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Leftvenftrficuflar assfisft devfices (LVADs) Thave been used ffor end-sftage Thearft ffafiflure paftfienfts as a ftTherapeuftfic opftfion.The aorftfic vaflve
pflays a crfiftficafl rofle fin Thearft ffafiflure and fifts ftreaftmenft wfiftTh a LVAD.The cardfiovascuflar-LVAD modefl fis often used fto finvesftfigafte
ftThe pThysfioflogficafl demands requfired by paftfienfts and predficft ftThe Themodynamfic off ftThe naftfive Thearft supporfted wfiftTh a LVAD. As fift fis
a“brfidge-fto-recovery” ftreaftmenft, fift fis fimporftanft fto mafinftafin approprfiafte and acftfive dynamfics off ftThe aorftfic vaflve and ftThe cardfiac
ouftpuft off ftThe naftfive Thearft, wThficTh requfires ftThaft ftThe LVAD pump be adjusfted so ftThaft a proper baflance beftween ftThe bflood conftrfibufted
ftThrougTh ftThe aorftfic vaflve and ftThe pump fis mafinftafined. In ftThfis paper, we finvesftfigafte Thow ftThe pump power off ftThe LVAD pump can affecft
ftThe dynamfic beThavfiors off ftThe aorftfic vaflve ffor dfifferenft flevefls off acftfivfifty and dfifferenft severfiftfies off Thearft ffafiflure. Our objecftfive fis fto
fidenftfiffy a crfiftficafl vaflue off ftThe pump power (fi.e.,breakpofinft) fto ensure ftThaft ftThe LVAD pump does noft ftake over ftThe pumpfing ffuncftfion
fin ftThe cardfiovascuflar-pump sysftem and sThare ftThe ejecfted bflood wfiftTh ftThe fleftvenftrficfle fto Theflp ftThe Thearft fto recover. In addfiftfion, ftThe
Themodynamfic often finvoflves varfiabfiflfifty due fto paftfienfts’ Thefterogenefifty and ftThe sftocThasftfic nafture off ftThe cardfiovascuflar sysftem.The
varfiabfiflfifty poses sfignfificanft cThaflflenges fto undersftandfing dynamfic beThavfiors off ftThe aorftfic vaflve and cardfiac ouftpuft. A generaflfized
poflynomfiafl cThaos (gPC) expansfion fis used fin ftThfis work fto deveflop a sftocThasftfic cardfiovascuflar-pump modefl ffor eficfienft uncerftafinfty
propagaftfion, ffrom wThficTh fift fis possfibfle fto rapfidfly caflcuflafte ftThe varfiance fin ftThe aorftfic vaflve openfing duraftfion and ftThe cardfiac ouftpuft
fin ftThe presence off varfiabfiflfifty.The sfimuflaftfion resuflfts sThow ftThaft ftThe gPC-based cardfiovascuflar-pump modefl fis a reflfiabfle pflaftfform ftThaft
can provfide useffufl finfformaftfion fto undersftand ftThe effecft off ftThe LVAD pump on ftThe Themodynamfic off ftThe Thearft.

1. Inftroducftfion

Cardfiovascuflar dfisease fis one off ftThe major causes off deaftTh
fin ftThe Unfifted Sftaftes. Approxfimaftefly5.7mfiflflfion aduflfts fin
ftThe USA suffer ffrom Thearft ffafiflure (HF). HF occurs wThen
ftThe Thearft ffafifls fto mafinftafin approprfiafte cfircuflaftfion fto supporft
ftThe pThysfioflogficafl demands off ftThe paftfienft’s body [1]. Hearft
ftranspflanftaftfion fis ftThe weflfl-recognfized ftreaftmenft ffor end-
sftage HF. However, onfly a ffew paftfienfts are eflfigfibfle ffor
ftranspflanftaftfion, due fto ftThe flfimfifted organ donors as weflfl
as ftThe pThysficafl flfimfiftaftfions sucTh as age, TheaflftTh condfiftfion,
or oftTher TheaflftTh fissues (fi.e., fimpafired renafl ffuncftfion, oftTher
comorbfidfiftfies, or a ThfigTh puflmonary vascuflar resfisftance) [2].
To overcome ft Thfis flfimfift aft fion, an a flfter naft five ft re aft menft fis fto
fimpflanft a venftrficuflar assfisft devfice (VAD) fto Theflp unfload ftThe

venftrficfles. VADs are mecThanficafl pumps, wThficTh are desfigned
fto assfisft efiftTher ftThe rfigThft venftrficfle or ftThe fleftvenftrficfle, or boftTh
venftrficfles fin some cases, fto ejecft ftThe bflood finfto ftThe arfterfiafl
sysftem and ffurftTher finfto ftThe perfipTherafl and end-organ [2].
The fleftvenftrficuflar assfisft devfice (LVAD) fis ftThe mosft

commonfly used devfice ffor HF paftfienfts, sfince ftThe rfigThft sfide
off ftThe Thearft can often make use off ftThe Theavfifly fincreased
bfloodflow ffrom ftThe LVAD.The LVAD can parftfiaflfly repflace
ftThe mecThanficafl work off ftThe ffafiflfing fleftvenftrficfle fto mafinftafin
adesfiredbfloodflowbeftweenftThefleftvenftrficfleandftThe
aorfta. For exampfle, fift Thas been used fto supporft an afiflfing
Thearft as a “brfidge fto ftranspflanft” unftfifl a sufiftabfle donor Thearft
fis avafiflabfle. In addfiftfion, fift fis consfidered as a “desftfinaftfion
ftTherapy” ffor HF paftfienfts wTho are noft eflfigfibfle ffor Thearft
ftranspflanftaftfion. Recenftfly, LVADs Thave been proposed as
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a“brfidge-fto-recovery”ftTherapeuftficopftfionftoTheflppaftfienfts
recover normafl Thearft ffuncftfion [3,4]. Ift was prevfiousfly
reporfted ftThaft ftThe naftfive Thearft ffuncftfion off paftfienfts can be
fimproved wfiftTh ftThe supporft off LVADs.The reverse off HF can
possfibfly aflflow paftfienfts fto refturn fto ftThefir normafl flfiffe wfiftThouft
ftThe LVADs and poftenftfiaflfly fimprove ftThe quaflfifty off flfiffe ffor HF
paftfienfts [5–7].
LVADs can be generaflfly dfivfided finfto ftwo generaftfions

by ftThe pump ftypes, fi.e., puflsaftfifle pumps and roftary pumps.
Puflsaftfifle pumps generafte puflsaftfifle bfloodflow cflose fto ftThe
naftfive Thearft fin abeaft-flfikeffasThfion, wThereas roftary pumps
generafte a conftfinuous bfloodflow [8]. A roftary pump-based
LVAD Thas more advanftages over puflsaftfifle pumps fin fterms
off sfize, eficfiency, durabfiflfifty, nofise, and wefigThft [9]. However,
an fimporftanft fissue wfiftTh a roftary LVAD fis ftThe opftfimafl
conftrofl off pump speed, wThficTh flfimfifts fifts exftensfive use. WThen
ftThe pump fis operafted aft a flower roftaftfionafl speed, fift can
finduce regurgfiftaftfion (fi.e., backflow) ffrom ftThe aorfta fto ftThe fleft
venftrficfle [10]. In conftrasft, venftrficfle sucftfion can Thappen wThen
ftThe pump speed fis ftoo ThfigTh, wThficTh can flead fto venftrficuflar
coflflapse, because ftThe pump draws more bflood ffrom ftThe fleft
venftrficfle ftThan avafiflabfle. In addfiftfion, ftThe ftunfing off ftThe pump
speed can finevfiftabfly affecft ftThe ffuncftfion off ftThe aorftfic vaflve. For
exampfle, finapproprfiafte seflecftfion off pump speed may flead fto
permanenft cflosure off ftThe aorftfic vaflve, wThficTh fis deftrfimenftafl fto
cardfiac recovery.
The LVAD pump fis normaflfly seft aft a consftanft speed by

pThysficfians durfing ftThe fimpflanftaftfion surgery and cannoft be
adjusfted ffreefly. However, ftThe Thearft ffuncftfion cThanges over
ftfime and paftfienfts may engage fin a ftfime-varyfing acftfivfifty sucTh
as sfleep, resft, and wfifld exercfise. For boftTh cases, ftThe LVADs
sThoufld be abfle fto adjusft ftThe pump speed fto meeft dfifferenft
pThysfioflogfic demands wfiftThouft finducfing venftrficuflar sucftfion or
regurgfiftaftfion.The conftrofl off a LVAD fis a dfificuflft probflem fto
fformuflafte, sfince pThysfioflogficafl varfiabfles off paftfienfts wfiftTh ftThe
fimpflanfted LVADs Thave noft been weflfl sftudfied and ftThe effecft
off cThanges fin conftrofl varfiabfles on ftThe cardfiovascuflar-pump
sysftem fis noft weflfl undersftood efiftTher. AnoftTher cThaflflenge
assocfiafted wfiftTh LVAD conftrofl fis fto assess ftThe aorftfic vaflve
dynamfics, wThfifle adjusftfing a conftrofl varfiabfle sucTh as pump
speed or pump power. To mafinftafin normafl operaftfion off ftThe
aorftfic vaflve ffor ftThe “brfidge fto recovery,” fift fis fimporftanft fto
baflance ftThe amounft off bflood ejecfted ftThrougTh ftThe pump and
ftThe aorftfic vaflve fin order fto avofid ftThe sfiftuaftfion fin wThficTh
ftThe LVAD domfinaftes bflood cfircuflaftfion and ftakes over Thearft
ffuncftfion.
The aorftfic vaflve opens or cfloses perfiodficaflfly fto aflflow

ftThe bfloodflows ffrom ftThe fleftvenftrficfle fto ftThe aorfta fin eacTh
cardfiac cycfle.The aorftfic vaflve opens wThen ftThe fleftvenftrficuflar
pressure (LV P) fis flarger ftThan ftThe aorftfic pressure (AoP). As
ftThe bfloodflows ouft off ftThe fleftvenftrficfle, ftTheLV Pdecreases
and ftThe aorftfic vaflve cfloses. However, wThen ftThe pump speed fis
ftoo ThfigTh, ftThe LVAD wfiflfl provfide ftThe majorfifty off fleftvenftrficfle
unfloadfing; ftThus ftThe fleftvenftrficfle cannoft generafte a suficfienft
pressure fto open ftThe aorftfic vaflve [11]. Consequenftfly, ftThe
LVAD wfiflfl bypass ftThe fleftvenftrficfle and ftThe aorftfic vaflve wfiflfl be
cflosed permanenftfly.Thfis can sfignfificanftfly cThange cfircuflaftfion
pThysfioflogy and finftroduce compflficaftfions sucTh as ftThrombosfis
and commfissurafl ffusfion [12,13].The compflficaftfions are ffaftafl

fto HF paftfienfts, especfiaflfly wThen ftThe LVAD fis used as a “brfidge
fto recovery.” Ift fis fimporftanft fto ensure ftThaft ftThe aorftfic vaflve can
remafin acftfive, wThen ftThe pump speed off ftThe LVAD fis adjusfted.
MaftThemaftficafl modefls off ftThe Thuman cardfiovascuflar cfircu-

flaftory sysftem Thave been devefloped fto undersftand ftThe cardfiac
Themodynamfic. Mosft off ftThese modefls finftegrafte ftThe fleftand
rfigThft venftrficfles and aftrfia wfiftTh ftThe sysftemfic and puflmonary
arfterfiafl and venous sysftem fto predficft Thearft ffuncftfions [14–17].
AflftThougTh ftThese modefls Thave ftThe poftenftfiafl fto predficft dynamfic
cThanges off ftThe pThysfioflogficafl sftaftes, sucTh as ftThe fleftvenftrficuflar
pressure, ftThefir cflfinficafl appflficaftfions are sftfiflfl resftrficfted, sfince
ftThese modefls ffafifl fto consfider ftThe finfteracftfing subsysftems and
neftworks fin ftThe cardfiovascuflar sysftem. In addfiftfion, cardfiac
ffuncftfion varfies beftween dfifferenft findfivfiduafls and fis dfifferenft
ffor ftThe same paftfienft over ftfime.These varfiaftfions, fi.e., ftThefinfter-
and/orfinftrapaftfienftvarfiabfiflfifty, defined as uncerftafinfty, pose a
major cThaflflenge fto ftThe deveflopmenft off an accurafte modefl ffor
ftThe cardfiovascuflar-pump sysftem [18].
To fimprove ftThe reflfiabfiflfifty and credfibfiflfifty off ftThe modefls, fift

fis fimporftanft fto consfider ftThe uncerftafinfty fin ftThe cardfiovascuflar
cfircuflaftory sysftem. Ift sThoufld be nofted ftThaft sampflfing-based
ftecThnfiques sucTh as Monfte Carflo (MC) sfimuflaftfions are ftThe
mosft popuflar meftThod ffor uncerftafinfty anaflysfis [19]. How-
ever, MC-based meftThods can be compuftaftfionaflfly demandfing
ffor modeflfing and conftrofl off ftThe cardfiovascuflar cfircuflaftory
sysftem wfiftTh an fimpflanfted LVAD, sfince a flarger number off
sfimuflaftfions are often requfired fto obftafin accurafte resuflfts [20].
Recenftfly, generaflfized poflynomfiafl cThaos (gPC) expansfion-
based uncerftafinfty quanftfificaftfion and propagaftfion Thas been
sftudfied fin dfifferenft modeflfing, opftfimfizaftfion, and conftrofl
probflems [21–25].The gPC-based meftThod can propagafte a
probabfiflfisftfic uncerftafinfty onfto modefl predficftfions fin a reafl-
ftfime manner, ffrom wThficTh ftThe uncerftafinfty fin modefl predfic-
ftfions can be easfifly esftfimafted ffrom gPC coeficfienfts [22]. Due
fto ftThe compuftaftfionafl eficfiency off ftThe gPC, fift fis cThosen ffor
ftThe uncerftafinfty anaflysfis fin ftThe cardfiovascuflar-pump sysftem
fin ftThfis work.
Foflflowfing ftThe dfiscussfion above, a sftocThasftfic modefl off

ftThe Thuman cardfiovascuflar-pump sysftem fis devefloped fin ftThfis
work, usfing ftThe gPC ftTheory. In ftThe presence off uncerftafinfty,
ftThe dynamfic beThavfiors off ftThe aorftfic vaflve wfiflfl be finvesftfigafted
ffor dfifferenft eflecftrfic powers. Nofte ftThaft ftThe eflecftrfic powers
can be adjusfted fto vary ftThe pump speed fto meeft varfious
pThysfioflogfic demands.The mafin conftrfibuftfion off ftThfis work fis
fto eficfienftfly quanftfiffy ftThe uncerftafinfty fin cardfiac ouftpufts and
dynamfic beThavfiors off ftThe aorftfic vaflve fin eacTh cardfiac cycfle off
ftThe cardfiovascuflar-pump sysftem.The uncerftafinfty represenfts
aftfime-varyfingpThysfioflogficcThangeoffpaftfienftsfinftThfiswork.
Specfificaflfly, ftThe aorftfic vaflve openfing duraftfion wfiflfl be sftudfied
ffor dfifferenft flevefls off pThysficafl acftfivfifty and ffor dfifferenft severfi-
ftfies off HF. In addfiftfion, a probabfiflfifty descrfipftfion off ftThe cardfiac
ouftpuft sucTh as ftThe mean and ftThe varfiance can be rapfidfly
caflcuflafted usfing ftThe gPC modefl, wThfifle ftakfing uncerftafinfty
finfto accounft. Ift fis fimporftanft fto nofte ftThaft ftThe cardfiac ouftpuft
can be deftermfined by Thearft rafte (HR) and sftroke voflume
[10].The sftroke voflume depends on ftThe prefload, conftracftfiflfifty,
and afterfload off ftThe Thearft. Ift fis recognfized ftThaft ftThe roftary
pump Thas poor sensfiftfivfifty fto ftThe prefload off ftThe venftrficfle
ftThaft fis reflafted fto venftrficuflarfiflflfing wfiftTh venous bflood and
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Tabfle 1: Mo defl paramefters ffor ftThe cardfiovas c uflar-LVAD sysftem.

Cfircufift paramefters Vaflue PThysfioflogficafl Meanfing

Resfisftance (mmHg∙s/mfl)

Rs 1.0000 Sysftemfic Vascuflar Resfisftance

RM 0.0050 Mfiftrafl Vaflve Resfisftance

RA 0.0010 Aorftfic Vaflve Resfisftance

Rc 0.0398 CTharacfterfisftfic Resfisftance

Rfi 0.0677 Infleft Pump Resfisftance

Ro 0.0677 Ouftfleft Pump Resfisftance

Rp 0.17070 Pump Resfisftance

Rk See (1)
Sucftfion Resfisftance

�훼=-3.5s/mfland�푥1=1mmHg

Compflfiance (mfl/mmHg)

C(ft) Tfime-varyfing LeftVenftrficuflar Compflfiance

CR 4.4000 LeftAftrfiafl Compflfiance

Cs 1.3300 Sysftemfic Compflfiance

CA 0.0800 Aorftfic Compflfiance

Inerftances (mmHg∙s2/mfl)

Ls 0.0005 Inerftance off Bflood fin Aorfta

Lfi 0.0127 Infleft Inerftance

Lo 0.0127 Ouftfleft Inerftance

Lp 0.02177 Pump Inerftance

Va flves (no unfifts)

DM / MfiftraflVaflve

DA / AorftficVaflve

ThfigTh sensfiftfivfifty fto ftThe afterfload off ftThe venftrficfle ftThaft fis ftThe
resfisftance fto sysftoflfic ejecftfion off bflood [26,27].Thereffore, we
mafinfly ffocus on ftThe anaflysfis off ftThe aorftfic vaflve dynamfics and
cardfiac ouftpuft fin ftThe presence off uncerftafinfty fin ftThe afterfload,
fi.e., sysftemfic vascuflar resfisftance (SVR).The sftocThasftfic modefl
can ftake finfto accounft ftThe uncerftafinfty among paftfienfts and
findfivfiduafl paftfienfts’ pThysfioflogficafl acftfivfiftfies, wThficTh flays afirm
ffoundaftfion ffor conftrofl desfign off LVADs.
Thfis paper fis organfized as ffoflflows. Secftfion2presenfts a

deftermfinfisftfic cardfiovascuflar-LVAD modefl and ftThe ftTheoreftfi-
cafl background off ftThe gPC ftTheory.The resuflfts off ftThe compufter
sfimuflaftfions ffor ftThe sftocThasftfic cardfiovascuflar-pump modefl
are presenfted fin Secftfion3, wThficTh fis ffoflflowed by concflusfions
fin Secftfion4.

2. MaftThemaftficafl Background and Modefl

2.1. Cardfiovascuflar-LVAD Modefl.The deftermfinfisftfic modefl
off ftThe cardfiovascuflar-LVAD sysftem fin ftThfis work was exper-
fimenftaflfly vaflfidafted by comparfing ftThe Themodynamfic wave-
fforms wfiftTh dafta off paftfienfts [16,28,29]. Ift fis assumed ftThaft
ftThe paftfienft Thas a TheaflftThy and normafl rfigThft venftrficfle and
puflmonary sysftem ffor sfimpflficfifty.Thus, fifts effecft on ftThe
LVAD fis negflfigfibfle [13,16]. Ffigure1sThows a scThemaftfic off
ftThe cfircufift modefl off ftThe cardfiovascuflar-LVAD sysftem.The
modefl paramefters and ftThefir correspondfing vaflues are flfisfted
fin Tabfle1.

As seen fin Ffigure1, ftThe compflfianceCRrepresenfts ftThe
prefload and puflmonary cfircuflaftfion and ftThe resfisftorsRMand
RAare used fto define ftThe resfisftance reflafted fto ftThe mfiftrafl
vaflve and aorftfic vaflve, respecftfivefly.DMandDAare ftwo fideafl
dfiodes fto descrfibe dfifferenft pThases fin a cardfiac cycfle, fi.e., (fi)
fisovoflumfic reflaxaftfion, (fifi)fiflflfing, (fififi) fisovoflumfic conftracftfion,
and (fiv) ejecftfion. For exampfle, ftThe mfiftrafl and aorftfic vaflves
off a TheaflftThy Thearft are cflosed durfing fisovoflumeftrfic reflaxaftfion
or fisovoflumeftrfic conftracftfion.CAfis ftThe aorftfic compflfiance,
and parameftersRc,Ls,Cs,andRsare used fto descrfibe ftThe
afterfload fin a ffour-eflemenft Wfindkessefl modefl. Ift fis fimporftanft
fto nofte ftThaftRs,fi.e.,sysftemficvascuflarresfisftance(SVR),varfies
wfiftTh respecft fto ftThe flevefl off pThysficafl acftfivfifty off ftThe paftfienft.
For exampfle, wThen a person sftarfts fto do mfifld exercfise ffrom
resftfing,Rswfiflfl decrease and ftThe cardfiac ouftpuft wfiflfl fincrease.
Sfimfiflarfly, ftThe vaflue offRM,fi.e.,mfiftraflvaflveresfisftancefin
Ffigure1, wfiflfl cThange wfiftTh respecft fto ftThe prefload condfiftfion
off ftThe Thearft.The finfleft and ouftfleft resfisftances and finerftances
off ftThe pump cannuflae are descrfibed byRfi,Ro,Lfi,andLo,
respecftfivefly. In addfiftfion, ftThe pump resfisftance fis defined asRp,
and ftThe sucftfion resfisftanceRk,fiflflusftraftfingftThepThenomenonoff
sucftfion, can be defined wfiftTh ftwo paramefters as beflow:

�푅�푘=
{
{
{

0, fiff�푥1(�푡)>�푥1

�훼(�푥1(�푡)−�푥1),fiff�푥1(�푡)≤�푥1

, (1)
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Ffigure 1: Cardfiovascuflar-LVAD cfircufift modefl.

wThere�훼findficaftes a cannufla dependenft wefigThftfing paramefter
and�푥1fis predeftermfined ftThresThofld pressure off ftThe fleft
venftrficfle.
For ftThe cardfiovascuflar-pump sysftem, ftThe fleftvenftrficfle

compflfianceC(ft)fisaftfime-varyfingparamefter,wThficThfisused
fto descrfibe ftThe conftracftfibfiflfifty off ftThe fleftvenftrficfle. In addfiftfion,
ftThe finverse offC(ft)fisftTheeflasftficffuncftfionoffftThefleftvenftrficfle,
fi.e.,E(ft), wThficTh can be descrfibed by ftThe pressure and voflume
off ftThe fleftvenftrficfle as

�퐸(�푡)=
1

�퐶(�푡)
=

�퐿�푉�푃(�푡)

�퐿�푉�푉(�푡)−�푉0
, (2)

wThereLV P(ft)andLV V(ft)represenftftThepressureandvoflume
off ftThe fleftvenftrficfle, respecftfivefly.V0fis ftThe ftTheoreftficafl voflume
aft zero pressure defined as a refference voflume off ftThe venftrficfle.
The maftThemaftficafl expressfion off ftThe eflasftance ffuncftfion�퐸(�푡)
used fin ftThfis work fis descrfibed by a “doubfle Hfiflfl” ffuncftfion
�퐸�푛(�푡�푛)as beflow [16,30]:

�퐸(�푡)=(�퐸�푚�푎�푥−�퐸�푚�푖�푛)�퐸�푛(�푡�푛)+�퐸�푚�푖�푛 (3)

�퐸�푛(�푡�푛)=1.55[
(�푡�푛/0.7)

1.9

1+(�푡�푛/0.7)
1.9
][

1

1+(�푡�푛/1.17)
21.9
].(4)

Ift fis fimporftanft fto nofte ftThaft�푡nfis defined as ffoflflows:�푡n=ft/
(0.2+0.15�푡c) fin (4), and�푡crepresenfts ftThe cardfiac cycfle, wThficTh
fis a sequence off evenfts ftThaft occurs fin eacTh Thearft beaft and
fis reflafted fto ftThe Thearft rafte (HR). Addfiftfionaflfly, ftThe eflasftance
ffuncftfionE(ft)Thasdfifferenftvafluescorrespondfingftodfifferenft
Thearft condfiftfions or severfiftfies off Thearft ffafiflure [13]. For exam-
pfle, ftThe maxfimum vaflue off ftThe eflasftance ffuncftfion,Emax,can
be seft fto2mmHg/mfl, wThficTh means ftThaft ftThe eflasftance and ftThe
compflfiance ffuncftfion can descrfibe ftThe dynamfic beThavfior off a
TheaflftThy Thearft. In conftrasft, fiff ftThe vaflue offEmaxfis fless ftThan2,
fift represenfts an unTheaflftThy Thearft. Dfifferenft vaflues offEmaxcan
be used, dependfing on ftThe severfifty off Thearft ffafiflure (HF). For

HeaflftThy Thearft 

Mfifld HF 

Severe HF 

Cardfiac Cycfle

0

0.5

1

1.5

2

E(
ft)
 (
m
m
Hg
/
mfl
)

Emax

Emax=

Emax=

Emax=.

0.2 0.4 0.6 0.80 1

Tfime (s)

Ffigure 2: Eflasftance ffuncftfion off ftThe fleftvenftrficfle wfiftTh respecft fto
dfifferenft severfiftfies off Thearft condfiftfion (cardfiac cycfle =60/HR, wThere
HR fis ftThe Thearft rafte).

cflarfifty, Ffigure2sThows ftThe sfimuflaftfion resuflfts off ftThe eflasftance
ffuncftfion�퐸(�푡)ffor ftThree vaflues offEmax,fi.e.,aTheaflftThyThearftwfiftTh
avaflueoff2mmHg/mfl,mfifldThearftffafiflure(HF)wfiftThavaflue
off1mmHg/mfl, and a severefly ffafiflfing Thearft wfiftTh a vaflue off0.5
mmHg/mfl.
As menftfioned above, ftThe rfigThft venftrficfle and puflmonary

sysftem off ftThe paftfienft wfiftTh ftThe LVAD are assumed fto be
TheaflftThy fin ftThfis work.Thus, ftThe bflood refturnfing ffrom ftThe
puflmonary sysftem enfters ftThe fleftaftrfium and subsequenftfly
flows back finfto ftThe fleftvenftrficfle wThen ftThe mfiftrafl vaflve opens.
In addfiftfion, fift fis assumed ftThaft some porftfion off ftThe bflood
fin ftThe fleftvenftrficfle fis ejecfted by ftThe LVAD and ftThe resft off
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ftThe bflood fis pumped by ftThe naftfive Thearft ftThrougTh ftThe aorftfic
vaflve fto ftThe aorfta and arfterfiafl sysftem. In order fto descrfibe
ftThe cardfiovascuflar-pump sysftem, sfix sftafte space varfiabfles, as
sThown fin ftThe cfircufift modefl fin Ffigure1, are defined fin Tabfle2.

Based on ftThe basfic cfircufift anaflysfis, a6ftTh-order sftafte space
cardfiovascuflar-pump modefl can be fformuflafted fto descrfibe
ftThe Themodynamfic off a HF paftfienft fimpflanfted wfiftTh a LVAD
as

�푥=�퐴(�푡)�푥+�푃(�푡)�푝(�푥)+�푏�푢(�푡), (5)

wTherexfis a vecftor off ftThe6sftafte varfiabfles gfiven fin Tabfle2
and�퐴(�푡)and�푃(�푡)are6×6and6×2ftfime-varyfingmaftrfices,
respecftfivefly, wThficTh can be defined as

�퐴(�푡)=

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

−�퐶(�푡)

�퐶(�푡)
0 0 0 0

−1

�퐶(�푡)

0
−1

�푅�푆�퐶�푅

1

�푅�푆�퐶�푅
0 0 0

0
1

�푅�푆�퐶�푆

−1

�푅�푆�퐶�푆
0

1

�퐶�푆
0

0 0 0 0
−1

�퐶�퐴

1

�퐶�퐴

0 0
−1

�퐿�푆

1

�퐿�푆

−�푅�퐶
�퐿�푆

0

1

�퐿∗
0 0

−1

�퐿∗
0

−�푅∗

�퐿∗

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

(6)

�푃(�푡)=
[
[
[

[

1

�퐶(�푡)

−1

�퐶�푅
0 0 00

−1

�퐶(�푡)
0 0

1

�퐶�퐴
00

]
]
]

]

�푇

. (7)

Ift fis fimporftanft fto nofte ftThaft a2×1vecftor�푝(�푥)fin (5) fis used fto
mfimfic ftThe nonflfinear beThavfiors off ftThe mfiftrafl and aorftfic vaflves,
represenfted by ftwo dfiodes fin ftThe cfircufift modefl fin Ffigure1.
The deftafifls abouft ftThfis vecftor are gfiven fin (8) and (9). In
addfiftfion,�푏fin ftThe flasft fterm fin (5) fis expressed by a6×1vecftor
as gfiven fin (10).The conftrofl varfiabfle fin (5) fisu(ft)=�푃E(ft),
wThere�푃E(ft)fisftTheeflecftrficpumpmoftorpower,wThficThcanbe
reguflafted fto adjusft ftThe pump speed off ftThe LVAD fto meeft ftThe
pThysfioflogfic demands (e.g., bflood) wfiftTh respecft fto dfifferenft
flevefls off acftfivfifty.The auftonomous ftunfing off ftThe pump speed
fis noft dfiscussed fin ftThfis work, sfince our objecftfive fis fto evafluafte
ftThe dfisftrfibuftfion off ftThe bflood ejecfted ftThrougTh ftThe LVAD and
ftThe aorftfic vaflve as a ffuncftfion off ftThe eflecftrfic power fin ftThe
presence off uncerftafinfty, e.g., varfiaftfions fin sysftemfic vascuflar
resfisftance (SVR).

�푝(�푥)=
[
[
[

[

1

�푅M
�푟(�푥2−�푥1)

1

�푅A
�푟(�푥1−�푥4)

]
]
]

]

(8)

�푟(�휁)=
{
{
{

�휉,fiff�휁≥0

0, fiff�휁<0
(9)

�푏(�푥)=[00000
�훿

�퐿∗�푥6
]
�푇

. (10)

In addfiftfion, ftThe pressure gafin (or pump Thead)�퐻�푃 (see
Ffigure1) can be defined as a ffuncftfion off ftThe pressure
dfifference across ftThe pump and pumpflow�푥6as sThown fin

�푥1−�푥4=�푅
∗�푥6+�퐿

∗�푑�푥6
�푑�푡
−�퐻�푃, (11)

wThere ftThe pump Thead�퐻�푃can be approxfimafted usfing ftThe
pump speed�휔as ffoflflows [13]:

�퐻�푃=�훽�휔
2. (12)

Nofte ftThaft ftThe coeficfienft�훽fin (12) fis seft fto9.9025×10-7

mmHg/(rpm)2[13]. In (11), ftThe ftoftafl resfisftance�푅∗ and
finducftance�퐿∗are ftwo paramefters reflafted fto ftThe LVAD, wThficTh
can be gfiven by ftThe ffoflflowfing equaftfions as

�푅∗=�푅�푖+�푅�표+�푅�푝+�푅�푘 (13)

�퐿∗=�퐿�푖+�퐿�표+�퐿�푝. (14)

The pressure gafin across ftThe pump�퐻�푃Thas ftThe dfirecft reflaftfion
fto ftThe eflecftrfic power deflfivered fto ftThe pump moftor�푃�퐸.
Definfing ftThe pump eficfiency as�휂,ftTheeflecftrficpower�푃�퐸
can be reflafted fto ftThe Thydrodynamfic power�푃�푃as sThown fin
(15). FurftTher,�푃�푃can be approxfimafted wfiftTh ftThe densfifty off ftThe
refferenceflufid�휌,gravfiftaftfionaflaccefleraftfion�푔,ftThepumpflow
rafte�푥6, and ftThe pump Thead�퐻�푃,assThownfin(16).

�푃�푃=�휂�푃�퐸 (15)

�푃�푃=�휌�푔�퐻�푃�푥6. (16)

Rearrangfing boftTh equaftfions above, ftThe reflaftfion beftween ftThe
pressure gafin�퐻�푃and ftThe eflecftrfic power�푃�퐸can be defined as
ffoflflows [31]:

�퐻�푝=
�훿�푃�퐸
�푥6
, (17)

wThere ftThe consftanft�훿fis seft fto7495mmHg∙mfl/s∙W, w Th fi c Th fi s
affuncftfionoffftThedensfiftyoffftTherefferenceflufid�휌,ftThegravfifty
accefleraftfion�푔,andftThepumpeficfiency�휂[26]. For sfimpflficfifty,
�휂fis seft fto100% fin ftThfis work.
Based on ftThe definfiftfion off pump Thead�퐻�푝fin (12) and (17),

ftThe correspondfing roftaftfionafl pump speed�휔can be defined fin
fterms off ftThe pump eflecftrfic power�푃�퐸as

�휔=√
�훿�푃�퐸
�훽�푥6
. (18)

To sftudy ft The effec ft off uncer ft afinfty fin aor ft fic va flve dynamfics
and cardfiac ouftpufts, ftThe operaftfing power range off ftThe LVAD
pump fis seft fto0.12fto1.56W fin ftThfis work [32].The
correspondfing roftaftfionafl pump speeds ffor dfifferenft eflecftrfic
powers are sThown fin Appendfix A.

2.2. Generaflfized Poflynomfiafl CThaos (gPC) Expansfion.The
generaflfized poflynomfiafl cThaos (gPC) expansfion generaflfly
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Tabfle 2: Sftafte varfiabfles used fin ftThe cardfiovascuflar-LVAD modefl.

Cfircufift Varfiabfles PThysfioflogficafl varfiabfles PThysfioflogficafl Meanfing Unfifts

x1(ft) LV P(ft) LeftVenftrficuflar Pressure mmHg

x2(ft) LAP(ft) LeftAftrfiafl Pressure mmHg

x3(ft) AP(ft) Arfterfiafl Pressure mmHg

x4(ft) AoP(ft) Aorftfic Pressure mmHg

x5(ft) QT(ft) Toftafl Fflow Rafte mfl/s

x6(ft) Qp(ft) Pump Fflow Rafte mfl/s

approxfimaftes a random varfiabfle usfing an arbfiftrary probabfifl-
fifty densfifty ffuncftfion (PDF) defined by anoftTher random varfi-
abfle (e.g.,�휉)wfiftThaprfiordfisftrfibuftfion (PDF) fin ftThe Wfiener-
Askey fframework [22]. In ftThfis work, ftThe gPC expansfion wfiflfl
be used fto approxfimafte ftThe uncerftafinfty sucTh as sysftemfic
vascuflar resfisftance (SVR) (fi.e.,Rs)ftosftudyandquanftfiffyThow
uncerftafinfty can affecft ftThe modefl predficftfions, e.g., ftThe aorftfic
vaflve dynamfics and cardfiac ouftpufts. Nofte ftThaft SVR fin ftThe
modefl fis used fto descrfibe ftThe dfifferenft flevefls off acftfivfifty, wThficTh
can vary over ftfime wfiftThfin ftThe same HF paftfienft.Thus, fift fis
assumed ftThaft ftThe exacft vaflue off SVR fis unknown aft eacTh ftfime;
Thowever, ftThe PDF off SVR over a perfiod off ftfime fis avafiflabfle,
wThficTh can be deftermfined by pThysficfians or esftfimafted ftThrougTh
oflfine esftfimaftfion ftecThnfiques.The raftfionafle off cThoosfing SVR
as ftThe uncerftafin source fin ftThfis work wfiflfl be expflafined fin ftThe
resuflfts sessfion ftThrougTh ftThe sensfiftfivfifty anaflysfis.
Suppose ftThaft ftThe cardfiovascuflar-LVAD sysftem fin (5),

descrfibed by a seft off nonflfinear ordfinary dfifferenftfiafl equaftfions
(ODEs), can be sfimpflfified as ffoflflows:

�푥=�푓(�푡,�푥,�푣,�푔;�푢), (19)

wThere ftThe vecftorxconsfisfts off ftThe6sftafte varfiabfles defined
fin Tabfle2wfiftTh finfiftfiafl vafluesx0aftft=0.�푣fis a vecftor
off deftermfinfisftfic modefl paramefters fin ftThe cardfiovascuflar-
pump sysftem, wThficTh arefixed consftanfts. In conftrasft, a
vecftor off parameftrfic uncerftafinftfies fis defined by�푔,wThficTh
wfiflfl be approxfimafted wfiftTh ftThefir PDFs finsftead off usfingfixed
consftanfts, sucTh as ftThe SVR expflafined above, represenftfing ftThe
flevefl off acftfivfifty off HF paftfienfts. In addfiftfion,�푢fis ftThe conftrofl
varfiabfle, e.g., eflecftrfic power�푃�퐸(�푡), wThficTh can be adjusfted fto
meeft ftThe pThysfioflogfic demands.
To e va fluafte ft The effe c ft off uncer ft afinft y on ft The mo defl pre-

dficftfions�푥, eacTh paramefter�푔�푖(fi=1,2,...,ng)fin�푔wfiflfl be
approxfimafted wfiftTh a gPC modefl as a ffuncftfion off a seft off
findependenft random varfiabfles�휉={�휉�푖}as

�푔�푖=�푔�푖(�휉�푖), (20)

wThere�휉�푖fis ftThe�푖
ftThrandom varfiabfle used fto approxfimafte�푔�푖ftThaft

ffoflflowsaprfiorPDF defined fin ftThe Wfiener-Askey fframework.
Sfince eacTh parameftrfic uncerftafinfty fis approxfimafted wfiftTh a
gPC modefl, ftThe modefl predficftfions�푥can be aflso defined wfiftTh
random varfiabfles�휉,wThficThcanassessftTheeffecftoffuncerftafinfty
on ftThe modefl predficftfions off ftThe cardfiovascuflar-pump sysftem.
Usfing ftThe orftThogonafl poflynomfiafl basfis ffuncftfions defined fin
ftThe Wfiener-Askey fframework, ftThe gPC approxfimaftfions ffor

boftTh uncerftafinfty and modefl predficftfions can be defined as
ffoflflows:

�푔�푖(�휉)=
∞

∑
k=0

�푔�푖,�푘�휑�푘(�휉�푖)≈
�푞

∑
�푘=0

�푔�푖,�푘�휑�푘(�휉�푖) (21)

�푥�푗(�푡,�휉)=
∞

∑
k=0

�푥�푗,�푘(�푡)�휓�푘(�휉)≈
�푄

∑
�푘=0

�푥�푗,�푘(�푡)�휓�푘(�휉), (22)

wThere{̂�푔�푖,�푘}and{̂�푥�푗,�푘(�푡)}are ftThe gPC coeficfienfts off ftThefi
ftTh

parameftrfic uncerftafinfty and ftThejftThmodefl predficftfion (sftafte
varfiabfle) and�휑�푘(�휉�푖)and�휓�푘(�휉)are muflftfidfimensfionafl poflyno-
mfiafl basfis ffuncftfions. WThen ftThe PDF off�푔�푖fis gfiven or can be
esftfimafted so ftThaft�푔�푖(�휉)ffoflflowsaprfiordfisftrfibuftfion, ftThe gPC
coeficfienfts{̂�푔�푖,�푘}fin (21) can be subsequenftfly deftermfined.
As compared fto{̂�푔�푖,�푘},ftThegPCcoeficfienftsoff�푥�푗,�푘(�푡)wfiflfl
be caflcuflafted by subsftfiftuftfing (21) and (22) finfto (5), wThficTh
fis ffoflflowed by usfing a Gaflerkfin projecftfion.The Gaflerkfin
projecftfion beftween a sftafte varfiabfle�푥�푗and a poflynomfiafl basfis
ffuncftfion can be defined as

⟨�푥�푗(�푡,�휉),�휓�푘(�휉)⟩

=⟨�푓 (�푡,�푥�푗(�푡,�휉),�푣,�푔(�휉);�푢),�휓�푘(�휉)⟩.
(23)

For eacTh sftafte varfiabfle�푥�푗, ftThe Gaflerkfin projecftfion wfiflfl pro-
duce a sysftem wfiftTh a seft off coupfled deftermfinfisftfic equaftfions,
fin wThficTh ftThefirsft equaftfion provfides ftThe mean vaflue off�푥�푗
aft eacTh ftfime finsftanft, wThfifle ftThe resft off ftThe equaftfions can be
used fto esftfimafte ftThe varfiaftfion resuflftfing ffrom uncerftafinfty. In
addfiftfion, as seen fin (21) and (22), ftThe finfinfifte number off fterms
fis often ftruncafted finfto afinfifte number off fterms ffor pracftficafl
appflficaftfion, fi.e.,qandQ,respecftfivefly.Thenumberofffterms
fin (21), fi.e.,q, can be opftfimaflfly seflecfted, so ftThaft ftThe gPC
modefl off uncerftafinfty can approxfimafteaprfiorknown PDF
off uncerftafinfty.The ftoftafl number off ftermsQfin (22) can be
compufted wfiftTh a Theurfisftfic fformufla, wThficTh can be defined by
ftThe poflynomfiafl orderqand ftThe ftoftafl number off parameftrfic
uncerftafinftfies�푛gas

�푄=(
(�푛�푔+�푞)!

(�푛�푔!�푞!)
)–1. (24)

In addfiftfion, ftThe finner producft beftween any ftwo vecftors fin (23)
can be deftermfined as

⟨�휙(�휉),�휙�耠(�휉)⟩=∫�휙(�휉)�휙�耠(�휉)�푊(�휉)�푑�휉, (25)
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wThere ftThe finftegraftfion on ftThe rfigThft-Thand sfide off (25) fis per-
fformed over ftThe enftfire domafin defined by random varfiabfles
�휉and�푊(�휉)fis ftThe wefigThftfing ffuncftfion, fi.e., ftThe probabfiflfifty
densfifty ffuncftfion off�휉,wThficThfisseflecftedaccordfingftoftThe
poflynomfiafl basfis ffuncftfion fin ftThe Wfiener-Askey fframework.
For exampfle, a normaflfly dfisftrfibufted random varfiabfle�휉sThoufld
be used, wThen ftThe uncerftafinfty ffoflflows a normafl dfisftrfibuftfion
[22].Thus, Hermfifte poflynomfiafl basfis ffuncftfions are ftThe besft
cThofice off ftThe wefigThftfing ffuncftfion.
Usfing ftThe gPC coeficfienfts off sftafte varfiabflesxfin (22), ftThe

sftaftfisftficafl momenfts sucTh as mean and varfiance offxaft a gfiven
ftfime finftervaflftcan be qufickfly compufted as ffoflflows:

�퐸(�푥�푗(�푡))=�퐸(
�푄

∑
�푖=0

�푥�푗,�푖(�푡)�휓�푖)

=�푥�푗,�푖(�푡)�퐸(�휓�푖)+
�푄

∑
�푖=1

�퐸(�휓�푖)=�푥�푗,0(�푡)

(26)

var(�푥�푗(�푡))=�퐸(�푥(�푡)−�퐸(�푥�푗(�푡))
2
)

=�퐸((
�푄

∑
�푖=0

�푥�푗,�푖(�푡)�휓�푖−�푥�푗,(�푖=0)(�푡))

2

)

=�퐸((
�푄

∑
�푖=1

�푥�푗,�푖(�푡)�휓�푖)

2

)

=
�푄

∑
�푖=1

�푥�푗,�푖(�푡)
2�퐸(�휓2�푖).

(27)

As seen, ftThefirsft sftaftfisftficafl momenft offx,fi.e.,meanvaflue,
can be approxfimafted wfiftTh ftThefirsft gPC coeficfienftx̂�푗,fi=0,
wThfifle ftThe second sftaftfisftficafl momenft, fi.e., varfiance offx,can
be caflcuflafted usfing ftThe ThfigTher-order gPC coeficfienfts and ftThe
mean off squared orftThogonafl poflynomfiafl basfis ffuncftfion�휓�푖(�휉).
Once agafin, ftThe varfiance fin sftafte varfiabflesxorfigfinaftes ffrom
uncerftafinfty�푔, as defined fin (20).
The gPC provfides anaflyftficafl fformuflas fto caflcuflafte ftThe

sftaftfisftficafl momenfts off modefl predficftfions, ffrom wThficTh ftThe
PDF profifles can be rapfidfly esftfimafted.Thfis fis ftThe mafin
raftfionafle fto use ftThe gPC approxfimaftfion fin ftThfis work.The
ffasft caflcuflaftfion off uncerftafinfty fin Themodynamfic wavefforms,
resuflftfing ffrom ftThe ftfime-varyfing pThysfioflogfic cThange sucTh as
SVR (�푅s) fin ftThfis work, can provfide useffufl finfformaftfion fto
beftfter undersftand ftThe pThysfioflogfic demands. Specfificaflfly, ftThe
PDF profifles offx, approxfimafted ffrom a gPC modefl, wfiflfl be
used fto accounft ffor ftThe effecft off uncerftafinfty finRson ftThe aorftfic
vaflve openfing duraftfion and ftThe cardfiac ouftpufts, wThficTh wfiflfl be
dfiscussed fin deftafifl fin Secftfion3.

3. Resuflfts and Dfiscussfion

3.1. Cardfiac Hemodynamfic.The cardfiovascuflar-pump modefl
as expflafined fin Secftfion2.1finvoflves a ffew modefl paramefters,
wThficTh can be used fto represenft ftThe pThysfioflogficafl dynamfics
off ftThe Thearft supporfted wfiftTh a LVAD. As prevfiousfly reporfted,

parameftersRs,RM, and Thearft rafte (HR) can govern ftThe
beThavfior off ftThe cardfiovascuflar-pump sysftem [13].Thus, we
propose fto finvesftfigafte ftThefir effecft on ftThe dynamfics off ftThe
aorftfic vaflve and ftThe cardfiac ouftpuft.
Sfince ftThe gPC-based sftocThasftfic modefl fin ftThfis work fis

devefloped based on a deftermfinfisftfic modefl fin (5), ftThefirsft sftep
fis fto vaflfidafte ftThe abfiflfifty off ftThe deftermfinfisftfic modefl fin order fto
mfimfic ftThe Themodynamfic off ftThe cardfiovascuflar-pump sysftem.
The flfinear reflaftfionsThfip beftween ftThe end-sysftoflfic pressure and
ftThe fleftvenftrficfle voflume fin ftThe presence off perfturbaftfions fin
RsandRM fis used. Nofte ftThaft ftThe perfturbaftfions finRsand
RMrepresenft ftThe sftocThasftfic cThanges durfing ftThe prefload and
afterfload off ftThe Thearft. A ftoftafl off4prefload and4afterfload
cThanges were sfimuflafted as sThown fin Ffigure3, ffor wThficTh ftThe
fleftvenftrficfle paramefters sucTh as�퐸max,�퐸mfin,andV0are seft fto
consftanft and ftThe eflecftrfic pump power fis seft fto�푃�퐸=0.12W.
The fleftvenftrficfle pressure and ftThe fleftvenftrficfle voflume

grapTh (PV-floop) are sThown fin Ffigure3.The PV-floops fin
Ffigure3(a) sThow ftThe Themodynamfic cThanges resuflftfing ffrom
varfiaftfions fin ftThe afterfload, fi.e., dfifferenft vaflues offRs(SVR)
ftThaft represenft ftThe cThanges fin ftThe flevefl off acftfivfifty. In conftrasft,
ftThe PV-floop fin Ffigure3(b) sThows ftThe resuflft by aflfterfing ftThe
prefload, fi.e.,RM represenftfing mfiftrafl vaflve resfisftance. For
boftTh grapThs, a flfinear reflaftfionsThfip beftween ftThe fleftvenftrficfle
pressure and ftThe fleftvenftrficfle voflume fis observed, ftThus
confirmfing ftThe abfiflfifty off ftThe modefl fto descrfibe ftThe Themo-
dynamfic off ftThe cardfiovascuflar-pump sysftem. In addfiftfion, fift
was ffound ftThaft any varfiaftfions fin ftThe cardfiovascuflar-pump
sysftem can sfignfificanftfly affecft ftThe PV-floop sucTh as ftThe area
ftThaft represenfts ftThe sftroke work.
Nofte ftThaft ftThe dynamfic beThavfiors off ftThe aorftfic vaflve wfiflfl be

used fin ftThfis work as a crfifterfion fto evafluafte ftThe effecft off uncer-
ftafinfty on ftThe cardfiovascuflar-pump sysftem.The raftfionafle fis
ftThaft any cThanges fin pThysfioflogficafl paramefters sucTh asRscan
affecft fleftvenftrficuflar pressure as seen fin Ffigure3(a). Consftanft
flow venftrficuflar pressure can resuflft fin ftThe permanenft cflosure
off ftThe aorftfic vaflve, wThficTh fis deftrfimenftafl fto cardfiac recovery.
Specfificaflfly, ftThe aorftfic vaflve openfing duraftfion fis used fto
quanftfiftaftfivefly assess ftThe effecft off uncerftafinfty on ftThe dynamfic
beThavfiors off ftThe aorftfic vaflve.
The caflcuflaftfion off ftThe aorftfic vaflve openfing duraftfion

proceeds as ffoflflows. In a cardfiac cycfle, ftThe perfiod off ftfime,
ftopen, durfing wThficTh ftThe fleftvenftrficuflar pressure (LV P)fis
flarger ftThan ftThe aorftfic pressure (AoP)wfiflflbefirsftdeftermfined.
The aorftfic vaflve openfing duraftfion can ftThen be obftafined by
caflcuflaftfing ftThe raftfio beftweenftopenand ftThe ftfime off a cardfiac
cycfleftc.AscThemaftficoffftThecaflcuflaftfionoffftTheaorftficvaflve
openfing duraftfion fis gfiven fin Ffigure4. Left us suppose ftThere
are9dafta pofinfts off boftThLV PandAoPfin a cardfiac cycfle, and
ftThe ftfime finftervafl beftween any ftwo dafta pofinfts fisftfinft.Asseen,
ftwo dafta pofinfts offLV Pare flarger ftThan ftTheAoP,findficaftfingftThaft
ftopenfis2×ftfinft.Sfimfiflarfly,ftThecardfiaccycflecanbecaflcuflafted
asftc=9×ftfinft.Thus,ftTheaorftficvaflveopenfingduraftfioncan
be deftermfined wfiftTh2/9≈0.222, represenftfing ftThaft ftThe aorftfic
vaflve remafins open durfing approxfimaftefly22.2% off a cardfiac
cycfle.
The cardfiac ouftpuft (CO) fis anoftTher key pThysficafl properfty,

wThficTh can be caflcuflafted as a producft off sftroke voflume and
HR.The cardfiac ouftpuft represenfts ftThe ftoftafl amounft off bflood
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Ffigure 3: PV-floops ffor dfifferenft vaflues off (a) ftThe resfisftanceRs(afterfload) and (b)RM(prefload).
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Ffigure 4: ScThemaftfic ffor ftThe caflcuflaftfion off ftThe aorftfic vaflve openfing
duraftfion.

pumped ffrom ftThe venftrficfle fin a mfinufte.The sftroke voflume fis
ftThe bflood voflume pumped ffrom ftThe fleftvenftrficfle fin a beaft and
fis deftermfined by ftThe conftracftfiflfifty, prefload, and afterfload.The
area off ftThe PV-floop fis often caflcuflafted fto represenft ftThe sftroke
work. As sThown fin Ffigure3, any cThanges fin�푅sandRMcan
affecft ftThe ftoftafl amounft off bflood enfterfing ftThe venftrficfle, ftThus
affecftfing ftThe sftroke voflume and ftThe cardfiac ouftpuft.Thereffore,
ftThe cardfiac ouftpuft fis used as a second crfifterfion fto evafluafte ftThe
effecft off uncerftafinfty on ftThe cardfiovascuflar-pump sysftem fin
ftThfis work.

3.2. Sensfiftfivfifty Anaflysfis.As menftfioned above,Rs,RM,andHR
can affecft ftThe pThysfioflogficafl dynamfics off ftThe Thearft sucTh as ftThe
aorftfic vaflve openfing and ftThe cardfiac ouftpuft. However, eacTh
ffacftor may Thave dfifferenft effecft on ftThe Themodynamfic off ftThe
ffafiflfing Thearft.Thus, a sensfiftfivfifty anaflysfis fisfirsft perfformed fto

fidenftfiffy ftThe mosft sfignfificanft pThysfioflogficafl ffacftor.The effecft
off varfiaftfions finRs,RM, and HR on ftThe aorftfic vaflve and ftThe
cardfiac ouftpuft fisfirsft finvesftfigafted, usfing ftThe cardfiovascuflar-
LVAD modefl wfiftTh a mfifld HF paftfienft (fi.e.,Emax=1.0)and
eflecftrfic pump power�푃�퐸=0.12∼0.6W.Sfimfiflarresuflftswere
ffound ffor oftTher Thearft condfiftfions and pump powers, buft ftThey
are noft sThown ffor brevfifty.
Ift fis assumed ftThaft eacTh paramefter can vary randomfly

beftween ftwo flevefls, fi.e., +1and -1, wThficTh correspond fto a
+10% cThange and a -10% cThange wfiftTh respecft fto fifts nomfinafl
vaflues. Nofte ftThaft ftThe nomfinafl vaflues off eacTh paramefter are
Rs=1.0mmHg∙s/mfl,RM =0.005mmHg∙s/mfl, and HR =
75bpm. For eacTh paramefter, fleft us define ftThe aorftfic vaflve
openfing duraftfion (or ftThe cardfiac ouftpuft) as�푤+�푔�푖and�푤

−
�푔�푖
ffor

ftwo dfifferenft flevefls and ftThe correspondfing resuflft wfiftTh ftThe
nomfinafl vaflues off modefl paramefters as�푤0�푔�푖.Then,ftTheeffecft

off uncerftafinfty fin ftThe�푖ftThparamefter (Rs,RM,andHR)onefiftTher
ftThe aorftfic vaflve openfing duraftfion or ftThe cardfiac ouftpuft can be
defined wfiftTh a sensfiftfivfifty findex as ffoflflows:

�훿�푤�푝�푖=

�儨�儨�儨�儨�儨�푤
+
�푔�푖
−�푤0�푔�푖

�儨�儨�儨�儨�儨
�푤0�푔�푖

+

�儨�儨�儨�儨�儨�푤
−
�푔�푖
−�푤0�푔�푖

�儨�儨�儨�儨�儨
�푤0�푔�푖

, (28)

wThere�훿�푤�푝�푖fis a sensfiftfivfifty findex ftThaft can be used fto decfide

ftThe sfignfificance off ftThe�푖ftThparamefter.
Based on ftThe sensfiftfivfifty findex, a Thaflff-normafl probabfiflfifty

dfiagram fis used [33] fto fidenftfiffy ftThe sfignfificanft paramefters;
fi.e., ftThe ffacftors finduce sfignfificanft cThanges fin ftThe aorftfic vaflve
openfing duraftfion and ftThe cardfiac ouftpuft.The Thaflff-normafl
probabfiflfifty fis defined as

[Φ−1(0.5 +
0.5[�푖−0.5]

�푘
),�훿�푤�푝�푖], (29)
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wTherefi=1,...,kfis ftThe�푖ftThparamefter andΦ−1represenfts
ftThe cumuflaftfive dfisftrfibuftfion ffuncftfion (CDF) wfiftTh respecft fto
asftandardnormafldfisftrfibuftfion.
For cflarfifty, Ffigure5sThows ftThe sensfiftfivfifty anaflysfis resuflfts

ffor dfifferenft eflecftrfic pump powersPE. Nofte ftThaft Ffigures
5(a)–5(c) are ftThe resuflfts ffor ftThe aorftfic vaflve openfing duraftfion,
wThfifle Ffigures5(d)–5(ff) are ftThe resuflfts ffor ftThe cardfiac ouftpuft.
The eflecftrfic pump power fin Ffigures5(a) and5(d) was seft fto
0.12W,and0.36W was used fin Ffigures5(b) and5(e). For
Ffigures5(c) and5(ff), ftThe pump power was seft fto a reflaftfivefly
flarger vaflue off0.6W.IftfisworftThmenftfionfingftThaftftThepump
moftor power was cThosen fto avofid ftThe permanenft cflosure off
ftThe aorftfic vaflve.
As seen fin Ffigure5, fift was ffound ftThaft sysftemfic vascuflar

resfisftance (SVR), fi.e.,Rs,fisftThemosftsfignfificanftuncerftafinfty
ffor aflfl ftThe case sftudfies excepft fin Ffigure5(a). To vaflfidafte ftThe
resuflfts, addfiftfionafl case sftudfies were perfformed fto evafluafte ftThe
effecft off varfiaftfions finRsand HR on ftThe aorftfic vaflve openfing
duraftfion wfiftTh respecft fto a reflaftfivefly flarger range off pump
powers, and ftThe resuflfts were summarfized fin Ffigure6.
As seen fin Ffigure6, fift was ffound ftThaft ftThe sensfiftfivfifty findex

offRsfincreases as ftThe pump power�푃�퐸fincreases, wThereas ftThe
sensfiftfivfifty findex off HR decreases sflowfly wThen�푃�퐸fis fincreased.
Thfis findficaftes ftThaft ftThe Themodynamfic sucTh as ftThe aorftfic vaflve
openfing fis more sensfiftfive fto varfiaftfions fin ftThe flevefl off acftfivfifty
off a HF paftfienft, fi.e.,Rs,especfiaflflywThenftTheeflecftrficpump
power fis ThfigTher. Sfince ftThe pump fis often operafted above ftThe
mfinfimum vaflue off ftThe pump power, we wfiflfl ffocus on ftThe
flevefl off acftfivfifty�푅sfin ftThfis work ffor ftThe resft off ftThe sftudy.
Ift fis fimporftanft fto nofte ftThaft sfimfiflar resuflfts were prevfiousfly
reporfted by cflfinficafl sftudfies; fi.e., a roftary LVAD pump fis more
sensfiftfive fto ftThe afterfload off ftThe fleftvenftrficfle [26,27].
Based on dfiscussfion,Rsfis fidenftfified as ftThe mosft sensfiftfive

ffacftor fin ftThe cardfiovascuflar-LVAD sysftem ftThaft can affecft ftThe
cardfiac Themodynamfic. Foflflowfing ftThe procedures as dfiscussed
fin Secftfion2.2, a gPC modefl fis devefloped fto sftudy ftThe effecft off
ftThe varfiaftfions fin�푅son ftThe aorftfic vaflve openfing duraftfion and
ftThe cardfiac ouftpuft.

3.3. Formuflaftfion off ftThe SftocThasftfic gPC Modefl.Ift fis assumed
ftThaft sysftemfic vascuflar resfisftance (SVR), fi.e.,Rsfin ftThfis work,
ffoflflows a normafl dfisftrfibuftfion.Three mean vaflues offRs
are used ffor aflgorfiftThm verfificaftfion, fi.e.,0.5mmHg/mfl/s,
1mmHg/mfl/s,and 2mmHg/mfl/s,wThficThrepresenftdfiff-
fferenft flevefls off pThysficafl acftfivfifty, fi.e., very acftfive (0.5
mmHg/mfl/s), moderaftefly acftfive (1mmHg/mfl/s), and finacftfive
(2mmHg/mfl/s). For exampfle, ftThe very acftfive sftafte represenfts
ftThaft ftThe paftfienft fis cflfimbfing sftafirs, wThfifle ftThe finacftfive sftafte
means ftThe paftfienft fis resftfing or sfleepfing. To bufifld a gPC modefl
off SVR, ftThe order off ftThe poflynomfiafl cThaos expansfion fis seft
fto1, fi.e.,q=1fin(21),sfinceftTheuncerftafinftyfisnormaflfly
dfisftrfibufted. Usfing (24), ftThe expansfion off eacTh sftafte varfiabfle
fin Tabfle2woufld finvoflve2fterms, fi.e.,Q=1,sfinceftTherefis
one uncerftafinfty(�푛�푔=1)and ftThe ThfigThesft order off poflynomfiafl
expansfion off uncerftafinfty fis1(q=1).
To finft ro duce p er fturbaft fions fin SVR , a10% var fi aft fion

around eacTh mean vaflue fis used, wThficTh can be used fto
deftermfine ftThe gPC coeficfienfts off�푅sfin (21).The gPC
coeficfienfts off ftThe Themodynamfic varfiabfles (x1-x6)canbe

caflcuflafted by subsftfiftuftfing ftThe gPC modefls offRsand eacTh
sftafte varfiabfle finfto (5) and by usfing a Gaflerkfin projecftfion,
ffrom wThficTh a sftocThasftfic modefl can be fformuflafted.Thfis modefl
can descrfibe dynamfic beThavfiors off ftThe cardfiovascuflar-pump
sysftem fin ftThe presence off uncerftafinfty fin SVR (�푅s). For
brevfifty, ftThe sftocThasftfic modefl fis presenfted fin Appendfix B.
The sfimuflaftfion resuflfts off ftThe sftocThasftfic cardfiovascuflar-pump
modefl are sThown fin Ffigure7.
Thefirsft and second coflumns fin Ffigure7sThow ftThe gPC

coeficfienfts off ftThe sftafte varfiabfles fin (5), fi.e., ftThe fleftvenftrficfle
pressure (x1), ftThe aorftfic pressure (x4), and ftTheflows off ftThe
pump and aorfta (x5andx6), respecftfivefly. For ftThe sfimuflaftfions
off20cardfiac cycfles, ftThefirsft3cardfiac cycfles are gfiven fin
ftThefirsft coflumn, wThereas ftThe second coflumn sThows ftThe flasft
ftwo cardfiac cycfles.The ftThfird coflumn sThows ftThe varfiaftfions fin
ftThese sftaftes resuflftfing ffrom perfturbaftfions fin SVR (Rs). For ftThe
resuflfts sThown fin Ffigure7, ftThe HR was seft fto75bpm, and ftThe
mean vaflue offRswas1mmHg/mfl/s.The maxfimum eflasftane
(Emax)wasseftfto1mmHg/mfl,wThficThrepresenftsanaftfiveThearft
wfiftTh mfifld Thearft ffafiflure, and ftThe pump moftor power�푃�퐸used fin
ftThfis case sftudy was0.12Wfto avofid permanenft cflosure off ftThe
aorftfic vaflve. Ift fis fimporftanft fto nofte ftThaft ftThe dfifference beftween
ftThe wavefforms off ftThe pumpflow (x6) and ftThe aorftficflow (x5)
fin eacTh cardfiac cycfle can be used fto esftfimafte ftThe bfloodflow
ejecfted by a naftfive Thearft.
As seen fin ftThe ftThfird coflumn off Ffigures7(c) and7(ff), ftThe

fleftvenftrficuflar pressure (x1) and ftThe aorftfic pressure (x4)can
be affecfted by perfturbaftfions fin SVR (Rs). In addfiftfion, fift was
ffound ftThaft ftThe resuflftfing varfiaftfion fin ftThe aorftfic pressure fis
more sfignfificanft ftThan ftThe fleftvenftrficuflar pressure. Nofte ftThaft
ftThe varfiaftfions finx1fincrease as ftThe eflecftrfic power fincreases;
Thowever, ftThfis fis noft sThown ffor brevfifty. Usfing ftThe gPC coefi-
cfienfts, fift fis possfibfle fto esftfimafte ftThe upper and flower bounds
off aflfl sftafte varfiabfles aft eacTh ftfime finftervafl. For exampfle,
Ffigure7(ff) sThows ftThe resuflfts off aorftfic pressure, wThere�휎fis
ftThe sftandard devfiaftfion caflcuflafted wfiftTh ftThe ThfigTher-order gPC
coeficfienfts fin (27), fi.e.,0<�푘≤�푄.TherangedefinedbyftThe
upper and flower bounds can quanftfiffy ftThe dynamfic vaflues off
aorftfic pressure wfiftThfin ftThree sftandard devfiaftfions off ftThe mean
vaflue off aorftfic pressure, wThficTh sThows ftThe99% confidence
finftervafl off ftThe aorftfic pressure aft a parftficuflar ftfime finftervafl.
As expflafined fin Secftfion3.1, ftThe aorftfic vaflve opens wThen

ftThe fleftvenftrficuflar pressure fis ThfigTher ftThan ftThe aorftfic pressure.
Usfing ftThe upper and flower bounds off ftThe fleftvenftrficuflar
pressure and aorftfic pressure, ftThe effecft off perfturbaftfions fin
�푅son ftThe aorftfic vaflve openfing duraftfion can be qufickfly
esftfimafted. In addfiftfion, ftThe mean and ftThe varfiance fin ftThe
pumpflow can be rapfidfly caflcuflafted wfiftTh (26) and (27) as
sThown fin Ffigures7(fi) and7(fl), ffrom wThficTh ftThe varfiaftfion fin
ftThe cardfiac ouftpuft can be esftfimafted.The caflcuflaftfion off ftThe
varfiance fin ftThe aorftfic vaflve openfing duraftfion and ftThe cardfiac
ouftpuft wfiflfl be ffurftTher dfiscussed fin ftThe ffoflflowfing secftfions.

3.4. Dynamfics off Aorftfic Vaflve Fflow and Pump Fflow.The effecft
off perfturbaftfions fin ftThe SVR (�푅s) on ftThe sftafte varfiabfles Thas
been dfiscussed fin ftThe prevfious secftfion, wThere ftThe eflecftrfic
pump power�푃�퐸wasfixed. In ftThfis case sftudy, ftThe mafin
objecftfive fis fto finvesftfigafte ftThe effecft off uncerftafinfty on ftThe
aorftfic vaflve dynamfics off ftThe Thearft supporfted by a LVAD wfiftTh
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Ffigure 5: Haflff-normafl probabfiflfifty pflofts ffor sensfiftfivfifty anaflysfis: (a) resuflfts off aorftfic vaflve openfing duraftfion wfiftTh�푃�퐸=0.12W;(b)resuflftsoff
aorftfic vaflve openfing duraftfion wfiftTh�푃�퐸=0.36W; (c) resuflfts off aorftfic vaflve openfing duraftfion wfiftTh�푃�퐸=0.6W;(d)resuflftsoffcardfiacouftpuft
wfiftTh�푃�퐸=0.12W;(e)resuflftsoffcardfiacouftpuftwfiftTh�푃�퐸=0.36W; (ff) resuflfts off cardfiac ouftpuft wfiftTh�푃�퐸=0.6W.
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Ffigure 6: Sensfiftfivfifty findex offRsand HR correspondfing fto pump
moftor power.

aftfime-varyfingpumppower.ForftThfispurpose,ftTheeflecftrfic
pump power�푃�퐸was cThanged ffrom0.12fto1.56W fin order
fto beftfter sftudy ftThe effecft off ftThe pump speed on ftThe aorftfic
vaflve over a wfide range off operaftfing condfiftfions.The aorftfic
vaflve openfing duraftfion can be deftermfined by examfinfing ftThe
dfifference beftween ftThe fleftvenftrficuflar pressure and aorftfic

pressure, as expflafined above [13]. WThen ftThe aorftfic vaflve
opens, a cerftafin porftfion off ftThe bflood ffrom ftThe fleftvenftrficfle
flows ftThrougTh ftThe aorftfic vaflve. As ftThe pump moftor power
fincreases, ftThe porftfion off bfloodflowfing ftThrougTh ftThe aorftfic
vaflve wfiflfl be decreased. Ift was ffound ftThaft wThen ftThe pump
power reacThes a cerftafin flevefl, ftThe LVAD ftakes over Thearft
ffuncftfion and ftThe aorftfic vaflve can be ffuflfly bypassed, fi.e.,
permanenftfly cflosed. Ffigures8and9sThow ftThe cThanges fin
aorftfic vaflveflow and pumpflow ffor dfifferenft pump power
vaflues (�푃�퐸)finftThepresenceoffperfturbaftfionsfinSVR(�푅s).
Due fto ftThe puflsaftfiflfifty fin Themodynamfic wavefforms, Ffig-

ures8(a) and9(a) sThow ftThe maxfimum, mfinfimum, and mean
vaflues off aorftfic vaflveflow and ftThe pumpflow correspondfing
fto dfifferenft pump powers, respecftfivefly. Ift fis worftTh menftfionfing
ftThaft ftThe maxfimum, mfinfimum, and mean vaflues off ftThe sftafte
varfiabfles, fi.e., aorftfic vaflveflow and pumpflow fin Ffigures8(a)
and9(a), are caflcuflafted ffrom ftThefirsft gPC coeficfienft fin (22)
off eacTh sftafte varfiabfle, fi.e.,�푥�푗,�푘=0.Inconftrasft,ftThebarpfloft,
represenftfing ftThe confidence finftervafl, fis caflcuflafted wfiftTh oftTher
ThfigTher-order gPC coeficfienfts, fi.e.,̂�푥�푗,�푘(0<�푘≤Q), usfing
(27).
Ffigures8(b) and9(b) sThow ftThe sfimuflaftfion resuflfts off ftThe

Themodynamfic wavefforms off ftThe aorftfic vaflveflow and ftThe
pumpflow ffor a specfific cardfiac cycfle, wThen dfifferenft pump
powers�푃�퐸were used.The varfiances around ftThe maxfimum
and mfinfimum vaflues fin boftThflows ftThrougTh ftThe aorftfic vaflve
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Ffigure 7: Hemodynamfic wavefforms fin ftThe presence off uncerftafinfty fin SVR. For ftThefirsft and second coflumn, ftThe soflfid bflue flfines represenft
ftThe mean vaflue off eacTh sftafte varfiabfle fin (5), wThfifle ftThe red doftfted flfine represenfts ftThe2nd-order gPC coeficfienfts ftThaft can be used fto caflcuflafte
ftThe sftandard devfiaftfion (�휎fin ftThe flasft coflumn) aft eacTh ftfime finftervafl.The flasft coflumn sThows ftThe mean, maxfimum, and mfinfimum vaflue off eacTh
sftafte varfiabfle, fi.e., fleftvenftrficuflar pressure, aorftfic pressure, aorftficflow, and pumpflow.
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Ffigure 8: Hemodynamfic wavefforms off aorftfic vaflveflow fin ftThe
presence off uncerftafinfty fin SVR (Rs).

and pump are caflcuflafted by usfing ftThe ThfigTh order off gPC
coeficfienfts correspondfing fto ftThe maxfimum vaflues, wThfifle ftThe
varfiances off mean vaflues ffor boftThflows are obftafined based
on ftThe upper and flower bounds quanftfified wfiftTh sftandard
devfiaftfion caflcuflafted by gPC coeficfienfts. Ift fis fimporftanft fto
nofte ftThaft ftThe pump power�푃�퐸can be auftomaftficaflfly seflecfted
accordfing fto ftThe flevefl off acftfivfifty fin order fto meeft dfifferenft
pThysfioflogficafl demands, buft ftThfis fis noft dfiscussed fin ftThfis work,
as our objecftfive fis fto evafluafte ftThe dynamfic beThavfiors off ftThe
aorftfic vaflve over a wfide range off pump power.
As seen fin Ffigure8(a), fift was ffound ftThaft ftThe maxfimum

and mean vaflues off ftThe aorftfic vaflveflow decrease wfiftTh
ftThe fincrease off ftThe pump moftor power�푃�퐸.NofteftThaftftThe
aorftfic vaflve was compfleftefly cflosed wThen ftThe pump power
�푃�퐸was fincreased fto0.84W,wThficThcanbedefinedasa
breakpofinft.Inaddfiftfion,asseenfinFfigure8(a),wThenftThe
pump power�푃�퐸fis beflow ftThebreakpofinft, negaftfive vaflues
off ftThe mfinfimum aorftfic vaflveflow were observed.Thfis can
possfibfly be aftftrfibufted fto regurgfiftaftfion offflow ftThrougTh ftThe
aorftfic vaflve, because off aorftfic compflfiance. PThysfioflogficaflfly,
ftThfis pThenomenon can be caused by ftThe adverse pressure
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Ffigure 9: Hemodynamfic wavefforms off pumpflow fin ftThe presence
off uncerftafinfty fin SVR (Rs).

gradfienft, wThficTh can be devefloped as ftThe aorftficflow sftarfts
fto deceflerafte qufickfly after reacThfing fifts maxfimum.Thfis can
evenftuaflfly affecft ftThe flow momenftumflufid near ftThe waflfl off ftThe
aorfta, ftThus finducfing reverseflow fin ftThe sfinus regfion, wThficTh
was prevfiousfly reporfted [34]. Ift fis fimporftanft fto nofte ftThaft
ftThe maxfimum and mean vaflues off aorftfic vaflveflows remafin
posfiftfive.The reverseflow onfly exfisfts fin ftThe mfinfimum vaflues
off aorftfic vaflveflow, wThficTh fis negflfigfibfle and can be decreased
as ftThe pump power fis fincreased. After ftThebreakpofinft,fi.e.,�푃�퐸=
0.84W,ftTheaorftficflowfisreducedftoapproxfimaftefly0L/mfin,
wThficTh means ftThaft ftThe LVAD ftakes over ftThe fleftvenftrficfle
ffuncftfion ffor ftThe enftfire cardfiac cycfle and ftThere fis negflfigfibfle
bflood ftThaft canflow ftThrougTh ftThe aorftfic vaflve. FurftTher, as
can be seen fin Ffigure8(b), ftThe puflsaftfiflfifty off ftThe aorftficflow
decreases as ftThe pump power fis fincreased. WThen ftThe pump
power�푃�퐸reacThes ftThebreakpofinft,ftTheaorftficvaflveflowcan
compfleftefly flose ftThe puflsaftfiflfifty. SucTh finfformaftfion can be useffufl
ffor ftThe conftroflfler desfign fto adjusft ftThe pump speed fto meeft ftThe
dfifferenft pThysfioflogficafl demands.
As sThown fin Ffigure9(a), ftThe maxfimum, mfinfimum, and

mean vaflues off pumpflow rafte fincrease wThen ftThe pump
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power fis fincreased.The maxfimum vaflues off ftThe pumpflow
fincrease unftfifl ftThe pump power reacThes ftThebreakpofinftand
ftThen converges fto a consftanft after ftThebreakpofinft�푃�퐸=0.84
W,wThfifleftThemfinfimumandmeanvafluesoffftThepumpflow
keep fincreasfing as ftThe pump power fincreases. In addfiftfion,
fift fis fimporftanft fto nofte ftThaft ftThe dasThed flfines (purpfle and
red) fin Ffigure9(b) represenft ftThe varfiaftfions fin ftThe pump
flow, resuflftfing ffrom ftThe perfturbaftfions fin SVR (Rs). As seen,
wThen ftThe pump ftakes over ftThe naftfive Thearft, ftThe varfiaftfion
fin pumpflows becomes flarger, as compared fto ftThe cases
wThen ftThe aorftfic vaflve operaftes normaflfly (fi.e., beffore reacThfing
ftThebreakpofinft). FurftTher, fift fis worftTh menftfionfing ftThaft ftThe
varfiaftfions off ftThe aorftfic vaflveflow and pumpflow sThown fin
Ffigures8and9are correflafted fto ftThe pump moftor power.
Ift was ffound ftThaft ftThe aorftfic vaflveflow can be sfignfificanftfly
affecfted by perfturbaftfions finRsbeffore ftThebreakpofinft.In
conftrasft, ftThe varfiaftfion fin pumpflow fis flarger wThen ftThe LVAD
pump begfins fto ftake over ftThe fleftvenftrficuflar ffuncftfion after
ftThebreakpofinft.Thfisobservaftfioncanbeusedasaftunfing
consftrafinft off pump power fin ftThe conftroflfler desfign, sfince
flarger varfiaftfions fin ftThe pumpflow and ftThe aorftficflow may
weaken ftThe myocardfium, wThficTh fis deftrfimenftafl fto cardfiac
recovery and can be ffaftafl fto HF paftfienfts wfiftTh LVADs. For
exampfle, consftrafinfts can be used fto confine ftThe aflflowabfle
ftunfing range off ftThe pump power fto avofid finducfing flarger
varfiaftfions fin pumpflow, wThfifle ftakfing perfturbaftfions fin SVR
(�푅s)finftoaccounft.

3.5. Aorftfic Vaflve Openfing Duraftfion.In Secftfion3.4, fift was
ffound ftThaft ftThe aorftfic vaflveflow rafte varfies wfiftTh respecft fto
ftThe eflecftrfic pump power.The aorftfic vaflve can be cflosed wThen
ftThe pump power reacThes a cerftafin flevefl (e.g.,breakpofinft), aft
wThficTh ftThe LVAD pump ftakes over Thearft ffuncftfion. Based on
ftThfis observaftfion, ftThe objecftfive fin ftThfis case sftudy fis fto examfine
ftThe aorftfic vaflve openfing duraftfion fin a cardfiac cycfle, wThfifle
consfiderfing ftThe perfturbaftfions fin SVR (Rs).
As expflafined fin Secftfion3.1, ftThe aorftfic vaflve openfing

duraftfion fis measured by caflcuflaftfing ftThe raftfio beftween ftThe
ftfime ftThaft ftThe aorftfic vaflve opens durfing a cardfiac cycfle and ftThe
duraftfion off ftThe cardfiac cycfle. For cflarfifty, ftThe mean vaflues off
ftThe aorftfic vaflve openfing duraftfion ffor a mfifld HF paftfienft (Emax
=1)andasevereHFpaftfienft(Emax=0.5)wfiftThdfifferenfteflecftrfic
pump powers are sThown fin Ffigures10and11, respecftfivefly.
In addfiftfion, ftThe varfiaftfions around ftThe mean vaflues off aorftfic
vaflve openfing duraftfion are summarfized fin Tabfles3and4
ffor brevfifty. In ftThfis sftudy, HR fis seft fto75bpm ffor boftTh cases,
and�푅sffoflflows ftThe same probabfiflfisftfic descrfipftfion as done fin
Secftfion3.3, fi.e., ftThree dfifferenft flevefls off pThysficafl acftfivfifty off a
paftfienft.
As seen fin Ffigures10and11, aorftfic vaflve openfing duraftfion

ThfigThfly depends on ftThe flevefl off acftfivfifty ffor a paftfienft and
ftThe severfifty flevefl off Thearft ffafiflure. For exampfle, as seen fin
Ffigure10, wThen ftThe paftfienft fis very acftfive, ftThe aorftfic vaflve
can remafin open fin a cardfiac cycfle over a wfide range off
pump moftor power. In conftrasft, ftThe aorftfic vaflve can be easfifly
ftaken over by ftThe pump wThen a paftfienft fis fin an finacftfive
sftafte and wThen ftThe pump power fis ThfigTher ftThan0.36W.In
addfiftfion, fift was ffound ftThaft ftThe operaftfing range off ftThe pump
fis mucTh smaflfler, wThen ftThe flevefl off Thearft ffafiflure fis severe. For
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Ffigure 10: Aorftfic vaflve openfing duraftfion wfiftTh respecft fto ftThe flevefl
off pThysficafl acftfivfifty and pump power ffor a mfifld Thearft ffafiflure paftfienft
(Emax=1).
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Ffigure 11: Aorftfic vaflve openfing duraftfion wfiftTh respecft fto ftThe flevefl off
pThysficafl acftfivfifty and pump power ffor a severe Thearft ffafiflure paftfienft
(Emax=0.5).

exampfle, as seen fin Ffigure11, ffor a very acftfive paftfienft wfiftTh
severe HF, ftThe aorftfic vaflve wfiflfl be cflosed wThen ftThe pump
power fis flarger ftThan abouft0.7W.However,ftTheaorftficvaflve
can remafin open ffor ftThe wThofle range off ftThe pump power
ffor a very acftfive mfifld HF paftfienft (see Ffigure10).Thus, ftThe
breakpofinft, wThere ftThe aorftfic vaflve cfloses permanenftfly, can be
deftermfined wfiftTh respecft fto ftThe flevefl off pThysficafl acftfivfifty as
weflfl as ftThe severfifty off HF.These observaftfions can provfide
useffufl finfformaftfion wThen ftThe pump moftor power fis used
as a conftrofl varfiabfle. For exampfle, fift fis dfificuflft fto conftrofl
ftThe pump power fto mafinftafin ftThe aorftfic vaflve open ffor a
severe Thearft ffafiflure paftfienft, sfince ftThe aflflowabfle operaftfing
range off ftThe pump power fto keep ftThe aorftfic vaflve open fis
smaflfl.Thfis may reduce ftThe cardfiac perffusfion requfired fto
meeft ftThe pThysfioflogficafl demands. For severe HF paftfienfts, an
approprfiafte conftroflfler can be devefloped by consfiderfing ftThe
severfifty off HF and by ftakfing finfto accounft possfibfle flevefls off
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acftfivfifty, wThficThfinds a ftrade-offbeftween ftThe desfired cardfiac
ouftpuft and ftThe aorftfic vaflve openfing duraftfion.
To vaflfidafte ftThe resuflfts, ftThe aorftfic vaflve openfing duraftfion

was aflso compared wfiftTh prevfiousfly reporfted work. As men-
ftfioned fin [35], ftThe average openfing duraftfion off ftThe aorftfic
vaflve fis30.5% ffor a naftfive TheaflftThy Thearft wfiftThouft a LVAD,
27% ffor a mfifld HF paftfienft, and25% ffor a severe HF paftfienft.
Thfis cflearfly sThows ftThaft our resuflfts are fin good agreemenft wfiftTh
ftThese cflfinficafl observaftfions. In addfiftfion, fift was ffound ftThaft fin
ftThfis work ftThe aorftfic vaflve openfing duraftfion fis ThfigThfly reflafted
fto ftThe flevefl off acftfivfifty and ftThe severfifty off ftThe naftfive Thearft.
In addfiftfion, Tabfles3and4sThow ftThe confidence finftervafl

off ftThe aorftfic vaflve openfing duraftfion. Ift was ffound ftThaft ftThe
varfiance fin ftThe aorftfic vaflve openfing duraftfion fincreases, as ftThe
mean vaflue offRsdecreases and as ftThe pump power fincreases.
For exampfle, as seen fin Tabfle3, ffor an acftfive and mfifld Thearft
ffafiflure paftfienft (fi.e.,�푅s=0.5mmHg/mfl/s),ftThevarfiaftfions
fin ftThe aorftfic vaflve openfing duraftfion fincrease as ftThe pump
power fincreases. Ift was ffound ftThaft ftThe varfiaftfion fin aorftfic vaflve
openfing duraftfion fis abouft2percenft pofinft off ftThe mean vaflues
on average ffor ftThese possfibfle pump powers sThown fin Tabfle3.
However, ffor an acftfive and severe Thearft ffafiflure paftfienft as seen
Tabfle4(�푅s=0.5mmHg/mfl/s),ftTheaverageoffftThevarfiaftfionfin
ftThe aorftfic vaflve openfing duraftfion fis approxfimaftefly0.8%.

3.6. Cardfiac Ouftpuft.Cardfiac ouftpuft (CO) fis convenftfionaflfly
caflcuflafted as ftThe producft off ftThe sftroke voflume (V) and ftThe
HR as CO = V×HR. However, ffor HF paftfienfts wfiftTh
fimpflanfted LVADs, ftThe caflcuflaftfion off cardfiac ouftpuft needs fto
consfider ftThe bflood ejecfted by boftTh ftThe naftfive Thearft and ftThe
LVAD pump. To accompflfisTh ftThfis, ftThe cardfiac ouftpuft can be
caflcuflafted by finftegraftfing ftThe aorftficflow (x5) [8]. For a cardfiac
cycfle, (30)∼(32) can be used fto esftfimafte ftThe cardfiac ouftpuft as

�푉�푇=�푉�푃+�푉ℎ (30)

∫
�푡+�푡�푐

�푡
�푥5(�휉)=∫

�푡+�푡�푐

�푡
�푥6(�휉)+�푉ℎ (31)

�퐶�푂�푇=�퐶�푂�푃+�퐶�푂ℎ, (32)

wThere�푉�푇fin (30) fis ftThe ftoftafl bflood voflume pumped finfto aorfta
and�푉�푃and�푉ℎare ftThe bflood voflume ejecfted by ftThe LVAD
pump and ftThe naftfive Thearft, respecftfivefly.The bflood voflume
can be caflcuflafted wfiftTh (31) ffor a cardfiac cycfleftc,ffromwThficTh
ftThe ftoftafl cardfiac ouftpuft off ftThe aorfta can be approxfimafted wfiftTh
ftThe summaftfion off ftwo cardfiac ouftpufts generafted by ftThe pump
�퐶�푂�푃and ftThe naftfive Thearft�퐶�푂ℎ,bymuflftfipflyfingboftThsfidesoff
(31) wfiftTh ftThe HR. Nofte ftThaft sfince ftThe perfturbaftfions fin SVR
(�푅s) are consfidered fin ftThfis work, boftTh ftThe pumpflow and ftThe
aorftficflow are ffuncftfions off a random evenft�휉ftThaft can be used
fto approxfimafte ftThe varfiaftfion fin SVR.Thus, ftThe finftegraftfion
fin (31) fis caflcuflafted over ftThe domafin defined by�휉.Tosoflve
(31), ftThe ftrapezofidafl rufle fis used fin ftThfis work. Usfing ftThe gPC
modefl off sftafte varfiabfle sucTh asx5andx6,fiftfispossfibflefto
provfide a measure off confidence finftervafl fin ftThe cardfiac ouftpuft
predficftfion.
Nofte ftThaft�푉ℎfin (31) fis ftThe bflood voflume off ftThe naftfive

Thearft, wThficTh can be esftfimafted ffrom a PV-floop usfing ftThe gPC
modefls. Ffigure12sThows ftThe PV-floops off a mfifld HF paftfienft
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Ffigure 12: PV-floops generafted by ftThe devefloped sftocThasftfic modefl
usfing gPC ftTheory (Emax=1.0,�푃�퐸=0.12W, and HR =75bpm).

wfiftTh dfifferenft flevefls off acftfivfifty. In ftThfis case, ftThe pump power
fis seft fto0.12Wand ftThe HR fis75bpm. As seen fin Ffigure12, any
perfturbaftfions finRscan affecft ftThe sftroke work, ftThus affecftfing
ftThe cardfiac ouftpuft.
In addfiftfion, ftThe resuflfts off ftThe ftoftafl cardfiac ouftpuft wfiftTh

respecft fto dfifferenft mean vaflues offRsand pump moftor
powers are sThown fin Ffigures13and14ffor a mfifld HF paftfienft
and a severe HF paftfienft, respecftfivefly. For sfimpflficfifty, onfly
ftThree pump powers were finvesftfigafted, fi.e.,0.12,0.84, and
1.56W,respecftfivefly.ThesevaflueswerecThosenaccordfingfto
ftThe dynamfic beThavfior off ftThe aorftfic vaflve. For exampfle, ftThe
smaflflesft vaflue off ftThe pump power, fi.e.,0.12W,fisusedfto
ensure ftThe aorftfic vaflve can operafte normaflfly.The medfium
vaflue off ftThe pump power, fi.e.,0.84W,fisusedftosftudyftThe
cardfiac ouftpuft wThen ftThe pump fis operafted aft ftThebreakpofinft
as dfiscussed beffore. In conftrasft, ftThe flargesft vaflue off pump
power, fi.e.,1.56W,fisusedftosftudyftTheeffecftoffperfturbaftfions
on cardfiac ouftpuft, wThen ftThe pump ftakes over Thearft ffuncftfion.
In Ffigures13and14, ftThe verftficaflbarrepresenfts ftThe mean

vaflue off ftThe cardfiac ouftpuft, wThfifle ftTheerror-pfloftfin eacTh
verftficafl bar represenfts ftThe varfiaftfion around ftThe mean vaflue.
As seen, ftThe cardfiac ouftpuft and ftThe varfiaftfion fin ftThe cardfiac
ouftpuft decrease as ftThe mean vaflue offRsfincreases, sfince
ftThe HF paftfienft fis fless acftfive, and fless bflood fis requfired. In
addfiftfion, fift was ffound ftThaft ftThe cardfiac ouftpuft fincreases as
ftThe pump power fincreases. FurftTher, fift was ffound ftThaft ftThe
varfiaftfion fin ftThe cardfiac ouftpuft decreases as Thearft ffuncftfion
gefts weaker. For exampfle, as seen fin Ffigure13, ftThe varfiaftfion fin
ftThe cardfiac ouftpuft ffor an acftfive and mfifld Thearft ffafiflure paftfienft
fis abouft6.1L/mfin, wThen ftThe pump power fis seft fto0.12W.
In conftrasft, ftThe varfiaftfion fin cardfiac ouftpuft ffor an acftfive and
severe Thearft ffafiflure paftfienft fis approxfimaftefly4.2L/mfin wfiftTh
ftThe same pump power as seen fin Ffigure14.

4. Concflusfions

In ftThfis paper, a sftocThasftfic cardfiovascuflar-LVAD modefl fis
devefloped fto predficft ftThe dynamfic beThavfiors off ftThe aorftfic vaflve
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Tabfle 3: Aor ftfic vaflve op enfing duraftfion caflc uflafted ff rom gPC co eficfienfts ffor a mfifld Thear ft ffafiflure paftfienft.

Pump power,�푃�퐸(waftfts) 0.12 0.36 0.6 0.84 1.08 1.32 1.56

Rs=0.5

Openfing duraftfion (%) 29.70±0.80 26.47±0.94 23.51±1.08 20.40±1.23 16.88±1.41 12.55±1.70 0±9.20

Rs=1.0

Openfing duraftfion (%) 23.39±0.74 18.23±0.91 13.15±1.24 - - - -

Rs=2.0

Openfing duraftfion (%) 16.04±0.66 0±4.66 - - - - -

Tabfle 4: Aor ftfic vaflve op enfing duraftfion caflc uflafted ff rom gPC co eficfienfts ffor a s e vere Thear ft ffafiflure paftfienft.

Pump power,�푃�퐸(waftfts) 0.12 0.36 0.6 0.84 1.08 1.32 1.56

Rs=0.5

Openfing duraftfion (%) 26.27±0.85 19.89±0.74 12.06±1.03 - - - -

Rs=1.0

Openfing duraftfion (%) 18.54±0.57 0±1.62 - - - - -

Rs=2.0

Openfing duraftfion (%) 8.65±0.57 - - - - -
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Ffigure 13: Sfimuflafted cardfiac ouftpuft wfiftTh respecft fto mean vaflues off
�푅sand pump moftor power ffor mfifld Thearft ffafiflure (Emax=1.0).

and cardfiac ouftpuft fin ftThe presence off uncerftafinfty fin sysftemfic
venftrficuflar resfisftance (SVR). Ffirsft, ftThe effecft off uncerftafinfty
fin dfifferenft modefl paramefters on ftThe aorftfic vaflve openfing
duraftfion and ftThe cardfiac ouftpufts was evafluafted ftThrougTh a
Thaflff-normafl based sensfiftfivfifty anaflysfis. For ftThe mosft sensfiftfive
modefl paramefter, fi.e., SVR represenftfing ftThe flevefl off acftfivfifty
off a Thearft ffafiflure paftfienft, a generaflfized poflynomfiafl cThaos
(gPC) expansfion was used fto approxfimafte ftThe perfturbaftfions
around a seft off mean vaflues off SVR. FurftTher, ftThe effecft
off uncerftafinfty on ftThe cardfiac Themodynamfic sucTh as ftThe
fleftvenftrficuflar pressure was evafluafted usfing a Gaflerkfin
projecftfion. Ift was ffound ftThaft perfturbaftfions fin ftThe flevefl off
acftfivfifty (SVR) can sfignfificanftfly affecft ftThe aorftfic vaflveflow and
ftThe pumpflow, wThficTh can consequenftfly affecft ftThe aorftfic vaflve
openfing duraftfion and ftThe ftoftafl cardfiac ouftpuft fin eacTh cardfiac
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Ffigure 14: Sfimuflafted cardfiac ouftpuft wfiftTh respecft fto mean vaflues off
�푅sand pump moftor power ffor severe Thearft ffafiflure (Emax=0.5).

cycfle. To ensure proper operaftfion and avofid permeanft cflosure
off ftThe aorftfic vaflve, an upper flfimfift off ftThe pump power (fi.e.,
breakpofinft)fisdefined.AsdfiscussedfinResuflfts,ftThebreakpofinft
off ftThe pump power sThoufld be specfified wfiftTh respecft fto ftThe
dfifferenft flevefls off acftfivfifty and dfifferenft severfiftfies off Thearft
ffafiflure paftfienfts.The more severe ftThe Thearft ffafiflure, ftThe flower
ftThe vaflue off ftThe pump power. In addfiftfion, ftThe varfiaftfion fin
ftThe aorftfic vaflve openfing duraftfion and ftThe cardfiac ouftpuft can
be qufickfly caflcuflafted wfiftTh ftThe gPC modefl.Thfis fis useffufl ffor
ftThe conftrofl desfign fto auftomaftficaflfly adjusft ftThe pump power fto
meeft ftThe dfifferenft pThysfioflogficafl demands off ftThe Thuman body,
sfince flarger varfiaftfion fin ftThe aorftfic vaflve openfing and cardfiac
ouftpuft may weaken ftThe myocardfium, wThficTh fis deftrfimenftafl
fto cardfiac recovery and can be ffaftafl fto HF paftfienfts wfiftTh
LVADs.The undersftandfing off ftThe conftrfibuftfion off ftThe pump
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Ffigure 15: Pump speed correspondfing fto dfifferenft pump power
flevefls.

fin ftThe overaflfl ftask off ftThe ejecfted bflood can be very useffufl ffor
deveflopfing a reflfiabfle and adapftfive conftroflfler ffor ftThe LVAD
pump.

Appendfix

A.

See Ffigure15.

B.

The sftocThasftfic cardfiovascuflar-LVAD modefl fin ftThe presence off
uncerftafinfty fin Rsfis
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(B.1)

wThereA,B,C,D,andEare ftThe gPC modefl paramefters and
D(ft)andE(ft) are ftfime-varyfing consftanfts aft eacTh ftfime finftervafl.
Aflfl paramefters are caflcuflafted wfiftTh ftThe Gaflerkfin projecftfion
as expflafined fin Secftfion2.2. In ftThese equaftfions above,�푥�푖0
represenfts ftThe mean vaflue off ftThefiftThpThysfioflogficafl varfiabfles
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defined fin Tabfle2and�푥�푖1fis ftThe ThfigTher-order gPC coeficfienft
used fto approxfimafte uncerftafinfty due fto varfiaftfions finRs.

Dafta Avafiflabfiflfifty

The sftocThasftfic modefls and ftThe modefl paramefters used fto
supporft ftThefindfing fin ftThfis sftudy are fincfluded wfiftThfin ftThe
arftficfle, fi.e., Tabfles1and2, as weflfl as Appendfix B.

Conffflficfts off Infteresft

The auftThors decflare ftThaft ftThey Thave no conflficfts off finfteresft.

Acknowfledgmenfts

Thfis researcTh was supporfted by ftThe Naftfionafl Scfience
Foundaftfion (CMMI-1646664, CMMI-1728338, and CMMI-
1727487).

Refferences

[1] B. Zfiaefian and G. C. Fonarow, “Epfidemfioflogy and aeftfioflogy off
Thearft ffafiflure,”Nafture Revfiews Cardfioflogy,vofl.13,no.6,pp.368–
378,2016.

[2] H. Gray, K. Dawkfins, J. Morgan, and I. A. Sfimpson,Lecfture
Noftes: Cardfioflogy,Wfifley-Bflackweflfl,2008.

[3] S. G. Drakos, A. G. Kffoury, J. SfteThflfik eft afl., “Brfidge fto recovery:
Undersftandfing ftThe dfisconnecft beftween cflfinficafl and bfioflogficafl
ouftcomes,”Cfircuflaftfion,vofl.126,no.2,pp.230–241,2012.

[4] A. V. Ambardekar and P. M. Buftftrfick, “Reverse remodeflfing wfiftTh
fleftvenftrficuflar assfisft devfices a revfiew off cflfinficafl, ceflfluflar, and
moflecuflar effecfts,”Cfircuflaftfion: Hearft Fafiflure,vofl.4,no.2,pp.
224–233,2011.

[5] S. Wesftaby, T. Kaftsumafta, R. Houefl eft afl., “Jarvfik2000Thearft:
Poftenftfiafl ffor brfidge fto myocyfte recovery,”Cfircuflaftfion,vofl.98,
no.15, pp.1568–1574,1998.

[6] S. Maybaum, G. Kamaflakannan, and S. MurftThy, “Cardfiac
Recovery Durfing MecThanficafl Assfisft Devfice Supporft,”Semfinars
finThoracfic and Cardfiovascuflar Surgery,vofl.20,no.3,pp.234–
246,2008.

[7] G. S. Kumpaftfi, P. M. McCarftThy, and K. J. HoercTher, “Left
venftrficuflar assfisft devfice brfidge fto recovery: A revfiew off ftThe
currenft sftaftus,”The Annafls offThoracfic Surgery,vofl.71,no.3,pp.
S103–S108,2001.

[8] A. Ferrefira, J. R. Bosfton, and J. F. Anftakfi, “A rufle-based
conftroflfler based on sucftfion deftecftfion ffor roftary bflood pumps,”
finProceedfings off ftThe2007 29ftTh Annuafl Infternaftfionafl Confference
off ftThe IEEE Engfineerfing fin Medficfine and Bfioflogy Socfiefty,pp.
3978–3981, Lyon, France, Augusft2007.

[9] G. FaragaflflaTh, Y. Wang, E. Dfivo, and M. A. Sfimaan, “A new
currenft-based conftrofl modefl off ftThe combfined cardfiovascuflar
and roftary fleftvenftrficuflar assfisft devfice,” finProceedfings off ftThe
2011Amerfican Conftrofl Confference, ACC2011,pp.4775–4780,
USA, Jufly2011.

[10] S. CThen, J. F. Anftakfi, M. A. Sfimaan, and J. R. Bosfton, “PThysfioflog-
ficafl conftrofl off fleftvenftrficuflar assfisft devfices based on gradfienft off
flow,” finProceedfings off ftThe2005Amerfican Conftrofl Confference,
ACC,pp.3829–3834,USA,June2005.

[11] V. S. Vasudevan, Y. Wang, and M. A. Sfimaan, “Aorftfic vaflve
dynamfics and bfloodflow conftrofl fin conftfinuousflow fleft

venftrficuflar assfisft devfices,” finProceedfings off ftThe2017Amerfican
Conftrofl Confference, ACC2017,pp.1456–1461,USA,May2017.

[12] C. M. Carr, J. Jacob, S. J. Park, B. L. Karon, E. E. Wfiflflfiamson, and
P. A. Araoz, “CT off fleftvenftrficuflar assfisft devfices,”RadfioGrapTh-
fics,vofl.30,no.2,pp.429–444,2010.

[13] G. FaragaflflaTh and M. A. Sfimaan, “An Engfineerfing Anaflysfis
off ftThe Aorftfic Vaflve Dynamfics fin Paftfienfts wfiftTh Roftary Left
Venftrficuflar Assfisft Devfices,”Journafl off HeaflftThcare Engfineerfing,
vofl.4, Arftficfle ID519761,22pages,2013.

[14] R. AmacTher, J. Asprfion, G. OcThsner eft afl., “Numerficafl Opftfimafl
Conftrofl off Turbo Dynamfic Venftrficuflar Assfisft Devfices,”Bfioengfi-
neerfing,vofl.1,no.1,pp.22–46,2014.

[15] E. Lfim, S. Dokos, N. H. Loveflfl eft afl., “Paramefter-Opftfimfized
Modefl off Cardfiovascuflar-Roftary Bflood Pump Infteracftfions,”
IEEE Transacftfions on Bfiomedficafl Engfineerfing,vofl.57,no.2,pp.
254–266,2010.

[16] M. A. Sfimaan, A. Ferrefira, S. CThen, J. F. Anftakfi, and D. G. Gaflaftfi,
“A dynamficafl sftafte space represenftaftfion and perfformance
anaflysfis off a ffeedback-conftroflfled roftary fleftvenftrficuflar assfisft
devfice,”IEEE Transacftfions on Conftrofl Sysftems TecThnoflogy,vofl.
17, no.1, pp.15–28,2009.

[17] Y. Wu,Desfign and ftesftfing off a pThysfioflogfic conftrofl sysftem ffor an
arftfificfiafl Thearft pump,vofl.1,UnfiversfiftyoffVfirgfinfia,2004.

[18] Y.-C. Yu, “Mfinfimaflfly finvasfive esftfimaftfion off sysftemfic vascuflar
paramefters,”Annafls off Bfiomedficafl Engfineerfing,vofl.29,no.7,pp.
595–606,2001.

[19] P. D. Spanos and B. A. Zefldfin, “Monfte Carflo ftreaftmenft off
randomfieflds: a broad perspecftfive,”Appflfied MecThanfics Revfiews,
vofl.51, no.3, pp.219–237,1998.

[20] Z. Hu, D. Du, and Y. Du, “Generaflfized poflynomfiafl cThaos-
based uncerftafinfty quanftfificaftfion and propagaftfion fin muflftfi-scafle
modeflfingoff cardfiac eflecftropThysfioflogy,”Compufters fin Bfioflogy
and Medficfine,vofl.102,pp.57–74,2018.

[21] Y. Du, H. Budman, and T. A. Duever, “Comparfison off sftocThas-
ftfic ffauflft deftecftfion and cflassfificaftfion aflgorfiftThms ffor nonflfinear
cThemficafl processes,”Compufters & CThemficafl Engfineerfing,vofl.
106, pp.57–70,2017.

[22] D. Xfiu,Numerficafl MeftThods ffor SftocThasftfic Compuftaftfion: A Spec-
ftrafl MeftThod ApproacTh,PrfinceftonUnfiversfiftyPress,Prfincefton,
New Jersey, USA,2010.

[23] J. Mandur and H. Budman, “Robusft opftfimfizaftfion off cThemficafl
processes usfing Bayesfian descrfipftfion off parameftrfic uncer-
ftafinfty,”Journafl off Process Conftrofl,vofl.24,no.2,pp.422–430,
2014.

[24] Y. Du, T. A. Duever, and H. Budman, “Fauflft deftecftfion and
dfiagnosfis wfiftTh parameftrfic uncerftafinfty usfing generaflfized pofly-
nomfiafl cThaos,”Compufters & CThemficafl Engfineerfing,vofl.76,pp.
63–75,2015.

[25] Y. Du, H. Budman, and T. A. Duever, “Inftegraftfion off ffauflft
dfiagnosfis and conftrofl based on a ftrade-offbeftween ffauflft
deftecftabfiflfifty and cflosed floop perfformance,”Journafl off Process
Conftrofl,vofl.38,pp.42–53,2016.

[26] N. Moazamfi, K. FukamacThfi, M. KobayasThfi eft afl., “Axfiafl and
cenftrfiffugafl conftfinuous-flow roftary pumps: a ftransflaftfion ffrom
pump mecThanfics fto cflfinficafl pracftfice,”The Journafl off Hearft and
Lung Transpflanftaftfion,vofl.32,no.1,pp.1–11,2013.

[27] S. CThofi, J. F. Anftakfi, J. Roberft Bosfton, and D.Thomas, “A sensor-
fless approacTh fto conftrofl off a fturbodynamfic fleftvenftrficuflar assfisft
sysftem,”IEEE Transacftfions on Conftrofl Sysftems TecThnoflogy,vofl.
9, no.3, pp.473–482,2001.



18 MaftThemaftficafl Probflems fin Engfineerfing

[28] A. Ferrefira, J. R. Bosfton, and J. F. Anftakfi, “A conftrofl sysftem
ffor roftary bflood pumps based on sucftfion deftecftfion,”IEEE
Transacftfions on Bfiomedficafl Engfineerfing,vofl.56,no.3,pp.656–
665,2009.

[29] Y. Wang, G. FaragaflflaTh, E. Dfivo, and M. A. Sfimaan, “Feedback
conftrofl off a roftary fleftvenftrficuflar assfisft devfice supporftfing a
ffafiflfing cardfiovascuflar sysftem,” finProceedfings off ftThe2012Amerfi-
can Conftrofl Confference, ACC2012,pp.1137–1142,Monftreafl,QC,
Canada,2012.

[30] N. Sftergfiopuflos, J. Mefisfter, and N. WesfterThoff, “Deftermfinanfts off
sftroke voflume and sysftoflfic and dfiasftoflfic aorftfic pressure,”Amer-
fican Journafl off PThysfioflogy-Hearft and Cfircuflaftory PThysfioflogy,vofl.
270, no.6, parft2, pp.2050–2059,1996.

[31] G. FaragaflflaTh, Y. Wang, E. Dfivo, and M. Sfimaan, “A new conftrofl
sysftem ffor fleftvenftrficuflar assfisft devfices based on paftfienft-
specfific pThysfioflogficafl demand,”Inverse Probflems fin Scfience and
Engfineerfing,vofl.20,no.5,pp.721–734,2012.

[32] C. R. Barftoflfi and R. D. Dowflfing, “The Fufture off Aduflft Cardfiac
Assfisft Devfices: Novefl Sysftems and MecThanficafl Cfircuflaftory
Supporft Sftraftegfies,”Cardfioflogy Cflfinfics,vofl.29,no.4,pp.559–
582,2011.

[33] D. Du, H. Yang, A. R. Ednfie, and E. S. Benneftft, “Sftaftfisftficafl Mefta-
modeflfing and Sequenftfiafl Desfign off Compufter Experfimenfts fto
Modefl Gflyco-Aflftered Gaftfing off Sodfium CThannefls fin Cardfiac
Myocyftes,”IEEE Journafl off Bfiomedficafl and HeaflftTh Infformaftfics,
vofl.20, no.5, pp.1439–1452,2016.

[34] J. D. Bronzfino,Bfiomedficafl Engfineerfing Handbook,CRCPress
LLC, Boca Rafton, FL, USA,2000.

[35] E. Tuzun, M. Ruftften, M. Daft, F. Van De Vosse, C. Kadfipasaogflu,
and B. De Mofl, “Conftfinuous-flow cardfiac assfisftance: Effecfts
on aorftfic vaflve ffuncftfion fin a mock floop,”Journafl off Surgficafl
ResearcTh,vofl.171,no.2,pp.443–447,2011.


