E0p A AP GRImP EVstem GFAINER 1S'wherein the flow measurement

device is periodically powered off.

4. The blood pump system of claim 3, wherein the flow measurement
device is powered off for a time period determined in response to the

difference between the determined flow rate and the measured flow rate.

5. The blood pump system of claim 1, wherein the pump parameters are

selected from a group including pump voltage, pump current, and pump speed.

6. The blood pump system of claim 1, wherein the processing device

accesses a look-up table to determine the flow rate.
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1. A blood punp system conprising: a punp; a flow

nmeasur enent device configured to neasure the flow rate
w@RooBlizdeds bei ng punped; and a processi ng devi CBCT/US2008/059585

recei ving indications of punp paraneters, the

processi ng devi ce being programed to determ ne, flqw ., )
7.1 at %&a'%]@@ddﬂlmﬁeg}’étﬁiﬁ qﬁgqlarmtler\gﬁw dherprecessHe device using

et erm. ned fl.ow r to. th asured flow rate. 2. The
PRy SR A IRBISY S8 shnilsReraviaterihs TIQWAPE.n ¢ b6 det or m ned
flowrate is periodically conpared to the neasured
flowrate. 3. The bl ood punp system of claim1,

wh . ; . . P ‘ ‘
8. mowaisy YRR Bl EARHAETRC LAY e PuhReRAL PR Hifkessing device
. ' f j i ff f
ditfefflohfifes MRS BIRM ofi U DRy pRAHRERRS 2L 1ot
bet ween the deternm ned flow rate and the neasured fl ow

rate. 5. The bl ood punp systemof claim1l1l, wherein the

9. PUNA RASAOBIA $heriing &l Blobahiimpreysten othe meehddlcdmprising:
punp vol tage, punp current, and punp speed. 6. The
bl ood puspngystgeparaingibes of 4 blodépainip;t he processing
devi ce accesses a | ook-up table to determ ne the flow
rate. 19ntea@2rii@UEEAbwWOG2d806luad bdtag pRaGxIBYI 7. The
bl ood punp system of claim1, wherein the processing
devi ce usleternpoinyg flovarateduskdan the plemprprrasaters; andw
rate. 8. The bl ood punp system of claim1l, wherein_ the
processi Ggmparinethy determyned flowy satedotthe measwredittow rate.
based on the punp paraneters. 9. A nethod of operating
a bl ood punp system the nethod conprising: sanpling

10P2T AR Slethdd of c?elli(ﬁ?g, Whitein the determined flow rate is periodically

compared to the measured flow rate.

11. The method of claim 9, wherein the flow rate is measured by a flow
measurement device, the method further comprising periodically powering off

the flow measurement device.

12. The method of claim 11, wherein the flow measurement device is
powered off for a time period determined in response to the difference between

the determined flow rate and the measured flow rate.

13.  The method of claim 9, wherein the pump parameters are selected from

a group comprising pump voltage, pump current and pump speed.

14.  The method of claim 9, wherein determining the flow rate includes

accessing a look-up table.
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measuring the flow rate of fluid being punped;
determning flow rate based on the punp paraneters;
wap@saswepa@ri ng the determned flow rate to thePOPESHOESI5SS
flowrate. 10. The nethod of claim9, wherein the
determned flowrate is periodically conpared to the
measured flow rate. 11. The nmethod of claim9, wherein

the flowrate i asured by a f] ow measur enent .
1Sgovilds MBORebh SRR Lnorhersih e Thas | 56, Ny yate includes
owerjng off the flo sur.e t device. 12. The
us g Rol il g ifeing [ BEBHHTRRENG (0 HES i een
device is powered off for a tine period determned in
response to the difference between the determ ned fl ow
16" at T@%%Sd%?%%ﬂ d | MdrBhe dettmilife ﬁ%hﬂ%v@f@te includes
claim, erein the punp paraneters are“sel ected from
iRy QYR CRATRG! e T WYHR: BIPER thd Pk S Paffhbtedfld punp
speéed. 14. The ng?%od of %}a|WI9, Rhe#gﬁn det erm ni ng
the flow rate includes accessing a | ook-up table. 20 /
22 HOUSTON: 0021906. 027US: 1246516vl 15. The net hod of
claim9, wherein determning the flow rate includes
usi ng polynom al nodeling to determne the flow rate.
16. The nmethod of claim9, wherein determ ning the
flowrate includes directly calculating the flow rate

based on the punp paraneters. 2 1 / 22 HOUSTON:
0021906. 027US: 1246516Vl
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