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Numerical models bf thel tardiovascularl $ystem[ havel largelyl focusedl onl the functionl off thel Vventricles, tvith[ |
atriall function bften[ heglected.[Furthermore,| thel time-varying| élastance[ method| thatl prescribes thel pressure-
volume!relationship(fatherlthan[dalculatinglitl donsistently!is| frequently tised[for thel ventricles[and(atrium. This
method| has| yet| tol bel validatedl however,| ol itsl applicabilityl for| tardiacl modelling!is| frequentlyl questioned.
Tol dvercomelthisl ¢hallenge, Wwel proposelalsynergisticlmodell of left atriuml (LA) and/ Teftl Ventriclel (LV) byl Self-
consistently! integrating[ Yarious| feedbackl mechanismsl Among] thel électro-mechanicall and| ¢hemical functions

ofl thel micro-scalel myofiber, | thel macro-scale dynamics| off thel LAl and[ L.V, thel atrioventricular[hodel (AV), and
circulation.[The[modellis/tlested dnd[shownltolfeproduceltheléssential featuresdf theldtrium[dycling,[suchlds the
characteristicl figurel off éight| pressure-volume loops.[ Ourl modell is furtherl developed| tol investigate! thel éffect
ofl_dysfunctionsl bfl thel mechanical-electricl feedbackl (MEF)[ inl the[ Atrium.[ Ourl modell hot[ onlyl buccessfully! ]
reproduces!| keyl experimental MEF[ bbservations! suchl as| prolonged!| action-potentiall Andl increasesl in[ hction-
potentiallthagnitudelinduced|by!atriall stretch[ but alsol shows how MEF and[ arrhythmial 6f thel atrium[Tead fola
degradation(ofl dardiac/dutput/andlpumping/power With(dignificant/donsequences. In[particular, MEF(deproduces
arrhythmial such(asl éctopiclandl erraticl ¢ycling, missed heart  beats andl testricted  function.]

1. Introduction

Cardiacl diseasel temainsl onel of thel leadingl ¢auses bf death[World-
widel [1]1and[ atriall fibrillation[ (AFib),[an[irregularl rhythm[ in[ thel]
atrium,|is[fesponsible[ for manyl bfl thesel deaths. In[ the[US[Alone, AFibl]
wasl| fesponsiblel forl round( 26,535[ deaths [2][and[ tintreated| AFibl o1l ]
atriall flutter| frequentlyl leads| ol Strokes| andl heart| failure[ [ 3].[ ThelTeft
atriuml (LA)[ playsl 4l ¢ruciall folelin thel ¢ardiovascular Systemdnd[goes
throughl threel distinct phases| duringlthel dardiacl ¢ycle; & passive[blood
reservoirl_phasel during( ventricularl systole,[ followed[ byl thel tonduit
phaselWhenl thelmitrallValveldpensldllowing[theldollected Blood[tol flow
intolthe[Ventricle, énding[With[an[Activel ¢ontractionl phaselafter[which
thelmitrallvalveldloses.[Thisltulti-phasic[behaviourlof the[atrium(leadsl ]
tol_thel double-loopl pattern displayed[ byl the[ htriall pressure-volume
diagram,[With[ thelloopsl tepresenting| thel activel fa-phase’ and[ passivel |
‘v-phase’lofl theldtriall dycle.

Numericall models| off thel tardiovascularl system[ havel bften[ bver-
looked| thel behaviourl And[ importancel of thel LAl [4],[ brl invoked| thel]
time-varying[ elastancel (TVE)[ method| tol simulatel it {5-7]..The[ TVEL]
method| hisesl physiologicall datal tol tunel &l periodicl functionl bfl time
describing[ thel pressure-volumel telation[ bfl thelleftl Yentriclel (LV) brl]
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atrium.[ Despitel thel popularityl of thel TVE[ Approach,|its_ accuracyl is
frequentlylduestioned(dnd(driticised[dueltolits[émpirical foundations[[8, ]
91.LAlmain[ drawbackl bfl_the[ TVE[ hpproachlisl thel heglect[ bf| phys-
iologicall feedbackl inechanisms[ ivhich[ tonsistentlyl tegulatel pressure,
volumel and[ eirculation.[ Consequently,[ it is[iinsuitablel for modelling
various| pathologies|_and! tlinicall interventions[ suchl hs leftl ventriclel
assist] devices[ (LVADs)[ andl ¢ardiac! fibrillation.[Variousl dttemptsl have
been[made/tolimproveldrl dvercomel thel deficiencies df the[TVE[method
wherelsuchlfeedbacklislimportant: thel dtrioventricularlinteraction[dnd
valvel motionl havel beenl included| [4,10]; the[ klectricall dynamicsl bf
thel heart] thambersl havel been[ nodelled| tol ¢omplement| thel mechan-
icall thambers[ [10]; Gaussian| functions_havel been[ ised! tol drivel thel
TVEL[10];[dnd[fime-varyinglthusclelthechanicslwith[dldonstant/dlastance
usedlinlplace[of{d[TVE[[11],[whichldssumes[thatdtrial pressuredhanges
according[tolits[volume. Al further[Weaknessl of the[ TVE dpproachlislits
dependenceldn[thellbading[donditionswhenlised forltheldtrium[[12,13]
motivatingl tol thel developmentl bf_an[ hlternativel method| entirelyl byl
Pironet| bt al.[[9].[ Their multi-scalel method| is! teliant[ bn[ kmpiricall |
datal though,l and[ises[ thel TVE method| tol model the! temaining/ car-
diovascularl $ystem.[ CFD[ $oftwarel hasl alsol be applied| [14], howeverl
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CFDldoftwarelisl¥eryl¢ostlylinlfermslofl fimeland ¢omputationallpower,
makinglit(inaccessible[in[al ¢linicallénvironment.

Thel mechano-electricl feedbackl mechanism! (MEF)[ lis onel bfl thel
many! feedbackl 8ystems[ at[worklin[ the heart fol tnaintain[ $tabilityand
properldardiac/function.[Ttiklthe/sensitivitylto[hechanicallstimulation[dt
thel¢ellular(level[Which[induces[dn{ électricall fesponse.[Thel éxcitation-
contraction koupling[ (ECC) bperates[_in[ the[ btherl fdirection’, i.e. [l
mechanical(fesponsel at{ theldelllevellinduced byl électricall stimulation.
Whilst(thelMEF(thechanism[Helps/toldoordinatelthechanicalldnd(dlectric
activities_ hmong[ thel tountless| cardiacl kells [15],[itl can[ havel 5omel]
importantl And[ 6ften| dangerous| ¢onsequences.[ Thel éffectsl of thel MEFL ]
onl thel ¥entricle[ havel beenl ivell-documented( and[ investigated| ising
experimentalldnd[numericalldpproaches/(see forldxample, theléxtensive
reviews| byl Quinn[ And[ Kohl[ [15][ &nd[ Quarteronil [16]).. Among[ the[]
manyl Actors| thoughtl tol bel tesponsiblel for! thel MEF, $tretchl induced
ion[ ¢hannels (SACs) arel thel mainl ¢ontendersl [17,18].[Thesel ¢hannels! |
respond| tol mechanicall $tretchl byl bpeningl Andl closing, Allowing[ thel ]
conduction or! blockl bff ions| intol the tell.[ Stimulating] thesel ¢hannels
canl therebyl ¢hange!thel ¢haracter! of thel action[potential:[thel électrical
wave! thatl ¢auses! ¢elll ¢ontraction| and| telaxation.[ Thel Actionl potential
changesl dependl onl thel periodlinl thel ¢ardiac ¢yclel at Which[stretchlis
induced.[Forl thel Ventricles,| éelll $tretchl during{ Ventricularl 8ystolel ¢anl |
reducel thel Action[ potential duration[ [19-21] .E‘Stretch[ﬁuringﬂiiastole
canl depolarisel thel ¢ell,[ ¢ausing| éctopicl éxcitation [22].

Theldonsequences| of the MEF{for(the/ atrium[have[beenlinvestigated
experimentallyl byl Soltil etl hl.[ [23][Whol lisel htriall balloon[ inflationl ]
tol dilatel thel left| htrial bfl Anaesthetised dogs.[ Atrial Arrhythmial canl|
bel induced| norel teadilyl And[ kpontaneous| tachycardial occurs[ when |
thelatriumlislstretched.[Bylattachingl électrodes| fol thelatrium,électro-
physiologicall éffects[ ¢an( e/ nanipulated. $tretchl ¢auses! thel fefractory
periodlin[thelatriumlfissuel fol fall and thel ¢onduction!timel ol increase.
Decreased ¢onductionl Velocityl and[shortening| ofl thelfefractory! period
areﬁlsoﬂeenﬁay@horrogtﬁl.@24] Enﬁberfusedﬂabbit]learts,Bndﬁtrialm
fibrillation[ by[ dilation[ has been[ tonfirmed[ kxperimentally[ byl [25-[]
271.[Fibrillation[Susceptibilityl tise[has beenl bbserved in[humans[ith[]
dilated[atrial [28],[and[the[todulationlof ¢onduction[velocity has been
confirmed!in| peoplelfool [29].[ Althoughl ¢omputer tnodelling[has been
used| éxtensivelyl tol explorel Ventricularl MEF[ function,l bnly[ Al limited(]
amount] df Worklisl devoted| fol thel MEF inodelling[ for the[ atrium[Such
aslthel ¢ellular-scalel studyl byl Brocklehurst ét[a1.[[30].

Theltain[dim[bfl this paper!is fol developlal ¢onsistent modell ofl the
LAlAnd[1L.V[ And[studyl MEF based onl the[ synergisticl modell of| the[ 1.V[]
in[Kim[dnd[Capoccial[31,32].[In[thelddopted approach,ld[modelldf the
myofiber! tontractionlis[{ised( tol ¢ontroll Ventricularl dynamics.[ Thisl is
combined With[ Al nodell of_ tirculationl bn[ thel macro-scale tol form[ 4[]
multi-scaled| fepresentationl ofl eardiacl function.[ Pressurel and[ volumel ]
arel therebyl ¢alculated[ ¢onsistently,l allowing[ feedbackl nechanisms o
operate,[negating(the[fheed[fo[apply the[TVE[approach.[This[synergistic
methodlisl $imilarl tol that{ ised byl Pironet! &t al.[[9][in[that!the[ ficro-
scaleland[macro-scalelreldoupled, But{does notdely onl émpiricall data
tolfunction.[Using[durlnewlhodelldllowsonel df thelfirst!(tol thelduthors
knowledge)| éxplorations| 6fl MEFLin[ the[ LAl tol bel made.[Ourl modellis
developed! ol allowl ¢linicians| tol éasilylinvestigatel thel éffectsl ofl drugs
and| otherl interventions| onl thel pressure, Volumel and| tirculation( and
vice-versa.[ Al further{ Advantagel ofl dur{ inodellisl that tneasurementsl off |
patient!dataldan[belused|toldreatepatient/specific/hodels. Identification
of_appropriatel treatment| tanl alsol bel madel byl integrating[ burl inodell ]
withl dleep-learning| techniques| orl similar{ suchl Adaptivel methodsl [33,
34].[Thel $ynergisticl modell bfl 1.V[ivasl Validated hs 4l TVEL alternativel ]
in[ [31][andl hasl previously| beenl lised tol studyl Left| Ventricle[ Assist! |
Devicel (LVAD)[ functionl [31][As[ Welll as[ Various! pathologiesl $suchl as ]
dilated| ¢ardiomyopathy.[ Ventricular MEF[ Was investigated|in[ [32,35]
reproducing MEF| éffects ¢onsistent/ with[thel findings/ byl dtherl duthors,
suchlas{longer{dction|potential duration(donsistent/with[ [36].[Electrical
patterns| fevealed| éctopicl peaksl dlongl With[ tapidl oscillation[in Agree-
ment{withl[17,37,38][showing/thel éffectlofl SACs.[Theltest ofl thel paper! |
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is drganised!as| follows:[in[ Section[ 2| thel humericallmodellis[ described;[ ]
in[Section3,[theltesults for[ thel ¢ontrolldaseland[ MEF| éxamination[are
presented; thel tesultsl arel discussedin[ $ection[ 4; And[in[ Section[ 5, 4[]
conclusionlfol this[studylis provided. ]

2. Materials & methods

Here, thel development|dfl durldynergistic/modell o the[1.Aland[L.VIis
described.[Our LAl odell ¢ombines| thel micro-scalelinyocytel dynamics
and| tnacro-scalel ¢irculation| dynamics,[ pressure, and[ Volumel felations
usingldlsimilarlapproachltolthe[T.Vithodellin[Kim[and Capoccial[31,32].
Thel évolution| éf thel LAl And(1.V[is ¢oupled| atl the macro-scalel through
circulation[ dynamics| sincel thel Atrium[ model feeds[ blood! tol thel left!]
ventriclel through[ thel hitrall ¥alvel and teceives| thel teturningl blood
froml theldystemic[dirculation.[As[detailed By[Walklatelét(al. [39][Somel ]
keyl differencesl inl thel htrium[ arel 4sl follows:[ thel myocytel densitylinl]
the[ Ventricleslis greaterl than| thel Atrial Andl thel myocytes| arellargerlin
volume, widerl and[thave 4l differentl shapel {rodl $haped), fesulting[in[a
30[tol 50%[ greaterl tensionl developed| byl the[ Ventriclel myocytes! than
thoselin[theldtrium.[Another!differencelislin[the[dontraction[dmplitude.
In[both[LV[dnd[1LA,[ ¢ontraction[dmplitudelislinfluenced[ byl the[level bf
calciumlactivation.[Thedtrialldalcium[dycling(iklfaster[than[the[Ventric-
ular{onelduelfol éxcitation-contraction[doupling/ protein| differencesland
their! different $arcoplasmicl feticulum! tructurall features.[ Thel ¢alcium
in[ thel Atrium[ onsequentlyl decaysl faster| thanl the[ Ventriclel tesulting
in[al greater[ durationl ofl the[ Ventricle[ ¢ontraction[ ¢ycle.[ Somel ofl these
differences| arelteflected inthe[ modell presented belowl lising different
modellparameters (Tables 1 and[2).[]

2.1.LThelYentricle[icro-scalel électro-mechanical nodel |

Thel Bestel-Clement-Sorinel [40,41][ hpproachlis employed! tol sim-
ulate thel LVl yofiber[ function.[This Approach!is[ based[ onl the[ Hill-
Maxwelll rheologicall representation[ bf_thel myofiber.[ In thisl design
thel electricallyl Activated| $arcomerel élementl is[ modelled[ byl touplingl |
anl activel contractilel elementl in[ seriesl with[ Another! elasticl element] |
allowingl Activel telaxation.[ Thesel $arcomerel élements| functionlin[ par-
allell ol &l third[ klasticl elementl representing| thel passivel tonnectivel
tissues[durrounding{thelsarcomere, and(stopping[the[heart/éxceedinglits
limits[ [42].[Thel activel ¢contractilel élement mechanicsl ofl thel Ventricle
arelthodelled Byl thel governingléquations/belowl fordctivel (represented
usinnggtheDBubscriptDc’)EstressDrC,rstrainrkc,Hstiffnessrkcﬂandﬂlelocityﬂ
U = —*.

dv |4
d; :—)(vc—a)gec—arcdo(ec)+b<,/70 —1) (€]

de,

< = 2
ar e @
T,

d_tc =k.v, = (a/|v.| + |uD7T. + ogu, 3)
dke _ k. + k 4
= —(aylo ]+ lubk + kot @)

dy(e.) = e Polee 01 )

Thel$ubscriptl *+’[fneans| thatl onlyl positivel Valuesl ofl thel precedingl |
term[_Are[ ised. Onl thel tight_hand[ sidel bf_ £q.[{1)[ thel first_ term[Jyz,
isl al damping/ force.[ Thel second/ term &J¢, isl thelharmonicl forcel withl |
frequencylo?.[Thelthird term{ 4z, dy(e,) is anlactivel forcel and| thelfinall |
terml b(\/V /V, — 1) isLhlpassive force. i represents|theltime-varying
calcium/Bound(Troponin-Cldoncentrationlfesponsiblelfor(dell dctivation.
Thelfinal équation[for(d,(e,) represents thelFrank-Starling| éffect  df dell
stretching.Tt[is[iodified here[folBeltoreldepresentativel df ¢ell dtretch,
peakinglnowl atlal positive[Valuel [42,43].0},la,[B,[a, and|f, arelpositivel]
constants. &, and(k, areldonstants[fooland(fepresent/the[maximum/dell
stress and(stiffness.[Thelstress|directed[bylthelpassiveldlasticlélementlis
assumed| fol bel éxponentiall [44][dndlis given[ byl thel équation/below. ]

k
o, = k—?[exp(kl(\/V/Vo —1)—1] )]
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Here,[ k,,lk,,[And ¥, arel bositivel tonstants.[ Thel passivel elementl in[]
Eq.ml)tand@p inmq.m6)LareEierivedmromEBadiallyEontractingmylinderm
with[ konstant height.[ The[ ktrain[ k isl thereforel proportionall_tol thel
squareRoot@)ﬂ]heElfentricleﬁylinder@olumew.D

2.2.[rhel atriumlicro-scaleliodel ]

Tol simulatel thel atriallinyocyte ¢ontractilelnechanics, anlidenticall ]
setlofl équations[folthe[Ventricleldbovel dre[tised With[ different parame-
ters.[The[ Variables and[ parametersofl thel atrium[drelidentified[lising[&
subscriptl‘A’.[Thel équations|therefore[tead, |

dstA ==XAUa —CU(2)A€A —a,tados(eq) + by < % _ 1) %)
d"i’A o ®)
dstA =kvq = (aiqloal + luaD7y + 004104 QN
% = —(aslval + lug Dy +kopuge (10)
doa(ep) = o—Poalea—0.17 an

Po4 islidenticallin[¥alue[tolf, such(that(the[same[Frank-Starling{delation
applies/in[both[Ventriclel dnd[atrial muscle[¢ells. ]

2.3.[Theltnacro-scalel pressurel ]

Thelicro-scalelmyofiberl nechanics| ¢ausel thel éxpansion[andl ¢on-
traction|_bfl thel atrium[ And| Ventricle.[ Thel governingl equationlofl the
macro-scalel Ventricular! pressurelfeads,| |

)
Py =y ldo(ec), + 0] (13)
Likewisel for{ the[atrium,[]
_ . Voa
Py=7y V. [doa(eca)Tep + 0pal 14)
A

wherely is[theltatioldfl ventricularlwalllthickness/tblthe[dadiusldndly, thel
samelforl the[ atrium.[ Thesel équationsl émbody! thel ¢onnection/ between
thelmicroldnd acrolscales. ]

2.4.[irhel dirculation modell |

Wel éxtendlthelfulll ¢irculation[modelldf Kim[and[ Capoccialbyliising
theldtriallpressureldetermined(BylEq.[(14).[Thelgoverning[équations/forl ]
chamberv¥olumes[ ¥V ,[V, [dortic/pressurelsh and flow[F,,[and[thearteriall ]
pressure P, read,[]

dVv 1 1

? = R—m(PA—PV)+—R—a(PV—m)+ (15)
F, Py, —

dm _ _Fo (P —my 16)

dt C, C,R,

dFa=m_Ps_RcFa a7

dt L, L,

ﬂ=;(PA—P)+£ (18)

dt C,R; $ C

vy 1 1

— = —(P,— Py)— — (P4 — P 19

’r Rs( s — Pa) Rm( 4 — Py 19

Here,[C, andl C, arel thel horticl hnd[ bystemic kompliance, I, is[ thell
aorticl blood inertancel and[ R,,,[ R,,[ R,,[and[ R, arel thel mitrallValve,[]
aortic,[systemicland| ¢haracteristic[fesistances,[dlll6fl whichlare[ positivel ]

constant.[]
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2.5.[ Thel électro-chemicalltodell |

Thel ¢ellular! électricall 4nd[ ¢hemicall activityl drivel tontraction[and
relaxation| of{theldarcomere.[Huxleyl [45][Was| dnelofl the!firstltoldevelop
almodellforl thel propagationl ofl ¢ell heurall électricall éxcitationl (action
potential).[Sincel then,[tnanyl models_ ofl Yarying[ ¢complexityl havel been
proposed|toldxpressldellldctivityl(seel[18,19,46][forldxample).[Here, the
simplified FitzHugh-Nagumol heurall modell is[ ised[ [47].[This[ modell ]
hasl twol (dimensionless)| Variables;| onel describing| thel $lowl électricall ]
responsel_p,[ andl bnel describing thel fast! 4.  Althoughl theyl dolhotl ¢or-
respond| tol individuallion[ ¢urrents, thel passagel ofl ion[ turrents Would
affect/thelMEF[parameter(values, dslisedlin[thepreviouslworks[[31,32,
35].[Thuslin/this/despect, theylqualitativelyldapture/ion/ ¢hannelldffects.
Thel governing| équations!forl thel Ventricle[tead! ]

d

2L =01g-p+mr.) (20)

dgq _ 2 2

i 10g(1 = ¢°) = 1027)"p + uy V. + 10g 4 (¢ + 5) 21)
u=a,q 22)]

Asldescribed(dbove,[Eq.[(22) forli represents|thel¢hemicallactivity.[The
governing| équations|forl thel atrium/fake alsimilar{form.[]

dp

d—;‘ =0.1(g4 — P4 + HiaTA) (23)
dq

d—t" = 10g4(1 = ¢%) — 10Q27)*p4 + HpaVsy + 10cos27t) 24
Up = 0,494 @25

Thel Slow[ Variables[p and p, mimiclthelslowerltepolarisationl phasel ofl ]
thel_kxcitation vave.[ Thel faster! Vvariablesl § andl 4, mimicl thel fasterl]
depolarisation[ phaselsolarellinked[fol thel ¢hemicall éxcitation équation
forl# (u > 0 duringléontraction,l < 0 duringl telaxation).[ Notel thatl]
in[[32](thelslowl ariableslp and(p, are[linkedltolthelaction[potential.[]
Thelparameterld, andlsimilarly(d, , are[positiveldonstants.[Thellhst/terml[]
in[Eq.[{24) is_an bscillating] forcel thatl simulates| signals from! the[dino-
atriall(SA)hode.[Theseldignals/eachlthelatrialfirst, then[pass(tol thel AV
nodelbeforelpropagating[tolthe[¥entricles. ThelAVinodelplays/d[Aumber
of tolesl and[ provides| thel bnlyl ¢onduction pathwayl between| thel Atria
and( Ventricles[ [48],[ hencel the SAl term[in[ Eq.[{24)[ is[teplaced with[]
10g4(t + s) in[Eq.[(21).[Thel parameterls isalfiming[ parameter[tised(fo
setl thel difference[ betweenl atriall and( Ventriclel ¢ontraction.l}s; andl}i,
arelthe[MEF(parameters(for( the[LV{andl}, , andl},, are[forlthe[Tl.A.[As[]
theirlhames| describe, | theylarel thelinfluencel of thel mechanicall Activityl |
onl thel électrical.[Forl ¢omprehensivel descriptionsl off thesel parameters! |
seel [32,35].[ Brieflyl though,[ Js; (andl i, ,) describesl the feedbackl bf
systolic/echanicallstress| (stretch) onl thel éxcitation[ wavel byl doupling] |
p tolz, (andlp, tol4,,).[}, (andlj, ) describes|thelfeedbacklofldiastolicl]
stretchlonl thel éxcitation[wavel by ¢oupling V > V; tolg (v, > V,, toll
q,).Inltheldontrolldase,[};, = 0.0024 kpa~!,[and[}, = 0 (siinl)~-and(thel]
samelarel tised[ forl the[atrium. ]

Thel équivalent! électricall diagram! forl thel completel modell justl de-
scribedis[ shownlin[ Fig.[ 1/ below.[Thel physiologicall meaningl bfl thel]
model Variablesl arel givenlin[ Tablel 4.[Tol helpl teaders inderstanding/ |
ourl model,[wel $how!in[Fig.[ 2/ the[multiscalel hature[ of durl $ynergistic
modell throughl ¢oupling[ differentl activities.[ |

2.6.[ Controll daselparameters| |

Tol demonstratel that thel modell properlyl Accounts! forl thel tardio-
vascular(System,[ el fine-tunel parameter( valueslfol dbtain thel fesults off |
al ¢ontroll tasel tepresenting[ al healthyl heartlatl fest,[freel bfl inderlying
pathologies. Thel parameter! ¥alues| for| this ontroll ¢asel arel givenl[inl]
the[ Tables! 1-3[ below.[ Specifically,l thel values lised[ for thel Ventriclel]
micro-scalel modell_arel givenl in[ Table! 1, and thosel for thel atrium[]
in[Table’ 2.[Values| for[ thel circulation[ canl bel found[in[frablel 8. Thell
systeml ofl Egs.[ {1)-(25)| arel $olved| hisingl 4 fourth-order! Runge—Kuttal |
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Table 1
Ventriclel tontrol parameters.| |
Parameter | Valuel Physiologicall description[ ]
) 240Lkpal | Maximum!left[ Ventriclel $arcomerel activel tensionl |
ko 120(kpal| Maximum|left Ventricle[ $arcomerel activel élastancel ]
Kyl 0.002[kpal ] Passive tension parameter! ]
k, 14lkpal Passivel tension parameter!
pars 100.s-1[10[m"! Damping| parameters| |
@, 100051 Micro-scalel oscillationl frequencyl |
a,lb 100[m[$2kpa~1,[6000[m[ 52"  Activelandl passivel tension parameters.]
By % ml-2/ Frank-starlingl length-tension[ parameterl |
y 0.6 Left{ Ventricle pressurel parameter]
vy % ml Left Ventricle[ Yolumel parameter! |
a, 5§10 Ventricle sarcomerel ¢hemicall éxcitation| parameterl ]
TS 0.0024[kpa~1,[0[(sLmD~1" Ventriclel MEF| parameters |
Table 2
Atrium| ¢ontroll parameters. |
Parameter |  Valuel] Physiologicall description[ ]
Goa 240[kpal | Maximum/ sarcomerel Activel tension[ |
koa 120(kpal] Maximum! $arcomerel activel elastancel |
Ky 5L 0.002kpal | Passivel tension parameter! |
Koy 9lkpall Passivel tension parameter |
IR 1000s~1,[10[m! Damping| parameters |
Won 100051 Micro-scalel bscillation| frequencyl ]
ay,lhy, 10000/ $-2kpa=1,[1500(m($-2)  Activeland passivel tension[ parameters|]
Boa % ml-2 Frank-starlingl length-tension[ parameter( |
7a 0.6/ Leftlatrium[ pressurel parameter! |
Vou 11404 ml] Leftl atrium Yolumel parameter! |
' 2510 Atriuml $arcomerel themical excitation parameter! |
HypolHaa 0.0024(kpa~1,[0[(sLmD)~1" Atrium[ MEF[ parameters|]
s 0.04[3 Atrium| ¢ontraction| timing[ parameter( |
Table 3
RS Circulation parameters. |
1 Parameter |  Valuel] Physiologicall description |
R, 0.001[mmHg[$/mll ] Aorticl Valvel tesistance! |
R, 0.005/mmHg/ $/ml] Mitral Valvel fesistance!]
R p R R oL R, 0.0398 mmHg( $/ml(] Characteristicl fesistancel |
p m v 2 m c a 2 R, 0.5[mmHg$/ml[! Systemicl resistancel ]
A _:_D'__:'_D'__:_m_ E C, 1.33}111/mmHgD Systemic[complianceD
C, 0.08 ml/mmHgl ] Aorticl tompliancel |
L, 0.0005[mmHg[$2/mll ]  Inertancel bf blood| in[ortall
La Lv Ca=— C =—
Table 4
Variables[ andl their[ physiological meaning.[]
Variablel | Physiologicall description |
v, Velocityl ofl thel ¢ontractile element! {s~1)[]
~ €, Strainl ofl thel ¢ontractilel élement(
Fig. 1. Thellequivalent lelectrical JdiagramlJof ithel lcompletel lcardiovascular  Isystem ., Activeltensionlbf the  tontractile[élement {mmHg)[]
described. Forl abbreviationl definitions| tefer tol Table 4.[ Thelleftl atrium[ LAl feeds blood k. Stiffness of thel tontractile élement {mmHg)[]
atl 4l pressure P, through!thelmitrall Valvel (thel first| diode)lintol thel left Ventricle[ (LV). - Passivel $tress_ (mmHg) |
Asl thel blood' passes| through! thel Valvel itl encounters| 4l tesistancel R,,. With[ thel mitrall] up ChemicalChctivity (s~1)]
valvei\_b1osedLiheLhortic,valveL(secondLﬂiode)prensLéllowing\_bloodUatLbressureJPV tolJ » Slowl electric Variablel|
flowl intol thel aortal encountering| &l Valvel tesistancel R,. Thel hortal has[ al tompliancel ] q Fastl electric Variable[]
C,.[TThel aortic blood! atl pressurel m flows[ (F,)[ towards| thel remainder{ bfl thel body Voa AtrialTicro-scaleVelocity[{s~)[]
encounteringl 4 ¢haracteristic/fesistance R, Thel blood| has'an[inertial L, dueltolits/fnassl] € Atriall $train of thel tontractilel element! ]
andﬂencounEers[Ehe[resistanceDRS and|_tompliancel C; Uﬂ:{he[body’sD;ysteIrlic}ngriesD T4 Activel tension[of thel tontractile élement (mmHg)[]
and| tissues. Thel blood[ at pressurel P, after! feeding/ thel brgans| Wwith[ fresh[ oxygen[ and k., Atrial $tiffness_bff the ¢ontractilel élement! (mmHg)! |
nutrients| is/ te-oxygenated andl flows back! tol leftl atrium[ teadyl forl Another! tycle.] oon Atrial passivel $tress (mmHg)[|
Uy Atriall ¢hemicall activityl {s~1)[]
Pa Atriall slowl électric[ Variablel |
s Atriall fast_ électric[ Variablel]
P, Left[ Ventricularl pressurel (mmHg)[ |
schemel and[ thel hecuracyl bff thel humericall solutionlisl checked byl by Amum,ﬂ’ressmeum‘“}lg)m -
P Systemic| pressurel (mmHg)[ |
systematicallyl feducing| thel fime-stepliintil  differences| betweenl fesults | m Aorticl pressurel (mmHg)[]
becomel hegligible.[ Alll tesults iverel bbtained lisingl Matlabl $oftware.[] 4 Left Ventricular Yolume! (m1)(J
v, Left[atrial Yolumel (m1)[]

Whilst[most] fl thelinitial model Yalues havel holtollittle[ éffectl onl the ]
result,the[volumes|df the[¥entricle[dndlatriumldo. For(theldontrolldase, ]
V(0) = 135 and[¥,(0) = 55.[Thelinitial ValuesLof the[¥entricle[ variables[]
arel dbtained( byl faking[Valuesl from[4[ ventricle-onlylmodel.[]
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Micro-scale model

Electro-chemical model

Fig. 2. Anlillustrationl ofl thel burl Synergistic[ tnodel. |
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(a) Ventricle pressure-volume

(b) Atrial pressure-volume loop

(c) Time traces of the ventricular, atrial, and
aortic pressures.

Fig. 3. Pressure-volumelloops|of  the[Ventriclel (3(a)) and atrium[(3(b)).[B(c)[$hows! time! fraces[ of the[ Ventriclel (blue), atrium| (black)[andldortal (red) pressures.[ThelTabelsl denotel ]

thel passivel fv’[ phasel andl activel %a’l phases.[]

3. Results
3.1.[ Controlldaseldesults! |

3.1.1.[Pressure-volumeltelation[ |

Welsolvel Eqs.[({1) tol(25) lisingl thel parameters givenlin[ Tables 1-[]
3[ for[ thel tontroll tasel andl present! thel tesults[ hfterl femoving/ initial
transients.[ The ventricle[ pressure-volumel loopl forl thel tontroll tasel
parameters! givenlin[the[ fables[dbovelis[shownlin[Fig.' 3(a).[Thelstrokel ]
volumelis[95[ml,[dnd[the[power[dutputlis[0.93[W.[Theldtrium|pressure—
volumel looplis $hownlin[ Fig.| B(b).[Whilst[ the[ pressure[isl typicall bf
thelatrium,|the[ Yolumelis| greater than[fiormallyl dbserved! forla fypical
healthyl human[ atrium,[ whichllisl around[ 40l ml1.[ Thel imodell has[ &[]
largel humberl bfl parameters| tequiring| definition[inl orderl tol function
correctly.[Tt/is[dbserved(toolthat/dhanges|intheldtrium/parameters(has(d
direct/éffect/on[thelventricleldnd[Vice-versa.[Aldifferent/set/df parameter
values may! tesult(in[a Towerl atrial[Yolume.[However, with[ the[¢hosen
parameter Values_bur model  $uccessfully teproducesl the[ double-loop
character!df theldtrium|pressure-volumellooplwith(theldorrect!direction
of_thel trace;[ 4l elockwisel passivel ¥-loopl And[ Anl Anticlockwise Activel]
a-loop.[Thel simulated Atrium, Ventriclel andl horticl pressures| for twol
cardiacldyclesldre[shownlin[Figs. 3(c).[It[dan[Be[seen[that(theltinimuml[]
between| the[V{and[ 4 phases| is not[Jargel dueltol thel Appearancel bf thel
a-phasel earlyl during( Ventriclel diastole.[ This| is[ Whyl thel &-looplinl the
atrium| pressure-volume!figurel appears| distendedl downward.[]

Thel time-evolution ofl lother{ ventriclel land[ atrium| variablesl arel ]
shownlinlFig./4.[The[Ventricle[variablesldre/displayedldnlthelleftldnd(the
atrium(Variables[on[ thelfight.[Theltrains[é, and(é,, and[thel¢hangelin[]
volumelV /V;, and[V, /V,, arel$hown[in[Figs.[4(a) and[4(d).[Figs.[4(b)
and[ 4(e) showl thel $tresses. r, and(t,, withlthelstiffness k., andk,,.[]
InlFigs.[ 4(c)l and[ 4(f), thel $lowl Andl fast{ Variables| from[ thel électricall ]
modell hrel displayed.[JAmong[ alll thesel figures,| thel mainl Hifferencel]
isl found[ tol bel betweenl t, andl ¢, ,.[In[ particular, k., has &[2-phase
character( feflecting/the[ 2-phaselnaturel ofl the[ atrium. ]

3.1.2.[ Preload| feduction dndl thel ESPVR[]

Thelindividuall htriall And[ Ventricular preloads arel howl gradually
reduced| tol obtainl thel énd-systolic| pressure-volumel telationshipsl (ES-
PVR)[(Fig.[ 5).[Thel plottedllinel ¢rosses| thel minimall Systolicl volumel of
eachlloop.[Thellinel¢an[Belseen( foldross(thelvolumel axis[ (at [ pressure)
atlaround| 5[ inl.[ Thel Samel tesultl forl thel atriuml is[$hownlinl Fig. 5(b),[]
obtained| throughlincreaseslin[atriall preload.

Thel minimuml[ atrium[ ¥olumel thatl identifies thel Atrium[ end[ $ys-
tolel[49](is[found/dndlshownByltheldrosses[dnldachllboplin[Fig.'5(b).[Anl]
approximatelyllinear{feduction(is[found(likel the[ventriclel forl thellower
four[ points_ atrium[{intill the[ preload teaches[ 90%.[ The[leastl $quaresl]
method wasl tised tol plot the ESPVR forl thel atriumlising[ thellowerl 4
datalmarks,[dndlis[shown[By[thellinelin[Fig. 5(b).[ Thelline[nowl¢rosses |
the[Yolumel axis[below!d.[ Changeslin[thel gradient  of the[ESPVR[¢an(bel |
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Fig. 4(c) showsl§ with[p.[Fig. 4(f) showslg, with[p,.[]
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Fig. 5. ThelVentricularl And[ atriall P-V{1oops| bbtained  Wwith[ differentl preloads: ¥ (0) = [1.0,0.9,0.8,0.71V, forl the Ventriclel and[V,(0) = [1.0,0.9,0.8,0.7,0.6]V,, forl thel atrium.[Thel]

linesl in[ éachl figurel showl &n[ Approximatel ESPVR.[

used[tbldsses[dhanges|inthelinotropiclstateldf the[ILA[[49].[Thelgradientl]
in[thel control caselherel shownlin[Fig.[5(b)is[0.12[inmHg/ml,[Whichlis
significantlyldmallerthan(that/of the[Ventricle,[Which[i5[2.14[thmHg/ml.[]

3.2.[ Effects_ of thelleftentriclel MEF parameters[ ]

Inlthis/dection,the(MEF[in[the[left{Ventriclelisléxplored[Bylincreasing
thelventricle parameters[; orlf, individually,[Whilst/at/the[samelfime
keepingl thel htrial( MEF[ parameters( i, , andl}s,, atltheirl tespectivell
control Values[ (s, , = 0.0024,0},, = 0).[Recalllthat[};; mimics[Systolicl]
stretch[and[ 1, theldiastolic, and[likewiselforl thel atriall )iy, andl i, ,.[]
Also, hotel that theyl dllow[ thel ¢ellularl fon ¢hannels[ fol bel tepresented, /]

asltheldpeninglandldlosing[ off thesel ¢hannels[would[belfeflectedlin(the
MEF[parameter! values. Amongldifferent(dases/ we[haveléxplored,lin[the
followingl wel bnly showlsomelnoteworthyl ¢ases.[ ]

3.2.1. Effect of thelleftlventriclel MEF parameterl ji;, (u, = 0)
Thelinfluencel f the/ MEF[ parameterl /i, islhowlinvestigated(bylpro-
gressivelylincreasing ji; with[thel 6therl parameters|set!tol theirl controll ]
valueslin[ Tables 1/and[2.[Theseldesults| forl 4, are shownlinlTig. 6. Thel
meanl Ventricle stroke[ Volumel (SV[{ ml),[ ¢ardiacl dutput (CO[! 1/min),
heart-ratel (hr{J bps), and[ power! (pw[] W)[Are sSummarised(in[Tablel 5.[]
Controll Valuesl arel available[in[ thel fop[fow.[ Overall, thel behaviour ofl ]
the[leftlVentricledloselylfollows(Kim[dnd[Capoccial[32],/demonstratingl |
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Table 5

Thel éffectl ofl increasingl Ji; (4, = 0).[]
" svl] col’] il pwi]
0.0024[] 95.000] 5.700] 1.000] 0.93(]
0.0122[] 76.12[] 4.56/ 1.01[] 0.65[
0.30] 38.47( 1.14[] 0.50(] 0.09]

that{thelVentricular[ part|of thelthodellis[not(affected Byl thel presenceldf
thelatrium.[The[ Values| ¢orrespondingl tol period| doublingl and( bifurca-
tion[drelalsolfoundltoldloselylfollowKim[andlCapoccia.[As[ 4, increases,[]
thel end-systolicl ¥olumel tises[ leading[ tol al declinel in[ powerl butput.
Thelhumberlofl dscillationslinl 4l givenl fime[ periodlalsol teduces, which
contributes!toldlfeductionof power.[Thelfast/ électricalldctivityl variable
reduceslin[ Value,[whilst| the[ Slowl Activitylincreases($lightly faster and[ |
fallsl progressivelyl slower.[ Thisl $hows! that! thel tepolarisation| phasel 6f
theléxcitation[ wavelis[ progressivelyllengthened, hencel thel duration[ of
thel Actionl potentiallis_ prolonged;[ 4l fesultl seenl byl others[ [20,21].[As
thelfastl activityl feduces/inl magnitude, Ventricularl and[ dortic pressure
fall fool Teading/ fol missed Ventriclel ¢ontractions| (beats) dppearing.

In[_Figs.l 6(e) and[7(j)_it__tan[ bel seenl from[ thel atrium| pressure
tracel (black)[ that{ the humbers[ ofl Active atrial tontractions appear! to
bel reduced; al teductionl bfl_h-phasel peaksl isl clearlyl keen.[ Onl thosel
cycles[ Withoutl Activel atriall tontraction,| thel passivel ‘reservoir’l phase
increases|_in[ maximuml valuel hs[ [ response.| Despitel thel falll in[ thel]
number|ofidtrium/dctiveldontractions, theldtriumlélectrical ¥ariables|drel ]
unaffected byl theltiselinl }i, . Thelélectrophysiologyl bf thelatrium/thus
appears| tol bel fairlyl immunelfol Stretchl during Ventricularl dystole.[ The
declinelin(activel ¢ontractionslandl ¢hangelin[thel P, — V, looplarelthusl ]
al mechanicall tesponsel tol thel ¢irculation iodification, brought about
byl thel ¢hangeslin[the[ Ventricle. ]

3.2.2.[ Effectlof thel leftVentriclel MEF parameterl ji, (1, = 0.0024)[]

uy islput(backlfoltheldontrol¥aluel(y, = 0.0024)[and[}, increased(to[]
1y = 0.3,[andl4, = 1.9 (Fig.'7).[Again[theyldloselylthirror/thoseldbserved! |
in[[32].[As[ 4, islincreased,[éctopiclbeats/dppear.[10[dscillationslin[10[4[]
arel Visible[in[ ¥ig.[ 4(c)| forl thel ¢ontroll tase, Whilelinl thel bottom[towl ]
of(Fig. 7 [therel dre[ 28 dscillations.[ The heart! tate[ (and other measure-
ments)(is[provided(in[Table 6/ andmore[thanldoubles. EctopicBeats(arel ]

Table 6

Thel éffect. ofl increasing ji, (u; = 0.0024).]
Hy svl] Cco hrl ] pwl]
ol 95.000] 5.70L 1.000] 0.930J
0.3 51.29[] 6.25[] 2.04[] 0.99(]
1.90] 37.45[] 6.56[] 2.99] 1.06[

al ¢ommonl éffect| bf thel MEF[ [32].[Recalll that(increaseslin( i, increasel]
susceptibility/to[SAC[stimulation/during/diastoliclstretch.[Stretch[during
diastolel tauses  SACs! tol bpen,  Allowing[ turrents| tol flowlintol thel tell
which[ﬂepolarises[EheDactionjp0tential&ausing&ontractionﬂ[2 1,36].
Theselnewloscillations/dauselthe[B-V{lbopsltolBecomelincreasinglyltore
complex!dsldvident(in[Fig.|7(f) inlthe[Bottom[row.[Oppositeltolthe[desult! ]
ofldl}; increase,[theldlowlélectricallVariable[p reducesldndthe[haximuml]
valuel ofl the[ fast[ electricall Variable[§ increaseslduel tol theladditionall]
depolarisingl durrents.[ The/strokelvolumeldf the[Ventriclel falls[With[ fise
inl4,.[]

As[with[ [, appearslonlyltol hffect thel atriall mechanicall be-
haviour.[Thel électrical Variables 4, and(p, dolmhot ¢hange.[In(Fig.[7(j),[]
the[Blackllinelshows[the[fiumberldf atrialldontractionsldoes[niot ¢hange,
althoughl their tharacterl Hoes[ showl slightl Qifferences.[ Thisl tan[ best!]
bel seen[ byl bbserving| thelSmalll ¢hangeslin thel 4-phasel peaksl bfl atrial
pressure.[ Overalll though,[it mayl bel ¢oncluded| that| thel tnain éffectl of
LVLMEFLonl thel LALis[ inechanicall (duel tol itsl coupling tol thel 1.Vl Via
circulation),[ with[little[influencel on| thel htriall électrophysiology.[ This
isl éxpected from[thel one-way!messagingl of thel AV[hode. ]

3.3.[ Effect! of. atriall MEF parameters| |

Thel MEF( barameters! forl thel Vventriclel hre how! tesetl tol theirl fe-
spectivel control Values (4, = 0.0024,[}u, 0)_andl thosel from! thel
atriuml arel Varied| tol $eel Whatl effect theyl havel onl thel Ventricle[ And!]
atrium.[ Beginning[ with[ i, ,,[ Fig.| 8] showsl thel tesultl ofl progressivelyl |
increasingl i, , aslji; , = [0.008,0.8, 80].[The[éffect ofl ji; , onltheldtriuml[]
isl bimilarl tol the[ effectlbfl Js; onlthelVentricle. Asl},, increases, thell
frequencyl dfl triall active dontractions| falls ol thel dutput[ df the Atrium
is[teduced[ slightly.[Recall thel atrium[{s[tilll mechanicallyl toupled| fo
the[Ventricle, $ol thel dpparent humber bfl atriall ‘cycles’ does hot! differl ]
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Table 7

Thel éffectl ofl increasing[ ji, , (4,4 = 0).L]
Hia svlJ colJ hrl! pwl]
0.0024[] 95.00(] 5.70(] 1.00(] 0.93(]
0.008[] 95.03[] 5.70(] 1.00[] 0.94(]
0.8[] 87.78[] 5.23[] 1.000] 0.8
80[ 96.68[] 4.970] 0.85[] 0.74[]

Table 8

Thel effectl ofl increasing[ }i,, (u;, = 0.0024).[]
Hoa svll Co hrl ] pwll
0.0024[]  95.00[] 5.700]  1.000]  0.930]
0.2[] 94.8[] 5.690]  0.99[]  0.94[]
2001 105.330] 5.65(] 0.89]  0.93[]
200[] 105.48[]  5.630] 0.88[]  0.93[]

from[ thatl 6f Ventricle.[Thel fast_ électricall ctivityl Variablel§, reducesl]
in[Valuelimilar(fol thel ventricleforl ji, [ dnd[thelslowl Activitylincreases
faster(and/fallsslowerlproducing(d(longerldction[potential (AP) duration
consistentl with[ btherl studies| [50,51].[ As[ the[ klectricall signalsl from
thelatriuml pass fol the[ Ventricle, the[inaximum(Valueldf § reduces/too,]
leading/ tol missed| (ectopic)[ beats and[ 4 teductionl in[ heart-rate.[ Thel]
heart-ratel tends/ tol Vvaryl in[ atriall fibrillation,[ Yarying| byl as| muchl &s[]
2000 bpm.[ Tablel 7/ summarises| thel mean Ventriclel heart-rate,[ tardiac
output,/strokeVolume,ldnd[power.[The[thean[dardiacldutput/dan[Belseen
tolfalll from[5.70(1/min[in[ thel ¢ontroll ¢asel tol 4.97[1/min[Whenl};, , =
80.[ Cardiacl butputl reductions| arel A kommonl symptom[ bfl irregular! |
ventricularl thythm| duringl atriall Arrhythmial [52].[Likewisel the[nean[]
power! falls[from[0.93[WT{in[fhel dontroll dase[tol 0.74[W.

Inl order! tol kstablishl thel influencel of! atriall MEF[ parameter! ki, ,,[]
4 islteturned(tolits[¢ontrol Valuel(u,, = 0.0024)And[}i,, increased(]
asl i, = [0.2,20,200].LAsl s, , rises, thel hctivel A-phasel off thel trial
cyclel dominates| thel passivel ¥-phasel And[ thel maximuml[ Vvaluel bf thel]
pressurel increases.[ Froml Figs.[ 9(e),[ 9(j),_and[ D(0)! thel peakl inl the
blackl fracel denoting[ atriall pressurelincreases, showingl thatl the[ active
atriall tontractions growsl in[ $trength.[ Tablel B shows| thel ¥entricularl]
strokelvolume,[dardiacldutput/and[heart-rate.[Interestingly, theldnumber
ofl ventricularl oscillations teduces| as[ evident! froml thel tablel Andl thel]
ventricularl électriclVariables| fluctuations.[This[mayl bel duel fol theltise
of_p, inlvalue,[5ol thel Atrium[ AP[ hollonger! tepolarises,  teducingl the
frequencyl bfl AV[ hodel signals tol thel Ventricle.[ Thel $trokel volumel bf
thelVentriclel isl hot[Significantlyl nodified, but the naximuml| pressure
of both[theventricle[and[atrium[increases. ]

Left{ AFibland[ drrhythmial are[associated with[higher pressures[[28,
53](and[ atriall dilation[ [ 151, althoughl it[ouldl bel difficult| tol équate
thel fesults herel with[ AFibl duel tol 4 Slightly lowerl atriall thythm.[Thel]

heart-ratel teducesl from 60[bpm([tol 52.8 bpml[(forlji,, = 200),and[the
cardiacloutput/deducesldlightlyltol5.63[1/minlasl évidentlin the[Table!8. ]
Thel teductionl in[ thel meanl heart-ratel standslin contrastl tol 1, whichl]
increased|the(Heart-ratelih[the[¥entricle.[ The[powerlisnHotldltered,ds[the
systolicl Ventricular! pressurel increases, compensating| forl thel teduced!]
heart-rate.[ Overall,it[dppears[ i, , does[notl affect|the[heart(tolthesamel |
degreelds( /i, ,.[Alfigheratriallthythm/and[AFibldannot{belinduced(usingl |
o4, LWhilst }; , reducesl thel heart-ratel in[ both[ Ventriclel And[ atrium.[]
Inl summary, diastolicl stretchl bfl_the[ htriuml prevents repolarisation
ofl the[ action[ potential,[vhich[ ¢onsequentlyl temainsl in[ &l perpetually
depolarised|state;[feducing thenl éliminating[ the passivel v-phasel dfl the
atrium.[Thel heart-ratel falls[ slightlyl duel tol thel teductionl inl &lectrical
signals| ¢oming/ from!thelatrium.[]

4. Discussion

Thel aim[ off this[ studyl Wasl tol developl 4l nodell bf thel heart Whichl]
consistentlyl evolves| thel LALAnd[1.V.[Thel modell for| thelleftl ventricle
developed| byl Kim[ and[ Capoccial [31,32][isl extended! tol includel anl]
additional ¢lasticl ¢hamberl (the[ LA) lipstream.[ Byl tisingl &l similarl y-
ocyteltodellforl thelatrium[ds[that[tised(for the[Ventricle, theldpproach
herel develops! thel macro-scalel atriall tontractilel mechanics from[ thel
behaviour| off thel Atriallhicro-scale[myofibers, Without feferenceltol the
time-varying-elastancelthethod,[therebyldllowing[thelstudy of the MEF.
Thel TVE[approachlprescribes the[Ventricleldnd Atriall pressure-volume
relationshipl directlyl fising al periodicl function| basedl onl physiological
values.[ Tt heglects[ the[ Imicro-scalel cellular_and[ klectricall dynamics
responsiblel for[ thel thamber[ behaviour.[ Physiologicall feedbackl and
regulatinglhechanisms/areldverlooked solitl ¢annot/be[tised foldimulate
thel MEF.[Importantlyl forl thisl studyl it_hasl Jyet[ tol bel validated! forl
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Fig. 8. Theleffectloflincreasinglji, (4,, = 0).L.Toplrow:L},, = 0.008, second tow:_}, = 0.8, [ bottomtow:L},, = 80.[Fromlleftl tol tight:[ thel Vventricle[ P-Vlioops (8(a),[8(f),LB(k)),
thel atrium[ P- VDoopHS(b) [8(9,) [8(1)),[the[ Ventriclel electrical Variables (8(c),[8(h),L8(m)), thel atriall électric variables (8(d),[8(i),[B(n)),Land the  Ventriclel (blue), aortal (red), andl]
atrium/ (black)[ pressures| (8(e), 8(j),[8(0)).[ Thel thangel inl time-scales| tol figures abovelis duel tolinitial  fransients| persisting| forl longer.[|

thel htrium.[ By[ considering multiplel scales__hnd[ domains[_burl imodell]
acquireslddynergistic[qualityldllowinglthe[MEF{dnd|theldellularldctivity
tol bel éxplored.[ Thel atriall modell myocytel parameters! differ! from! the
ventriclel tol reflect physicall ifferences| between( thel twol [39].[The
function[ofl thel AVihodelisl éapturedlinl the[modell byl passing| thel atrial
electricall messaging[ from[ thel SAN[ hodel intol thel Ventriclel klectricall |
model,[dimulating[thel AP[¢onduction| pathway.

Inl thel ¢ontrolled| ¢asel fepresentingl 4l healthyl festingl heart, the[te-
sultinglatrial(Behaviourlshows| thel¢haracteristicl 2-phaseldesponselwith
bothlthel dctivel tontractionandl passive freservoir’l phases|fepresented.
Thel Activel a-phasel dppears. $oonlinl thel ¢ardiacl ¢yclel $uchl that thel a-
looplinlthel Atriall pressure-volumelplotl appears| distended downwards
and| thel teservoirl phasel feaches| largel valuesl bf Volume.[ Thel tonduit! ]
periodléfl theldtrium| ¢yclelisnot(fepresented|though,[s(this[ period/is[d
resultlofl pressure/ wavelpropagation;|éffectslthatldannot/Beldaptured By
thel modell [49].[ Extension[ off the modellin[ &l $patiall directionl would[]
allowl & basicl tepresentation[ ofl thel tonduit| phase.[This[ mayl ¢hangel
thel tesults, brl_causel hew! effects| tesulting! from! thel MEF,[ sl 5patio-
temporall Hynamicsl Affectl MEF[ behaviour. Whilstl thel atrial pressure
magnitudelis/ fepresentativel 6fl 4 human(left-atrium,| the[Volumeltendsl |
tol bel largel Althoughl it| isl $imilarl inl tangel tol thel tesults| from[ other! |
computationall inodels[ bf thel human| heart [4,39].[ Nevertheless, burl |
modellteproduced!the[key features of thel dtrium[ dynamics/suchlas[the
end-systolicl pressure-volumel relation[ Whilel permitting[ lis| tol éxaminel |
thel MEF.[ Notl $hown| inl thel tesults isl howl thel Variation[ bfl thel delay
between!atrialldnd(Ventriclel dontractions, feflected byl thel parameter(s, ]
changes! thel pressure—volumelappearancel ofl thel atrium.[ |

Bylincluding[ Additionall parameters! that{ ¢apturel thel éffects ff Sys-
tolic and( Hiastolicl kell stretch,l anl investigation[ bfl thel MEFLinl the
ventricle[and/atriumlik[darried dut.[ Theléffects of dtrialland[Ventricular]
systolicl stretch{ bn thel dction[ potentiallis  nodelled[ byl introducingl anl]
additional parameter! thatl touples__thel telll $tresses/intol thel &lectricalll
models_ofl éachl ¢hamber.[Likewise, thel éffects.ofl diastoliclstretchl arel]
modelled(by doupling[thelélectricallmodels!tolincreases|inl thel ¢hamber
volume.[ Systolic_$tretchl ofl thel ¥entriclelis_ bbserved| tol increasel thel |
action[potentiallduration[bylprolonging[thelfepolarisation phasel dfl the
action| potential. This[ is_ A knownl sidel éffect[ ofl Systolicl $tretch[ [19-[]
21]1,Land[ has[ been 6bserved by Kim[andl Capoccial [32]lin[thel original
ventriclelmodel.[Further, tissed(ventricle[beats[dccur,[ds| évidenced(by
the[feductionldf heart-rate,[dnd periodic[behaviour!is/deen ds[shown[By
theldepeatedloopslinlthe[pressure-volumeldiagram.[Diastolic/stretch[of
the[Yentricle tausesl thel AP tol dlepolarise,  ¢onsistent{ with[ [15,20-22]
whol sawl dimilarl éffects. Ectopicl beatsl appear! tool as SACs[ arel bpened! |
causingl_the AP[ tol Hepolarisel hndl thel initiation[ bf_ bl hewl Wentricle[ ]
contraction.[]

Forlthelatrium, [systoliclstretch[df the[Wentricles[deduces/thenumbers
ofldctiveldtrialldontractionsldnd thelpressure—volumelloopldf thelatrium
is modified.[1t[ does[ hot|_changel the[ electrophysiologyl bfl thel atriuml]
though,l kol thel khanges[ arel thought! tol bel tausedl byl thel modified
circulation.[Alfeductionl éf the[Blood[supplyltol theldtrium[forléxample,
wouldlower! thel Atriall $tretch,[Teading] tol Al falllin[ Activel ¢ontractions.
Diastolicl stretch[_ofl thel Ventriclel leads| tol Variations[inl thel Al And[ ¥
phasesl ofl thel Atrium,[ but[hol tonsistent! pattern| develops sl the MEF(]
disorder{Worsens|(y, rises).[Tike[Systoliclstretch,[diastolic[stretchlof(thel]
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atrium| (black)[pressures (9(e), 9(j),[9(0)).[]

ventriclel does| hot! ¢hange! thel électrophysiologyl off thel atrium.[Thisis[ |
unsurprisingl given| theldne-wayldonductionlpathlfor the[AP.

Systolicl stretch[ bofl_thel atrium[_in[ the[ presencel ofl MEF[ disorder(]
reduces! thel frequencyl bf atriall activel tontractionsl and[ butput.[ The
depolarisationl 6fl thel AP feduceslin[ agnitudel and| thel tepolarisation
phasel fakes/Tonger, increasing thel AP[durationlsimilar{fol the[Ventricle.
Changeslin[thelatriall AP[duration[With[stretch[have[beenl dbserved éx-
perimentally[[50,51].[Forlinstancel[51][dbserved|that(stretchlincreased!]
thel latel durationl 6ff thel AP[ When| thel AP[vasl atl 90%] tepolarisation.
Thel depolarisationl ofl thel Ventriclel Alsol teduces! inl frequencyl leading
tolmissedléctopiclbeats and Al falllinheart-rate, ¢ardiacLoutputldnd[the
pumpingl power  6fl thel heart.[ Atrial arrhythmialisl thereforel ¢onfirmed
tol degradel heartl functionl andl mayllead| fol hegativel tonsequences for
patient[health.[Diastolic[stretch[ofl the[dtrium, however, does[hot harm
thel Ventriclel tol thel same[ extentl hs[ systolicl stretch,| producingl onlyl |
al Slightl teduction[ in[ heart-rate.[ Thel magnitudel bfl thel htriall electric
variablesincreases, tonsistent| with[ experimentall tesultsl showing anl|
increaselinl AP[magnitudelinduced(bylatriallstretch[[50].[Fibrillation[ 6f
thel leftl atriuml Was notl deenl with[ diastolicl atriall Stretch, in| ¢ontrastl fo
diastoliclstretch[of the[Ventricle.[This[fesult/standslin[dontrast[tolstudies[ |
showing{ AFiblsusceptibilityl increases[Wwith[atriall Stretch.

Finally,[ivel hotel thatl the[ lumped-parameter! design[ of  thel model
presented|_is limited[ byl thel bmissionl bfl kpatio-temporall mechanics,
hencel éffects| $uchl asl pressurel wavel propagation| ¢annotl be[ modelled, ||
sol_thel tonduit! tc’ wvavel in[ the[ htrium[ pressurelis_ hbsent.[ Thel lack
of $patial mechanicsl Alsol hasl ¢onsequences! forl thel MEF{ Which[ limits[]
itsl tisefulness_in[ thel studyl bfl Arrhythmia,[ as[ wavel propagationl has!|

10

effectsin/ thelélectrophysiologicallbehaviour [54].[Anléxpansiondfl the
modell tol spatiall dimensions willl bel left for further! $tudy.[ Thel model
includes! twol électrical models;  bnel for! thel Ventriclel andl bnel for thel
atrium.[ Al further[ limitation[ bfl thel current_ modell is[ thel humber{ bfl |
parameters/which(dequireldefinition.[Incorrect[values|dfi the[parameters
leadsl tol inaccuratel_br[ inrealisticl behaviour.. Wel intend! tol isel burl]
modellinitiallyl fol $tudyl diseasel and[ artefactsl bfl thel AV hodel $uchlasl ]
al heart[ block.[ Weliwilll alsol extend burl modell tol spatiall dimensions
such(that/theldonduit/period dflthe[dtrium Behaviourlis[feproducedldnd
spatio-temporall éffectsl ofl the MEF[¢an[beldimulated.[]

5. Conclusion

Thel modell presented! is| simplel énoughl tol bel intuitivel and[ hcces-
siblelwithin[ thel ¢linicall énvironment,[ yet[it ¢ontainsl énoughl detail fo
studyldomplex/dardiac/behaviour(suchlds[thelthechano-electriclfeedback
(MEF),[ overcomingl thel limitationslofl popularl time-varying[ élastance
(TVE)lApproach.[$pecifically, thelinclusion[ of thel atriumlin[ thelsyner-
gisticléardiovascular[3ystems[makeslit_ bnel of the few atrial humerical
models| thatl doesl hotl makel teferencel tol thel TVE ethod.[ Thel nodell ]
isldblel fol producel thel éssentiall features| of atrial behaviour such(as[the
figure-of-eightl pressure Yolumel loop. Thel MEF[ nechanism!is[ studied[
andlits[_effects| hoted in[ bothl thel leftl ¥entricle and[ Atrium. MEF[in[]
the[Ventriclel prolongs| thelfepolarisation[ phasel bf thel dction[potential
and| tan tausel missed| br kctopicl beats| dependingl bn[ whenl stretchl |
isLapplied.[ MEFLin[ thel Atrium[ detriments_heart| function[ byl teducing
cardiaclpower, dutput/dnd heart-rate. Furtherlstudyl of theldtriumMEFL]
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could/therefore[Belbeneficial fol patients/Sufferingl complicationslin(the
atrium.[OurlmodellWillldlso[Beltiseful for! thelthodelling[éf heart! defects
suchlas[valvel problems| [4][4nd| diseases| of thel AV[hodel suchl as hodel |
block.[]
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