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1 Intr oduction

Computatioal modelingandsimulaton studiescanfacilitatethe advancemenbf cardiosascular
researchhy complenentingexperimentalstudies. Throughcomputationaktudies the researcher
may formulate hypothesesvhich may be subsequenyl testedthrough experimentalstudiesor
the researchemay develop andevaluateinversemodelirg algorithms for determinirg important
cardiovascularparametergrom experimenal data. Experimentalstudies,in turn, permitthe re-
searcheto constructmoreaccuratecomputatioal modelstherebyimproving theresearches un-
derstandingof the cardiozaular systemandability to devise new experimentalhypotresesand
inversemodelingalgorithms.

The generalaim of this documentis to introdwe the ResearchCardio\ascularSIMulator
(RCVSIM softwarewhich may be downloadedfrom PhysioNet(wwwphysionet.ay) — an NIH-
funded nationalresearchresourcethat provides well characterizedgexperimentaldatasetsand
open-sourcaoftwarefor their analysis.RCVSIMis capableof generatingeasonabléumanpul-
satilehemodynamievaveforms cardiacfunctionandvenougeturncurves,andbeat-to-beabemo-
dynamicvariability. The datasimuatedby RCVSIMis written in a formatwhich is identicalto
theexperimenal datasets.As such theopen-sourcelataanalysissoftwaremaybereadilyapplied
to the simuated dataaswell. The datageneratedby RCVSIMmay be viewed asthey are being
calculatedon-lineviewing) or ary time afterthey have beencalculatedoff-line viewing) with the
WAVE displaysystemwhichis alsoprovidedby PhysoNet)andGnuplot. The RCVSIMsoftware
is open-sourcend extensiely commentedandincludesLinux binariesthat may be executedat
the Linux or MATLAB prompts. It shouldalsobe possibleto compilethe sourcecodeto create
binariesthat may be executedon Unix platforms(e.g., Solaris,SunOS).(Note that MATLAB is
requiredfor compiling the sourcecode.) RCVSIMhasbeenpreviously employed in cardiovas-
cular researctfor the developmentandevaluaton of systemidenti cation methodsaimedat the
dynamicalcharacterizatiof autonome regulatorymechanismg§?, 4,8].

Thisdocumenspeci cally explainshow to installandusethe RCVSIMsoftwareanddescribes
theopen-sourceodeandeachof its functionssothatRCVSIMmay be easilyextendedandmodi-

ed by theresearcheto achieve his desiredresearctobjectie. In Section2, a brief descriptionof

the componentandparametersf the humancardiovasculamodelis given. (A detaileddescrip-
tion maybefoundin [?,4,7].) In Section3, adescriptionof the sourcecodeandanexplanationof

how to alterit areprovided. In Section4, detailedinstructionson softwareinstallation andcom-
pilation areoutlined. In Section5, instructons on softwareexecution includingmary examples,
aregiven. Finally, in Section6, an exampk illustrating how the software may be utilized in car

diovascularresearchs provided. Notethatif theresearcheis interestedn executingthe software
but not editingit, thenhe mayskip Section3 without lossof continuty.

2 Human Cardiovascula Model

Thehumancardiozasculamodeluponwhich RCVSIMis basedncludesthreemajorcomponert.
The rst components alumped parametemodelof the pulsatie heartandcirculationwhich may
beimplementedasanintactpreparationa heart-lungunit preparatiordesignedor measuringar
diac functioncurves,or a systeme circulationpreparatiordesignedor measuringrenousreturn
curves. Thesecondcomponents a short-ternregulatorysystemmodelwhich includesanarterial
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Figure 1: Electricalcircuit analogof the intact humanpulsatie heartand circulation. Eachbox
encompassing circuit elementdenotesa nonlinearelement.

barore ex systema cardiopulnonarybarore ex systemanda directneuralcouplingmechanism
betweerrespiratiorandheartrate. The nal componenis amodelof restingphysidogic perturba-
tionswhich includesrespirationautorgulation of local vasculameds(exogenoudlisturbanceo
systemt arterialresistance)andhigherbraincenteractiity impingingon theautonomicnenous
system/f exogenouglisturbanceto heartrate).

2.1 Pulsatile Heart and Cir culation

Thelumpedparametemodelof theintactpulsatileheartandcirculationis illu stratedn Figurelin
termsof its electricalcircuit analog.Here,chage is analogougo bloodvolume( , ml), current,
to blood ow rate ( , ml/s), and voltage,to pressurg( , mmHg. The model consistsof six
compartmentsvhich representheleft andright ventricles( ), systemicarteriesandveins( ),
and pulmonary arteriesand veins ( ). Eachcompartmentonsiss of a conduitfor viscous
blood o w with resistancg ) andavolumestorageslementwith compliancg ) andunstressed
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Figure2: Electricalcircuit analogof thehumanheart-lungunit preparatiordesignedor measuring
cardiacfunctioncurves. Eachbox encompassing circuit elementdenotesa nonlinearelement.

volume( ). Two of the resistancesndtwo of the compliancesare nonlinear The systemic
venousresistances representedby a Starlingresistor(with chambelpressuresetto atmospheric
pressure)while the pulmanary arterialresistances representedby anin nite numberof parallel
Starlingresistorqwith chambepressureequalto alveolar( ) pressure)arrangedsertically, one
ontop of theother The pressure-elumerelationshipof theleft andright ventriclesconsistof an
essentiallyinearregime (characterizedby complianceandunstressegiolume), adiastolc volume
limit ( ), anda systdic pressurdimit ( ). The compliancef the linear regime of the
ventricularpressure-glumerelationshp vary periodically over time (time evolution is precisely
determinedby the end-diastoli compliance( ), theend-systok () compliance,andthe heart
rate( )) andareresponsibldor driving the o w of blood. The four ideal diodesrepresenthe
ventricularin o w andout ow valvesandensureuni-directionalblood o w. Finally, thereference
pressures setto intrathoraciq( ) pressurdor theventricularandpulmonarycompartments.
Figure 2 illustratesthe electricalcircuit analogof the lumpedparametemodelof the human
heart-lungunit preparation. The input pressureo the heart-lungunit hereis de ned to be the
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Figure 3: Electrical circuit analogof the humansysteme circulation preparationdesignedfor
measuringvenousreturncurves. Eachbox encompassing circuit elementdenotesa nonlinear
element.
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nodelabelled « - —thelocationof wherethe right atriumwould be if it were explicitly in-
cludedin the model. Cardiacfunction curves may be obtainedfrom this preparatiorby varying
theindependentoltagesources, and , andtime-averagingtheresulting and « -

Figure 3 illustratesthe electricalcircuit analogof the lumpedparametemodelof the human
systemt circulation preparation. Venousreturn curves may be measuredrom this preparation
by adjustingthe value of atend-diasta@ ( ) in ordertovary -« - —thepressurdhat
impedeso w into theright ventricle— andtime-aseragingthe resulting and « - . Note
thattheindependenturrentsourcehere( ) keepsthe meansysteme () pressurerecisely
constanthroughouthe measuremergeriodby pumpng into the systemiccirculationwhateveris
pumpedout.
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Figure4: Block diagramof thefeedbacksystemdepictingthe arterialbarore ex arc.

2.2 Short-Term Regulatory System

Thearterialbarore ex arcisimplementedccordingo thefeedbacksystenillustratedin Figure4.
This systems aimedattrackingasetpoint( ) pressureghroughthefollowing sequencef evens.
Thebaroreceptorsense andrelaythis pressurg¢o theautonome nenoussystem(ANS). The
ANS compareghe deviation betweenthe sensedressureand with zeroandthenresponds
by adjustingfour parameter®f the pulsatileheartand circulationin orderto keepthe ensuing

near . Thefour adjustableparametersre , at end-systolg ), ,
and . The ANS controlstheseparameterdasedon the history of speci cally
accordingto thefollowing nonlinear dynamicalmapping

(1)

where  may representary of the four adjustableparametersthe arctanfunction (which is
parametrizedby the constant ) imposesarterialbarore ex saturation,  and areunit-area
effectormechanismmwhich respectiely representhe fast,parasympathetilimb of the ANS and
the slower, sympatletic limb (both - and -sympatletic sublinbs;seeFigure5),and and

re ect therespectre staticgainvaluesof the effectormechanismsNotethatin orderto map

to thetimesof onsetf ventricularcontractionNwhichamountdo re-initiatingthevariable ventric-
ularcompliancdime evolution),an?integrateand re® modelof thesinoatrialnodeis incorporated
in themodel.

Thecardiopulmmarybarore ex arcis alsoimplementedccordingo afeedbacldiagramanal-
ogousto Figure4. However, the sensedoressurenereis de ned to be the effective right atrial
transmurapressuré . . “ o ) of the pulsatle heartandcirculationmodel.

The direct neuralcouplingmechanisnbetweernrespirationand heartrateis characterizedy
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Figure5: Unit-areaeffectormechanismsepresentinga) the fast, parasympathetilimb and

(b) the slower, sympatletic limb . Theseeffector mechanismgharacterize¢he dynamical
propertief the block labelledANS in Figure4.

a linear, time-irvariantimpulseresponseavhich maps uctuations in instantaneoufing volume
( ; seeSection2.3)to uctuationsin . Theimpulseresponses de ned hereby alinear
combinatia of and , eachof which areadvancedn time by 1.5sin orderto accountfor
thenoncausalit of thismechanisnj6, 9].

2.3 RestingPhysiologicPerturbations

Respiratoryactivity, whichmayeitherbeat x ed-rateor random-interals[1], is modeledn terms
of . Fixed-rate is representedby a pure sinusad, which is characterizedy tidal
volume( ) andrespiratoryperiod( ), aswell asaDC offsetrepresentinghefunctionalresere
volumeof thelungs( ). Eachrespiratorycycle of random-interal is alsorepresented
by oneperiodof a sinusoidwith the DC offset . However, the periodis not constanherebut
ratherdeterminecbasedon the outcomeof a probability experiment(which rangesfrom oneto
15 secondswvith a meanof ve seconds)andthe tidal volumeis setsuchthatthe instananeous
alveolarventilation rate (which considerghe deadspacen theairways(  )) is identicalto that
of x ed-ratebreathing.

In orderto accounfor themechanicaéffectsof on and , thesimple model
of ventilation, illustratedin Figure6 in termsof its electricalcircuit analog,is alsoincorporated
in the model. The electricalcomponentsnay be interpretedsimilarly to thosein Figure 1 by
consideringair hereratherthanblood. Hence,theresistor( ) maybethoughtof asa conduit
for air ow betweenthe atmospherandthe lungs, while the capacitormay be interpretedasan
air volumecontainermrepresentinghe lung compartmentyhich is parametrizedy an unstressed
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Figure6: Electricalcircuit analogof the humanventilabry mechanicsnodel.

volume( ) in additinto

The systemiceffectsof the autorgyulation of local vasculabedsis representegvith anexoge-
nousdistubanceto which is de ned by a bandlimied Gaussiarwhite noiseprocess.This
processs createdby convolving Gaussiarwhite noiseof zeromeanandstdwr standardieviation
with alowpasslter (truncatedunit-areasincfunction)of desiredfrequeng cutoff (fco). Higher
braincenteractiity impingingonthe ANS is modeledwith a 1/f exogenows, Gaussiardisturbance
to convolved with a Iter de ned by a linear combinaton of ( -sympathat sublinb)
and . The 1/f Gaussiardisturbances createdby convolving Gaussianwhite noiseof zero
meanandstdwfstandarddeviation with a unit-arealter of 1/f magnitue squaredrequengy
responsdérom Hz to 1 Hz, wherealphais setto one. Eachof theseexogenoudisturbances
aretreatedasunobserablequantities

3 SourceCode

The RCVSIMsourcecodewas written predominang} in the MATLAB languaggversion5.3.1;
R11.1)andincludessomeC languagenecessaryor on-lineviewing andparameteupdating The
sourcecode may be compiledusingthe MATLAB compiler (versionl1.2) with the libc5 devel-
opmenternvironmentat the MATLAB prompt(seeSection4.2). Note that compilaton permits
software executionat the Linux promptand greatlyimproves executon speed. The sourcecode
not only consiss of codeto implementthe modelsdescribedn Section2 but alsoincludescode
to implementothermodels.Theselatter modelshave beenminimally testedanddocumentecnd
may only be executedin the MATLAB ervironment. A descriptionof the codefor implementng
the modelsof Section2 andan explanationof how this codemaybe modi ed or extendedto im-
plementarbitrarylumpedparametecardiovagular modelsare provided belov. SeeAppendixA
for abrief descriptionof the othermodelsandthe sourcecodefor executingthem.



3.1 Flowchart and Functions

The sourcecodeis basedon the MATLAB function simulatem. The input argumentsto simu-
late.mincludethedesiredparametevaluescharacterizinghe humancardiozascuar modelandits

execution while the outpus are the simulateddata— all pressureg ), volumes( ), oW

rates( ), ventricular elastances , adjustableparameterg ), cardiacfunctionienous
returncurves( ), andventricularcontractiontimes( ). This function may alsowrite

thesimuateddatato le (with adesiredpre x le namealsoprovidedasaninputargument)and
displaythe dataasthey arebeingcalculated.Thefunctionis responsile for executirg the models
describedn Section2 aswell asin AppendixA. However, the o wchartof Figure7 depictshow

the function simulatesthe datafrom the desiredparameteraluescharacterizingonly the models
of Section2. The pertinentdetailsof eachblock of the o wchartareprovidedbelow.

Declaring and Initializing Variables (t=0). With the desiredparameteraluesprovided as
functioninput agumentsall variablesof the simulaton aredeclaredandinitialized. Mem-
ory is pre-allocatedor all of the datato be simulatedover their entire integration period
in orderto increaseexecutionspeedwith the MATLAB compiler Therespiratory-related
waveformsarepre-computeaver the entireintegration period.

Numericallntegration for Calculatng . The pressuresf the desiredmodelof the pul-
satileheartandcirculationarecalculatedat the currenttime step( ) from thepressures
at the previoustime step( ) by fourth-orderRunge-Kuttaintegration of the setof ordinary
differentialequationggoverningthemodel. mustbesetto 0.005sfor reasonabl@ccu-

ragy.

Adjustng Parametes by Regulation/Perturbations. Parameterof the pulsatie heartand
circulationareadjustedoy the short-termregulatorysystemandrestingphysologic pertur
bationsmodels.Becausef therelatively narrav bandwidthf thesemodels the parameter
adjustnentsare calculatedat a samplirg periodof 0.0625s. First, the requisitewaveforms
originally compuedatasamplingperiodof — aredecimatedo asamplng periodof 0.0625
s by averagingover the past0.25s every 0.0625s. Then,the mandatecparameteradjust-
mentsare computedat a samplng period of 0.0625s. Finally, the mandatedoarameter
adjustnentsare corvertedto a samplng periodof  via linear interpolation(with the ex-
ceptionof the adjustmentgo which do not take effect until the initiation of the next
ventricularcontraction)n orderto computethe subsequenwaveforms.

Establshingqrs via“IntegrateandFire” The mandatedhangedo aremappedo the
timesof onsetof ventricularcontractionby integratirg (in unitsof bps)overtime until

theintegral is equalto one. Then,systoleis initiatedby resettingthe variable,ventricular
elastancenodel,theintegralis setto zero,andtheintegrationis repeated.

Heart-LungUnit or SystemicCirculation?  Varying , andAveraging «a
. Cardiacfunctionor venousreturncurvesare generatedif desired.Following every
fth beat, and arevariedin stepsfor generatiorof cardiacfunctioncurves,and is
variedfor simuation of venousreturncurves. Time-averaged « - and and (for
cardiacfunctioncurves)arerecordecdover the beatprecedinghe stepvariation.
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Figure7: Flowchartof the MATLAB functionsimulae.m.
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Calculating and Storing and . The blood volumes of eachcompartment
of the desiredmodelof the pulsatileheartandcirculationare computedat the currenttime
stepfrom the pressurest the currenttime step,andthe valuesof the ventricularelastances
andadjustablgparameteratthecurrenttime steparestoredinto their pre-allocatednemory
slots.

Intact Circulation?  Correcting by Adjustng . Total blood volume of the
intactpulsatle heartandcirculationatthe currenttime step( ), whichmayvary dueto
integrationerror, is consered. Thedifferencebetweerthecomputed andits assigned
valueis added/remeedfrom and is alteredaccordingly

ParameteUpdates?  Conserving andDocumentindJpdates.Theparametevalues
of asimulaton maybeupdatedaftertheinitiation of eachventricular contractiorby pausing
thesimulation,updatingthe parametevalues andresuminghe simulaton. Thenewly cho-
senparametevaluesaredocumentedo le if they arerelevantto thecurrentsimulatian, and
theblood volumesin eachcompartmenat the currenttime stepareconsered by adjustng
the pressurest the currenttime step(if necessary)Adjustmentsto the respiratory-related
waveformsareimplementedor theremaindeiof theintegrationperiod.

Calculating . The o w ratesof the pulsatileheartandcirculationmodelsarecalculated
atthe currenttime stepfrom the pressuresat the currenttime step.

On-LineViewing?  Writing Waveformgo MIT FormatFiles DisplayingWaveforms.
Whenviewing simulateddataasthey are beingcalculatedthe waveformsare periodically
writtento le in MIT format(with adesiredperiod). Thenewly written dataarethenimme-
diatelydisplayedwith WAVE.

The o w of eachof the blocksis thenrepeatedstartingat Numericallntegration for Calculating
with . In orderto executethe blocksin the o wchart,simulge.m callsuponmary
MATLAB andC functions eachof which arebrie y describedelow.

intactinit_cond.mcomputegheinitial pressuresyolumes,and o w ratesof the intact pul-
satileheartandcirculationmodelfrom the desiredparametewalues. Theinitial valuesare
determinedrom the soluion of a linear systemof equationswhich are derived from the
applicationof steady-stateonseration lawsto a linearizedversionof the model.

hlu_init_cond.mcomputesthe initial pressuresyolumes, and o w ratesof the heart-lung
unit preparatiormodelfrom the desiredparameteralues.Theinitial valuesaredetermined
from the soluion of a linear systemof equationswhich arederived from the applicationof
steady-stateonserationlaws to alinearizedversionof themodel.

scinit_cond.mcomputegheinitial pressuresyolumes,and o w ratesof the systenic circu-
lationpreparatiormodelfrom thedesiredparametevalues.Theinitial valuesaredetermined
from the soluion of a linear systemof equationswhich arederived from the applicationof
steady-stateonserationlawsto a linearizedversionof themodel.
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rk4.mcomputeghe pressuresf the pulsatie heartandcirculation(any preparationit the
currenttime stepfrom the pressure®f the previous time step, the currentvaluesof the
parameterstespiratory-relatedvaveforms,andtime surpassedh the currentcardiaccycle
accordingto fourth-orderRunge-Kuttaintegration.

intact eval_derivmis calledonly by rk4.mandcompuesthederiative of theintactpulsatile
heartandcirculationpressurezaluesat a desiredime stepwhichis necessaryor thefourth-
orderRunge-Kuttaintegration.

hlu_eval_derivmis calledonly by rk4.mandcomputeghe derivative of the heart-lungunit
preparationpressurevaluesat a desiredtime stepwhich is necessaryor the fourth-order
Runge-Kuttaintegration.

sceval_derivmis calledonly by rk4.mandcompuesthe derivative of the systemiccircula-
tion preparatiorpressure/aluesatadesiredime stepwhichis necessarjor thefourth-order
Runge-Kuttaintegration.

var_cap.mis alsocalled by intact eval_derivm, hlu_eval_deriv.m, and sc_eval_derivm and
computesa ventricularelastancevalueaswell asits derivative at a desiredtime stepfrom
thecurrentvaluesof , the previous cardiaccycle length,andthe time surpasseth
thecurrentcardiaccycle.

ventvol.mis alsocalled by intact eval_derivm, hlu_eval_derivm, and sc_eval_derivm and
computeghecurrentventricularbloodvolumefrom the currentventricularpressurexccord-
ing to Newton's searchmethodwith aninitial guesggivenby the previousventricularblood
volume.

rand.int_breath.mcomputeghe time until the next respiratorycycle commence$gasedon
the outcone of anindependenprobabilityexperiment.

respact.mcomputegherespiratory-relateavaveforms( , , ——, and )
overtheentireintegration periodfrom the parametevaluesandthetimesof commencement
of eachrespiratorycycle.

ilv_dec.mdecimates to a samplingperiodequalto 0.0625s. This decimatedvave-
form is corvolvedwith the Iter createdoy dncm It.m (seebelow) in orderto establid the
changesn mandatedy thedirectneuralcouplingmechanism.

dncm It.m generates Iter which characterizethe directneuralcouplingmechanisnbe-
tween and

bl_It.m generates lowpasslter with anarrov transition band(truncatedsinc function of
unit-area)anddesiredcutoff frequeng which is utilizedto bandlimitthe exogenos distur
banceto

onewerf_It.m generates lter with al/f magnitwe-squaredrequeng responsever
adesiredrequeng range(in decadesandatadesiredsamplirg period(seebelow).
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ans It.m createsa Iter whichis alinear combinatia of and . This lter is con-
volvedwith the Iter generatedby onewerf_It.m andthenwhite noisein orderto createthe
exogenouglisturbanceo

abre ex.mcompuesthe parameteadjustmentsnandatedy the arterialbarore ex system
basednthe currentsetpointandstaticgainvalues.

cpre ex.mcomputesheparameteadjustmentsnandatedby thecardiopulmorry barore ex
systembasedn the currentsetpoirt andstaticgainvalues.

param.change.m determinesvhetherthe parameteupdatesarerelevantto the statusof the
currentsimulaton basednthecurrentparametewvalues thepreviousparametewaluesand
the statugparametergseeSection5.2).

conservevol.m computeshe pressureat the currenttime stepnecessaryo consere the
bloodvolumein eachcompartmentt the currenttime stepwhenparametewraluesare up-
dated.

read param.mreadsa le which containghe parametersaluesof the cardiovasculamodel
andits executonin a speci ¢ formatandstoreshevaluesin aMATLAB vector

read key.c readsthe standardnput, pauseghe simulatian if a 2p°is enteredfollowed by
RETURN , andresumeshesimuationif a2r°is enteredollowedby RETURN .

write_param.ccopiestheparameterle toanew le of thesamenamebutwith theextenson
.num Thisfunctionis implementedwhenthe parameteupdateoccurs.The extensionis set
equalto thenumberof parameteupdateghathave beenmadeduringthe simulaton period.

waveremotec plotsthe desiredsimulatedwaveformsandannotationsvith the WAVE dis-
play system.Thisfunctionis calledwhenthesimulateddataarewrittento le in MIT format
andplotsthe mostrecentdesiredwindow of written data.

The function simubtem s calledby a wrapperfunction rcvsim.mfor executon at the Linux
prompt. This wrapperfunction takestwo commandine aguments: 1) the nameof a le con-
tainingthe desiredparametervaluesand?2) the pre x nameof the output les to be generatedn
MIT format. Thefunctionrcvsim.mwhich alsoincludesa helpoption readsin the parameterle
with read paramm (seeabove), createsa headerle in MIT format, executessimulatem, writes
the simdateddatato MIT format les if the on-line viewing optionis not chosen.anddisplays
cardiacfunctionandvenousreturncurves,if desiredwith thefunctionplot_cfvr.c (whichemplo/s
Gnuplot).In orderto executercvsim.mthe functionmustbe compiledwith the le malke.mwhich
createshe binary le rcvsim The function simulade.m may also be compiledindependentlyof
rcvsim.mwith the le malem.mwhich createsthe binary le simulatemexIx (in the Linux en-
vironment). Eachof thesemake les greatlyimprove executionspeedspeci cally throughmcc
(MATLAB compiler)optimization agumentsr (real numbersonly) andi (no dynamc memory
allocation). Note that simulatem may only be executedin the MATLAB ervironmentwithout
on-lineviewing andparameteupdatirg capabilities.
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3.2 Modi cations and Extensions

Althoughthe humancardiovasculamodeluponwhich RCVSIMis basedaccountdor awide vari-
ety of hemodynamidehaiors, it certainlycannotaddressrbitrarycardiovasularresearclobjec-
tives. For example,if theresearcheis interestedn analyzinghow stroke volumeis compromsed
atvery high heartrates( 150 bpm)in the absencef cardioasular regulation,the model,as
describedn Section2, would notbe adequatdecauseontractingatrial compartmentarenot ex-
plicitly included.In suchcasestheresearchemay utilize the RCVSIMsourcecodeasa basisfor
facilitatingthe construction of amodelwhich canaddressisresearctobjectve. An outlineof the
major stepsnecessaryor the researcheto createdifferentlumpedparametepulsatie heartand
circulationmodelsand add nen bandlimted regulatory systemde.g., arterial chemore &) and
restingphysblogic perturbationge.g., centraloscillator)is provided below. Note thatadditional
stepsmayalsobe necessargependingiponthe particularextenson.

Creatinglumpedparametemodelsof the pulsatileheartandcirculation.

1. Namethe new lumpedparametemodel(preparation) andassigna uniguenumberto
it. Thisnumberwill beusedin conditionalstatements/hichmustbeaddedo thecode
in orderto disinguishthe desiredpreparatiorto be executedfrom the otherpossible
preparationgsee for example therk4.msourcecode).

2. ExtendtheMATLAB parametewector(th) to includearny additionalnecessarparam-
eters. Add the new parametergin the correctformat) to the parameterle (seeSec-
tion 5.2). Expandthefunctionread param.msothatit canreadthesenew parameters.
If the researchewould like to implementthe new preparationn the MATLAB ervi-
ronmentthefunctionheaderdeftmmustalsobealteredaccordingly(seeAppendixA).

3. Credae afunctioncalledpreparation_init_cond.mto generateheinitial pressuresyol-
umes,and o w rates.Call this newly createdunctionat the samepointin simulae.m
asthefunctioncall for intact.init_cond.m

4. Credeafunctioncalledpreparation eval_derivmto calculatehederivative of thepres-
surevaluesat a desiredtime step. Call this newly createdfunctionfrom rk4.manalo-
gousto thefunctioncallsfor intact eval_deriv.m.

5. Add codefor calculatingvolumesand o w ratesat the point in simulae.min which
thesewaveformsarecomputedor the otherpreparations.

6. If necessarypre-allocateadditionalmemoryfor the simulateddatain simulae.m, ex-
pandmatricego bewrittenin MIT formatin simulae.mandrcvsim.mandextendcode
for generatinghe MIT formatheaderle in rcvsim.m

7. Adjustparameteupdatecodein simulatem includingconservevol.m

8. Add prepaiation_init_cond.mand prepamtion.init_cond.mto the make les (male.m
andmalem.n) andrecompilethe code.

Adding bandlmitedregulatorysystem/restig physblogic perturbation.
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. Namethenew regulatorysystem/restig physidogic perturbation.Thisnamewill sene
asa ag indicating whetherthe new addition is to be activatedor not. The MATLAB
vector a g atthe startof simulae.m shouldbe extendedo incorporatehis name.

. Extendthe MATLAB parametevector(th) to includeary additional,necessarparam-
eters.Add the new parameteraswell asthenev ag name(in the correctformat)to
the parameterle (seeSection5.2). Expandthe functionreadparam.msothatit can
readthesenew parametergand ag name. If the researchewould like to implenment
the new modelin the MATLAB environment,the function headerdefm mustalsobe
alteredaccordingly(seeAppendixA).

. Initialize thenecessaryariablesat the beginning of simulae.m.

4. Crede a functionto computethe mandatedthangeto the adjustablegparameter Call

this function every 0.0625s. If this functionrequiresa simulatedwaveformasinput,
thenthis waveform mustbe averagedover the previous 0.25s every 0.0625s prior to
thefunctioncall.

. If aparameteptherthan : , ,and is adjustedthenthefollowing
stepsmustbeundertalen:

(a) Pre-allocateadditionalmemoryfor the adjustableparametematrix ap in simu-
late.m.

(b) Expandthethcvectorin simulatemto includethe new parameteto be adjusted.

(c) Linearlyinterpolatethe newly adjustablgparameter

(d) Assignthemandateadjustmento theap matrixin simulae.m.

(e) Expandtheap matrixto bewrittenin MIT formatin simulgde.mandrcvsim.m

() Adjustthe parameteupdatecodein simulatem accordingly

(g9) Extendcodefor generatinghe MIT formatheaderle in rcvsim.nto includethe
newly adjustablgparameter

6. Addthenew functiontothemake les (male.mandmalem.n) andrecompilethecode.

4 Software Installation and Compilation

Theresearchemay downloadthe RCVSIMsoftwarefrom PhysioNet andinstall and executethe
pre-compilecbinariesprovidedthatheis runningLinux. If theresearchealsohasaccesso MAT-
LAB andits compiker (versionl.2),thenhe may modify andextendthe sourcecodeashe wishes
andthenrecompileit to createnew binaries. Alternatively, if theresearcheis runningary other
platform in which the WAVE display systemis fully supported(e.g., Solaris, SunOS)and has
accesdo the MATLAB compiker (version1.2), he may compile the sourcecodeandinstall and
executethe new binarieson that platform. (The binariescreatedfor suchplatformsmay then
be uploadedto PhysioNetso that they may be distributed to otherresearchersvho do not own
MATLAB.) Detailedinstructonson installing the RCVSIMbinaries(andrequiredlibraries)and
compiling the sourcecodeareprovidedbelow.
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4.1 Installation

The installation stepsthat the researchemust carry out in orderto executethe RCVSIMpre-
compiledLinux binariesareasfollows:

1. Downloadthe le rcvsim.targzfrom thefollowing webpage:
http:/Mww physimet.og/physiobols/rcvsim

2. Typethefollowing commandsttheLinux prompt:
tar xvzfrcvsim.targz
cdrcvsim

The contentf this directory— hencefortireferredto as$DIR — areasfollows:

README Thistext le includesabriefintroduction referenesto theINSTALL le andthe
docsub-directoryandbasicexecuton andcompilationinstructions.

INSTALL. Thistext le explainshow to installuninstallthe RCVSIMsoftwareon Linux or
otherplatformsin which the WAVE displaysystemis fully supported.

instal. Thisshell,executablescriptautomatesome or all, of theinstallaton process.

uninsall. This shell, executablescriptis designedo undowhat was doneby the instal
script.

src. Thissub-directoryncludesall thesourcecodedescribedn Section3.1andAppendixA
aswell astwo otherC les (chedk redhat.cand chedk wfdhc) which arerequiredby the
instal anduninstdl shellscripts. The Linux and MATLAB pre-compiledbinaries(rcvsim
andsimulae.mexlIx) arealsostoredhere.

bin. This sub-directoryincludesparameterles, parametes.defandheaderdefm (seeSec-
tion 5.2 and AppendixA), which arerespectiely requiredfor executionat the Linux and
MATLAB promptsawfdbcal le responsibldor scalingthesimulatedvaveformsdisplayed
by WAVE, andthetwo binaries chedk redhatandched wfdh

lib. This sub-directoryconsistsof librarieswhich are requiredfor executirg the binaries.
Thesdibrariesincludethe dynamicMATLAB librarieswhich permitsoftwareexecutonin
the absenceof MATLAB, two RPMs containirg libc5 librariesand an old |d.so dynamic
linker (part of the Redhat6.2 distribution which are necessaryfor dynamically linking
the MATLAB libraries),andatar le consising of the WFDB software packaggversion
10.1.6).

doc. Thissub-directoryncludeshisverydocumentn HTML, PDF(manual.pdf, PostScript
(manual.pyandLaTeX source(manual.te) formats.

3. Login asroot.
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4. Downloadandinstallthe WFDB softwarepackageandthe WAVE displaysystemijf thishas
notalreadybeendone.Seethefollowing web pagefor instructons:
http:/Mmww physiamet.og/physiobols/wfdb-lnux-quidk-start.shinl

If theresearcheis runningLinux Redhat6.2 or higher then

5. Typethefollowing commandn the $DIR directory:
Jinsall

Theresultsof Step5. areasfollows:

The WFDB Software Packagg(version10.1.6)in the $DIR/lib directorywill beinstalled,if
anolderversionis currentlyinstalled.

Thelibch librariesandold Id.sodynamiclinker RPMsin the $DIR/lib directorywill alsobe
installed. (NotethatrecentLinux systens uselibc andanew linker but will not be affected
by theinstallaton of the olderlibrariesandlinker.)

An rcvsimexecutableshell scriptwill be placedin the $DIR/bin directory This scriptsets
thelibrary andWFDB pathsfor its subsequengxecutionof the binary $DIR/sic/rcvsimand
is linkedto thedirectory/usr/local/binwhich shouldalreadybein theresearches path.

The MATLAB binary executabé simulatemexIx will be linkedto a directoryin the MAT-
LAB path,if MATLAB is present.

Or, if theresearberis runningLinux Redhat6.1 or lower or ary otherLinux distribution (e.g.,
Suse Debian),then

5a. Acquireandinstall the necessaryibc5 librariesandold dynamiclinker, if they arenot cur-
rently presenbnthesystem.

5b. Typethefollowing commandn the $DIR directory:
Jinsall

For RPM-basedlistributions (e.g., Mandrale), the softwarerequiredfor Step5a. may be found
on rpm nd.netaswasthe casefor the RPMsprovidedin the directory $DIR/lib. Pleaseseethe
following webpages:

http://mwwrpm nd.net/linux/pm2html/seah.php?query=Id.so

http://mwwrpm nd.net/linux/pm2html/seath.php?query=libc

Notethattheresultsof Step5h. differ from thoseof Step5. in thatthe RPMsof $DIR/lib will not
beinstalled.

6. To undotheinstall script,typethefollowing commandn the $DIR directory:
Juningall

This will undo everything doneby install exceptthe removal of the WFDB Software Package
(version10.1.6),if it wereinstalled. This softwarecanberemoved manually(readINSTALL le
in thetar le wfdb-10.1.6.tagzwhichis locatedin the $DIR/lib directory).
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4.2 Compilation

If theresearcheis runningLinux andwishesto modify/extendthe RCVSIMsourcecodeor if the
researchewould like to run the RCVSIMsoftware on anotherplatformin which WAVE is fully

supportedthencompilationis necessaryThe stepsrequiredto compile the sourcecodeareareas
follows:

1. Acquire andinstall MATLAB with the MATLAB compiler (versionl.2), if they are not
currentlyavailable.

2. Establisr alibch developmentervironment.Seethefollowing webpagefor detailedinstruc-
tions:
http:/Mmwwmathworks.coysupportsolutiors/data/1129.shtml

3. LaunchMATLAB from the $DIR directory

4. At theMATLAB prompt executethefollowing commands:
cdsrc
male
malem

By implementng thesestepsin the Linux ervironment, new rcvsimand simulae.meIx binaries
will becreatedn the $DIR/src directory If the RCVSIMsoftwarehasalreadybeeninstalled,then
re-installationis unnecessargfter compilation. On platformsotherthanLinux, the above steps
mustbe carriedout prior to softwareinstallation on platformsotherthanLinux. Additionally, the
instal anduninsgll scriptsin the $DIR directoryneedto beslighly modi ed in ordertoincludethe
differentMATLAB binary le extensionnamethatresultsfrom compilingon adifferentplatform.
For example,if compiltionis achiezed on the Solarisplatform, simulae.mexIx in the instdl and
uninstdl les mustbereplacewith simulatemexsolasthelatter le will becreatedn the $DIR/src
directory Then,thenewly compiledsoftwaremaybeinstalledaccordingo the previoussection.
Notethatit is possilte to compile the sourcecodewith the latestMATLAB compiler(version
2.1). However, the binariesgeneratedrom this compiler are on the order of threemagniudes
slowerthanthosegeneratedvith the MATLAB compiler (version1.2). Mathworksis currently
trying to improve thelatestcompiler soit maybe possiblein thefutureto usethis compiler.

5 Software Execution

The researchemay view and record data simulatedfrom the humancardiozascularmodel of
Section2 by runningthe rcvsimexecutable le at the Linux prompt. Detailedinstructiors ex-
plaining how to executethis le including several examples,are provided below. Executian of
simulae.meIx at the MATLAB promptis toucheduponin AppendixA. (Note thatthis section
requiressomefamiliarity with the WAVE display systemwhich maybe acquiredby eithertyping
more /usr/relp/wave/wavélp at the Linux promptor visiting thewebpage:
http://wwwphysiort.omg/physiobols/wug/)
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5.1 Help Option

A helpoption may beimplementedby runningthe rcvsimexecutablewith the singleargument-h
atthe Linux prompt(thatis, rcvsim-h; seeFigure8). The help option providesa descriptionof
the major componerg of the humancardiorascularmodel,commandine arguments generated
output les, andon-lineviewing optiors.

Accordingto thehelpoption,theexecutablele requiregwo agumentsatthecommandinein
orderto simulatehemodynant data. The rst agumentmustbethe nameof a le in the current
directory which containsthe desiredparametewnaluescharacterizinghe humancardioszascular
modelandits execution. This is the working parameterle which may be updatedduring the
simulation period(seeSection5.2). The secondargumentmustbe the desiredpre x nameof the
output les to begeneratedy themodel.

By executingrcvsimwith thesetwo amgumentsthreeMIT format les are alwaysgenerated
in the currentdirectorywith extensions.dat, .grs, and.hea The.dat le is a binary (shorts) le
consistng of all of thegeneratedvaveforms;the.qrs le is abinary le consising of annotatims
whichincludethetimesof onsetof ventricularcontractionsaswell asary parameteupdatesand
the .hea le is an ASCII headerle necessaryor reading,viewing, andanalyzingthe .dat and
.qgrs les with the open-sourceoftware provided by PhysioNet A fourth le with the extensbon
.txtmayalsobegenerateadvhentheheart-lungunit preparatioror systemiccirculationpreparation
is implemented.This le isin ASCII, mult-columnformatandconstituesthe simdatedcardiac
functionor venousreturncurves. In orderto documenfully the simulation,thercvsimexecutable
alsosavesthe working parameterle in the currentdirectoryeachtime it is updated.The name
of the saved les is the rst commandine argumentwith the extension.numwhich denoteghe
numberof parameteupdateghathave beenmadeduringthe simulationperiod. Thenameof each
saved le isalsorecordedn theannotationles atthetimein whichthe parametersvereupdated.
At the beginning of the simulaton, the rcvsimexecutablesavesthe initial working parameterle
with extension.O to the currentdirectory

The rcvsimexecutabé also permitsthe simulated waveforms (as a function of time) to be
viewedasthey arebeingcalculatedon-lineviewing) throughthe WAVE display system.Thesim-
ulationmay be pausedduring on-line viewing by simply entering?p®followedby RETURN
at the standardnput. Oncethe simulaton is pausedarny andall of the following threeactions
may be carriedout. 1) All the datathathave beengeneratedip to the time of the pausemay be
scrolledthroughwith the arrov buttonsat the top of the WAVE display system.2) Plotsof one
generatedvaveformagainstanothemay be displayedby clicking the File button atthetop of the
WAVE display system(with the right mous button), andthenclicking on the Analyze... option
followedby the VCG button (bothwith theleft mousebutton). The rst two waveformsappearing
in the SignalList ( rst waveformis plottedon x-axisandthe secondvaveform,ony-axis),which
may be adjustedasdesiredwill thenbe plottedagainsteachothervia Gnuplot. 3) The working
parameterle may be updatedand saved The simulaton may be resumedyith the updatedpa-
rametervalues by simply entering?rfollowedby RETURN atthestandardnput Notethat
plots of onewaveformversusanothemwill not be automaticallyupdateduponresumingthe simu-
lation. However, theseplotsmaybe manuallyupdatedoy subsequenglpausinghe simulationand
regeneratinghe plot asdescribedabove.

20



[rmukkamalovsin srclf rovsim —h
The function rovsim executes a computational model of the
cardiovascular system, The model includes the following
component.s:
1} lumped parameter, pulzatile heart and circulation fintact,
heart-lung unit, or systemic circulation?
short-tern regulatory system
ar arterial baroreflex system
b} cardiopulmonary baroreflex system
o} direct neural coupling mechanizm between respiration
and heart rate
resting phyziologic perturbations
a) respiration
b} autoregulation of local wascular beds
{bandlimited dizturbance to systemic arterial resistance)
c» 1/f disturbance to heart rate

2

-

2

—

Command line arguments:
rovaim parameterfile outputfile
whers

parameterfile - name of working file which contains the current parameter
values characterizing the model (must be in current directory?
outputfile - prefix of the output files generated by the modsl

ar
roveim —h for help
Output files:

outputfile,dat - binary file (MIT format —— shorts) containing all
generated waveforms

outputfile,qrs - grs annotations file (MIT format)

outputfile,hea - header file (MIT farmat? describing the contents
of outputfile,dat

outputfile,txt - ascii, multi-column file representing either
cardiac function or wenous return curves

parameterfile,num — parameter file characterizing execution:

created after each parameter update beginhing with
the initial choice of values {num = 03
zee aux information in outputfile,qrs for
for time in which this file is created

During on-line viewing,
Press p and RETURN at standard input to pause

Once paused, the following actions may be carried out:

1} sorolling backwards with arrow buttons

2} plotting waveforms against each other by clicking on File
{with the right mouszed, then, Bnalyze,... and then YOG
{the first two waveforms in Signal List will be plotted
againzt each other}

3} update parameters in parameterfile and save parameterfile

Press r and RETURN at standard input to resume
[rnukkamalovsin srold

Figure8: Resultsof executirg thercvsimhelpoptionatthe Linux prompt.

21



5.2 Parameter File

The parameterle ($DIR/parametes.def seeFigure 9) assignghe desirednumericalvaluesto
all of the parametergharacterizinghe humancardiozagular modelandits execution. The syn-
tax for parameteassignrentmustbe preciselyaswritten within the following squiggly braclets:

parameter: numericalvalue . Otherwise the parametersvill not be readin properly The pa-
rameterle alsoincludesde nitions of eachof the parametersanddefault or nominalparameter
values. Eachline containingthesede nitions and default valuesaswell asary othercomments
mustbe precedediy a %. Parameterassignmentshouldnever be precededoy a %, elsethey
will not bereadin properly Eachof the parametersn the le maybe updatedn the midstof a
simulation periodwith the exceptionof thoselabelledwith * . Any updateto theseparameters
will simply beignored.

Theparameterle consistf integration andsamplng parametersglisplayparametersstatus
parameterspulsatileheartand circulation parametersshort-termregulatory systemparameters,
andrestingphysiobgic perturbatiorparametersThestatugparameterare ags whichindicatethe
preparatiorof the pulsatileheartandcirculationto beimplementedaswell aswhethera particular
short-termregulatorysystemor restingphysbplogic perturbations to be activatedor deactvated.
The statusparametersyhich cannotbe adjustedn the midstof a simulation period,overrideary
of theotherrelevantparameterassignmentd-or example,if drais setto zero,thentheexogenous
disturbancdo is deactvatedandmay not be activatedduringthe simulaton periodregardless
of thevalueassignedo stdwr, which establislesthe standarddeviation of the disturbanceo
Note thata short-termregulatory systemor restingphysologic perturbationrmay alsobe deacti-
vatedthroughthe parametershat characterizeéhem. For example,the exogenoudisturbanceo

may be deactvatedby settingstdwr to zero. In this case,the exogenouddisturbanceto
may be subsequeht activated during the simulaton period by settingstdwr to a value greater
thanzero.However, if theresearcheknowsthata short-ternregulatorysystenor restingphyso-
logic perturbationis not requiredfor his simulaton, thenthe appropriatestatusparameteshould
be deactvatedfor the purposeof increasingexecutionspeed. Note that the pulsatileheartand
circulationparametersnay be applicableto theintactcirculation,heart-lungunit, and/orsystemic
circulationpreparationsndarelabelledaccordingly

5.3 Viewing Waveforms

Providedthatthedisply parameterareproperlyset,theresearchemayview thesimuatedwave-
formsandupdatethe parameteralueson-line by runningthe rcvsimexecutablevhich will make
repeatedunction calls to the WAVE display system. Alternatively, the waveforms, which are
recordedo MIT format les, maybeviewedat ary time after completionof the simulation (off-
line viewing) by directly runningthewaveexecutabé le attheLinux prompt.An explanationon
how to setthe display parameterand caveatsto on-line parameteupdatingare provided below.
Seealso Examplesl-7 in Section5.5 which illustrate how to view waveformsboth on-line and
off-line.
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Buffers Files Tools Edit Search Mule Help

8 Parameters characterizing the cardiovascular simulator and its execution,

&

# The following parameter assigrment format must be maintained:
# parameter: numerical_walue
3
4
#

Parameters labelled {%F cannot be adjusted on-line: any changes to these
parameters will simply be ignored,

# Integration and sampling parameters

# IntegrationdSampling frequency of generated signals (Def: 120 Hz) {%}
# WARNING -- =maller =zampling frequency leads to greater

# integration errors

Fst 125

# Total integration time (=) {%

% Set timey 1000 for cardiac function/venous return curves

% €5imulator will stop integration as soon asz the computation
# of the curves is complete,)

time: 300

# Display parameters

% Waveforms to be viewed

# Sinulated waveforms and corresponding numerical walues
EIPLOIPal | Pe2IPr3|Ppadl Ppubl
AIPthB | Palw 7 | Prad | 01 3 0al0 | Ov 11 |
10012 | Opa 13 | Opw 14 | Qlu 15 | gpw 16 | ql 17 |
#1gal8 lqul9 1 g 20 | gra 21 | Cls 22 | Crs 23 |
Elvo24 | Ra25 | F26 | E1 27 | Er 28 |

% Place =ingle space betueen each waveform number

# For no waveforns, wite waveform: -1

waveforn; O 1

% Annotation to be wiewed
A0 -no

#1 - yes

annotationsy 1

# Time duration of window of displayed wavefarms (s}
% For best viewing, set window = WAVE time window

# See View,,, option on WAYE menu bar for adjustment
% of WAYE time window

windowg 20

# Time period between waveform display updates (s}
# WARNING —- =maller step waluez lead to display errors
step; 2

# Cardiac functiondvenous return curve plotting format
% -1 - no plot

% 0 - zingle plot per window: x-axis: mPra

- nultiple plots per window: x-axizi mPra

single plot per window: x—axis: mPa

# 3 - multiple plots per window: x-axizi mPa

% tNoter 2 and 3 are only applicable to heart-lung unitl
numerics: O

EEEr
e

# Statuz parameters
% These parameters override any of the settings below,

% Status of heart and circulation {F
# 0 - intact circulation

# 1 - heart-lung unit

42 - systemic circulation
preparation: O

Figure 9: The $DIR/parametes.def le which containsthe parametewaluescharacterizinghe
humancardiozascularmodelof Section2 andits execution
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5.3.1 Setting Display Parameters

The waveformparameteunderthe display parametersn the working parameterle determines
whetherthe simulatedwaveformsareto beviewedon-line. If thewaveformparameters assigned
the numericalvalueof -1, thenthe waveformsare not displayedasthey arebeingcalculatedout
may be subsequeht viewedandanalyzedff-line. Theresearchemaychoosehis option,if, for
example,the datarequiredfor analysisare very time consumiig to generatge.g., Monte Carlo
simulations).If thewaveformparameters assignedneor morenumericalvaluesbetweer0 and
28inclusive (with a single spacensertedbetweereachassignediumericalvalue),thenthe wave-
forms correspondingo thosenumericalvalues(seethe $DIR/pararmetes.def le (Figure 9) or
thegeneratede with extension.heafor mappingkey betweenwaveformsandnumericalvalues)
will bedisplyedasthey arebeingcalculated.For example,in Figure9, the waveformparameter
is setsuchthatleft ventricleand systemicarterial pressuresvill be displayedon-line. Note that
theannotatonsparametebeneattthewaveformparameters simplya ag indicatihg whetherthe
contentsof the annotatios le, which includethe timesof onsetof ventricularcontractionsand
parameteupdateswill beviewedon-linewith the waveformsselectedy the waveformparame-
ter. Notethatif thewaveformparameters setto thenumericalvalueof -1, thenthe contentsf the
annotationsle will not be displayedon-line regardlessof the value assignedo the annotatians
parameter

The rcvsimexecutable le implementson-line viewing by periodically updatingthe WAVE
displaywith the mostrecentlycompuedwindow of waveforms.Thetime durationof thewindow
andthe updatetime period(both simulationtimes)may be respectiely setto desiredvalueswith
thewindowandstepparametersi-or optimalon-lineviewing, thewindowparameteshouldbe set
equalto thetime durationdisplayedoy WAVE. This lattertime durationis setby the phystcal size
of the WAVE window aswell asthe Time scalevariablewhich is essentiallya calibrationfactor
mappingthis physicalsizeto time duration. The Time scalevariablemay be alteredby clicking
the VIEW optiononthe WAVE menubar. The stepparameteshouldbe choserto be sufciently
smallsuchthatthedisplyedwaveformsappeato scroll continuousy throughthe WAVE window.
However, if the stepparameters chosento be too small, thenthe actualtime requiredto update
the display of the simulateddatamay not be sufcient andthe quality of viewing may thusbe
compromiged.

5.3.2 On-line Parameter Updating

All of the parameterassignmentsn the working parameterle may be updatedas waveforms
are beingcalculatedanddisplayedon-line exceptthoselabelledwith * . Any updatedo these
parametersvill beignored. As soonasary paramete(not labelledwith * ) is updatedin the
workingparameterle, the le issaved(with anenw name)in orderto documentully thesimulaton
(seeSection5.1). Somecaveatsto on-line parameteupdatingareprovidedbelow.

Sincenoneof thedisplayparameterarelabelledwith a * , they are permitedto be updated
on-line. Thus,theresearchemay, for example,changehewaveformsthatheis currentlyviewing
withouthaving to rerunrcvsim However, whentheworking parametere is updatecnlythrough
thedisplay parameterghe updatewill notbedocumengdto le.

Updatesto the working parameterle arealsonot documentedvhenthe particularupdateis
not relevantto the statusof the currentsimulation. For example,an updateto the Cls parameter
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is relevant when the intact circulation and heart-lungunit preparationsare beingimplemented.
Thus,in this case the updatewill bedocumentedo le. However, whenthe systemiccirculation
preparations beingexecutedanupdateto the Cls parameters irrelevant(seeFigure3) andis thus
notdocumentedo le.

Whenimplementng theheart-lungunit, the PvandPa parametersnaybe updatedn-linepro-
videdthatthey arenotbeingadjustedhroughthe PvsandPasparametergespectiely. Otherwise,
theon-lineadjustnentof the PvandPa parametersvill beignored.Similarly, whenimplementng
the systemiccirculationpreparationary updateto the Crd parametewill beignoredunlessit is
not beingadjustedhroughthe Crds parameter

As describedn Section3.1, the volumein eachof the capacitve elementsof the pulsatile
heartand circulation (ary preparation)s alwaysconsered througha pressureadjustnent. The
only exceptionto this rule is naturallywhenthe researchedesiresto adjusttotal blood volume
throughthe Qtot paramete which is only applicableto the intact pulsatike heartand circulation
preparation).In this casethevolume is addedto or subtractedrom the systemt venousvolume
andthe systemicvenouspressures adjustedaccordingly

The instantaneoubking volumewaveform may only be alteredby updatingthe following pa-
rameters:Tr, Qt, Qfrs, andQds If parameter®f the ventiatory modelin Figure 6 are updated
(which includesthe Pvc parameter)the value of intrathoracicpressureat the functionalresere
volumeof thelungswill be adjustednstantaneouglin orderto precludeany changeto instanta-
neoudungvolume.

Finally, whenupdatingthe adjustablgparametersf the pulsatie heartandcirculationthrough
theF, Ra Qvo Crs, andCls parameterghecurrentvaluesandthe setpointvaluesof theseparam-
eterswill beadjusted.Notethatupdatedo the Crs andCls parametersvill take effect at the start
of the subsequententricularcontraction.

5.4 Viewing Cardiac Function and Venous Return Curves

Provided thatthe relevant parametersre properly set, the researchemay view cardiacfunction
andvenougeturncurvesimmediatelyafterthey have beencalculatedon-lineviewing) by running
the rcvsimexecutablewhich will make a function call to Gnuplot. Sincethe time requiredfor
generatinga cardiacfunctionor venousreturncurve is relatively short(within a few seconds)the
on-line viewing capability will usuallysufce. However, it is possiblethat the researchemay
alsodesireto view the curvesoff-line. Sincethe curvesarewrittento le in ASCII, multi-column
format, the researchemay view themary time after completon of the simulaton by directly
executinggnupbt at the Linux prompt. A descriptionof how to setthe relevant parameterss
given belon. Seealso Examples8-13in Section5.5 which illustrate how to view the cardiac
functionandvenousreturncurvesbothon-lineandoff-line. (Notethatthis sectionrequiressome
familiarity with Gnupld which maybe garneredy typing mangnuplotatthe Linux prompt.)

In orderfor thercvsimexecutableio generatea cardiacfunctionor venousreturncurve, either
theheart-lungunit preparatioror systenic circulationpreparatioomustbeimplementedy assign-
ing the preparation parameteunderthe statusparameters numericalvalueof 1 or 2. Provided
that this hasbeendone, then the numericsparametemunderthe display parametersletermines
whetherthe cardiacfunctionienousreturncurwve is to be viewed on-line. If the numericsparam-
eteris assignedhe numericalvalue of -1, thenthe curve will not be displayedassoonasit is
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calculatedout may be subsequentlyiewed off-line. If the numericsparameters setto a numeri-
cal valuebetweerD and3 inclusive which correspondo differentplotting formats(seeFigure9),
thenthe cardiacfunction/venausreturncurve will beautomaticallydisplayedmmediatelyfollow-
ing the completio of the simulaton. The differentplotting formatscan be bestunderstoody
recognizingthatthe on-line disply of the curvesis speci cally implemenéd by writing gnupbt
commandgo a le in the/tmpdirectoryandexecutirg thesecommandshrougha functioncall to
gnuplot Thesingleplot perwindow formats(correspondingo numericalvaluesof 0 and2) will
deletethis le if it exists, write anew le to the/tmpdirectory andthusdisplayonly the cardiac
function/venousreturn curve of the currentsimdation. The multiple plots per window formats
(correspondingo numericalvaluesof 1 and3) will addplotting instructionsto the existing le in
the /tmpdirectoryandthusdisplaythe curve of the currentsimulatian aswell asall othercurves
thatareinstructedo bedisplayedn the le. In thisway, multiple cardiacoutputandvenouseturn
curvescanbe overlayedon the sameaxes. The mPrax-axisformats(correspondingo numerical
valuesof 0 and1) will displayeithercardiacfunction or venousreturncurves. The mPa x-axis
formats(correspondingo numericalvaluesof 2 and3) will displayaveragecardiacoutputasa
function of averagesystemicarterial pressureandis thus applicableonly to the heart-lungunit
preparation.

Whethercardiacfunction and venousreturn curves are to be viewed on-line or off-line, the
simulationtime is determinedy the time parameteunderintegrationandsamplirg parametersr
thetime it takesto completethe calculationof the entirecurve, which everis less.Hence thetime
parameteshouldalwaysbesetto avaluethatis greateithanthetimeit takesto calculatetheentire
curve (1000secondss usuallymorethanenough).

In orderto generaterenouseturncurves,the Crdsparameteunderpulsatileheartandcircula-
tion parametersnustbe properlyselectedThis parametedeterminesheincrementsn which the
Crd parameteis steppedrom the valueassignedo the Crs parameteto 60 ml/mmHg. Hence,
this parametedetermineghe numberof pointsto be calculatedon the venousreturncurve. For
example,if this parameters setto ve andall otherparametersrealsosetto their defaultvalues,
then12 pointsonthevenouseturncurve will becalculatedlIf the Crdsparameters setto avalue
greaterthan60-Crs, thenthe Crd parametewill be held constanthroughoutthe simuation and
only onepointonthevenouseturncurve will begenerated.

In orderto generatecardiacfunction curves,the PvsandPas parametersinderpulsatileheart
andcirculationparametersnustbe properlyselected Analogousto the Crds parameterthesepa-
rametersndicatetheincrementsn which the PvandPa parametersaresteppedIf thesimulaton
of a cardiacoutputcurve is desiredthe Pa parameteshouldbe held constanty settingthe Pas
parameteto avery largevalue(1000mmHgwill usuallybe morethansufcient), andthe Pvspa-
rametershouldbe setto asufciently smallvaluein orderto permitthegeneratiorof areasonably
smoothcurve (2 mmHgwill usuallydo). If the generatiorof a curve of averagecardiacoutput
versusaveragesystenic arterialpressuras required,the Pv parameteshouldbe held constanby
settingthe Pvsparameteto a very large value (100 mmHgwill usuallybe morethansufcient),
andthe Pas parameteshouldbe setto a sufciently smallvaluein orderto allow the generation
of areasonablysmoothcurve (30 mmHgwill usuallydo). Finally, notethatthe researchemay
assignsufciently smallvaluesto both PvsandPas suchthatafamily of cardiacoutpu curvesat
differentsystemicarterialpressuresvill begenerated.
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5.5 Viewing Examples

The following examplesillustrate how to view waveformsand cardiacfunctionenousreturn
curveson-line andoff-line. Prior to implementingtheseexamplesthe researcheshouldsetthe
time durationdisplayedby the WAVE window to 20 seconddy resizingthe window and/orad-
justing the Time scalevariable(click VIEW option atthetop of the WAVE menubar).

Ex. 1
Desired Execution:

— On-linedisplayof left ventriclepressureyolume,and o w rate.
— Uncontrolledunperturbedintactpulsatie heartandcirculationwith default parameter
values.
Requied Steps:
1. Copy le $DIR/bin'parametes.defto the currentdirectorywith thenew le namepa-
rametes_1.
2. Openthe le parametes_1 with ary text editor(e.g., emacs).

3. Re-assignthefollowing parameterswaveform:0 9 17 andannotatons: 0. Make sure
all of the statugparameteraresetto zero.

4. Savethe le parametes_l.
5. Runthefollowing commandatthe Linux prompt:
rcvsimparametes 1 fool
ExecutionOutput:

— The WAVE window in Figure 10 will initially appearandwill automatcally scroll
throughthe simulateddataasthey are beinggenerated.This processwill terminate
once300second®f thedatahave beensimulatd.

— Thefollowing les will becreatedn thecurrentdirectory:fool.datfool.gs, fool.hea
andparametes_1.0whichmaysubsequeiyt be viewedoff-line (SeeExample2).

Ex. 2
Desired Execution:

— Off-line displayof left ventriclepressureyolume,and o w rate.
— Off-line displayof left ventriclepressurezersusvolume.

— Uncontrolled unperturbedintactpulsatie heartandcirculationwith default parameter
values.

Requied Steps:
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Figurel0: Initial WAVE window generateéccordingo Ex. 1 andEx. 2.
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1. Copy le $DIR/binparametes.defto the currentdirectorywith thenew le namepa-
rametes_2.

2. Openthe le parametes_2 with ary text editor(e.g., emacs).

3. Re-assignthefollowing parameterwaveform:-1. Make sureall of the statusparame-
tersareassignedhenumericalvalueof zero.

4. Savethe le parametes 2.

5. Runthefollowing commandattheLinux prompt:
rcvsimparametes_2 foo2

6. Any time afterthe completio of the previous step,executethe following commandat
theLinux prompt:
wave-r foo2-s0917

7. Click on File button with right mous button andthenclick Analyze... option with
left mouse button. Changerst two waveformsin the SignalList to 9 O followed by
RETURN . Then,click onthe VCG button.

Or, if Ex. 1 hasbeenprevioudy implementedthen

1. Executethefollowing commandatthe Linux prompt
wave-r fool-s0917

2. Click on File button with right mous button andthenclick Analyze... option with
left mous button. Changerst two waveformsin the SignalList to 9 O followed by
RETURN . Then,click onthe VCG button.

ExecutionOutput:

— If EX. 1 hasnotbeenprevioudy implemented,thenthefollowing les will becreated
in the currentdirectory:foo2.dd, foo2.gss, foo2.heaandparametes_2.0.

— Whenthewaveexecutables implemented the WAVE window in Figure10 will again
initially appearTheresearchemaythenusethearrown buttonsatthetop of the WAVE
displaysystento scroll throughthe 300 second®f generateavaveforms.

— WhentheVCG buttonis clicked,the Gnuplotin Figure11 will appeatillustrating left
ventriclepressure-wlumeloops (As describedn Section5.1, plotting onewaveform
againstanothercanbe carriedout during on-line viewing providedthatthe simulaton
is paused Moreover, ary two generatedvaveformsmay be plottedagainsteachother
throughselectionof the rst two waveformsin the SignalList.)

Ex. 3
Desired Execution:

— On-linedisplayof systemiaarterialpressureheartrate,andinstantaneouking volume
with annotatios.
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Figurell: Gnuplotwindow generatecccordingo Ex. 2.

— Fully controlled fully perturbed x ed-ratebreathing)jntactpulsatik heartandcircu-
lation with default parametewalues.

Requied Steps:
1. Copy le $DIR/binparametes.defto the currentdirectorywith thenew le namepa-
rametes_3.
2. Openthe le parametes_3 with ary text editor(e.g., emacs).

3. Re-assignthefollowing parameterswaveform:1 15 26, baro: 3, dncm: 1, breathing:
1, dra: 1, anddf: 1.

4. Savethe le parametes_3.
5. Executethefollowing commandatthe Linux prompt
rcvsimparametes 3 foo3
ExecutionOutput:

— A WAVE window will appearandwill automaticallyscroll throughthe simulateddata
with annotatios. Figure 12 illustratesthe window after one minute of datahasbeen
calculated.This proceswwill terminateonce300second®f datahave beensimulated.

— Thefollowing les will becreatedn thecurrentdirectory:foo3.datfoo3.qss, foo3.hea
andparametes_3.0.

Ex. 4
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Figurel2: WAVE window generatedccordingto Ex. 3 andEx. 4.

31



Desired Execution:
— Off-line displayof systemiarterialpressureheartrate,andinstantaneouking volume
with annotatios.
— Fully controlled fully perturbed x ed-ratebreathing)jntactpulsatik heartandcircu-
lation with default parametewalues.
Requied Steps:
1. Copy le $DIR/binparametes.defto the currentdirectorywith thenew le namepa-
rametes_4.
2. Openthe le parametes_4 with ary text editor(e.g., emacs).

3. Re-assignthe following parameterswaveform: -1, baro: 3, dncm: 1, breathing 1,
dra: 1, anddf: 1.

4. Savethe le parametes_4.

5. Runthefollowing commandattheLinux prompt:
rcvsimparametes_ 4 foo4

6. Any time afterthe completian of the previous step,executethe following commandat
theLinux prompt:
wave-r foo4-s11526-aqrs

Or, if Ex. 3 have beenprevioudy implementedthen

1. Executethefollowing commandatthe Linux prompt
wave-r foo3-s11526-aqrs

ExecutionOutput:
— If Ex. 3 hasnotbeenprevioudy implemented,thenthefollowing les will becreated
in the currentdirectory:foo4.dd, foo4.qss, foo4.heaandparametes_4.0.

— When the wave executableis implemented,a WAVE window will appear The re-
searchemay then usethe arrowv buttors at the top of the WAVE disply systemto
scroll throughthe 300 secondsof generatedvaveformswith annotations Figure 12
will appeaiafterclicking theforward doublearron buttontwice or by directly running
thewaveexecutablewith thefollowing additionalargument:-f 40.

Ex. 5
Desired Execution:

— On-linedisplayof systemicarterialpressureandvolume with annotations.

— Uncontrolled,unperturbedijntact pulsatie heartand circulationinitially with default
parameteralues.

— On-linereductionin systemicarterialcomplianceby afactorof two.
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Requied Steps:
1. Copy le $DIR/bin/parametes.defto the currentdirectorywith thenew le namepa-
rametes.S.
2. Openthe le parametes.5 with ary text editor(e.g., emacs).

3. Re-assignthefollowing parameterwaveform:1 10. Make sureall of the statuparam-
etersareassignedhe numericalvalueof zero.

4. Savethe le parametes.b.

5. Runthefollowing commandatthe Linux prompt:
rcvsimparametes 5 foo5

6. Sometime in the midstof the simulaton, type2p°followedby RETURN atstan-
dardinput.

7. Re-assignthethefollowing parameterCa: 0.8.
8. Savethe le parametes.b.
9. Type@°followedby RETURN atstandardnput.

ExecutionOutput:

— A WAVE window will appearandwill automaticallyscroll throughthe simulateddata
with annotatios. The automatt scrollingwill stoponceStep6. is executed.(At this
point, theresearchemay scroll backwardswith thethearrov buttonsat thetop of the
WAVE displaysystem.)After Steps7.-9. areexecutedautomatt scrollingwill resume
until a total of 300 secondsof datahave beencalculated. Figure 13 illustratesthe
WAVE window duringthetime of reductionin systemg arterialcompliance Notethat
this reductionis annotatedvith the nameof the saved parameterle. (Also notehow
systemicarterial volume is consered throughthe instantaneoushangein systemic
arterialpressure.)

— Thefollowing les will becreatedn thecurrentdirectory:foo5.dat foo5.qss, foo5.hea
parametes 5.0, andparametes 5.1
Ex. 6
Desired Execution:
— On-linedisphly of systemt arterialpressureintrathoracigpressureandinstananeous
lung volume with annotations.

— Uncontrolled intactpulsatileheartandcirculationinitially with default parametewal-
uesperturbedoy only x ed-ratebreathing.

— First,anon-linereductionin lung complianceby afactorof two. Then,anon-line,500
ml stepincreasan thefunctionalresere volumeof thelungs

Requied Steps:
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Figure13: WAVE window generatedccordingto Ex. 5.
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1. Copy le $DIR/binparametes.defto the currentdirectorywith thenew le namepa-
rametes._6.

. Openthe le parametes_6 with arny text editor(e.g., emacs).
. Re-assignthefollowing parameterswaveform:1 6 15 andbreathing: 1.
. Sarethe le parametes.6.

a b~ W N

. Runthefollowing commandat the Linux prompt:
rcvsimparametes 6 fo06

6. Sometime in the midstof the simulaton, type2p°followedby RETURN atstan-
dardinput.

7. Re-assignthethefollowing parameterClu: 126.25
8. Savethe le parametes.6.
9. Type@°followedby RETURN atstandardnput.

10. At a subsequentime during the simulation, type 2p°followed by RETURN at
standardnput.

11. Re-assignthethefollowing parameterQfrs: 500
12. Savethe le parametes 6.
13. Type?refollowedby RETURN atstandardnput.

ExecutionOutput:

— A WAVE window will appearandwill automaticallyscroll throughthe simulateddata
with annotations The automaticscrolling will stoponceStep6. is executed. After
Steps7.-9. areexecuted automaticscrollingwill resumeuntil Step10. hasbeenex-
ecuted.When Stepsl1.-13. areexecuted the automaticscrolling will resumeuntil a
total of 300second®f datahave beensimulated.Figure14 illu strateghe WAVE win-
dow during the reductionin lung compliance. (Note thatthis reductiondoesnot alter
instantaneouking volume;seeSection5.3.2).Figurel5illustratesthe WAVE window
duringthetime of thestepincreasen thefunctionalresene volumeof thelungs (Note
thatthe stepincreaseoccursoncethe currentrespiratorycycle is complete.)

— Thefollowing les will becreatedn thecurrentdirectory:foo6.datfoo6.qs, foo6.hea
parametes_6.0, parametes_ 6.1, andparametes 6.2

Ex. 7

Desired Execution:

— On-linedisplayof systemicarterialpressureandheartratewith annotations

— Uncontrolled,unperturbedintact pulsatie heartandcirculationinitially with default
parametewalues.
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Figurel4: WAVE window generatedccordingto the rst parameteupdateof EX. 6.
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Figurel5: WAVE window generatedccordingto the secondparameteupdateof EX. 6.
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Ex. 8

— Firston-linehemmorhagef 500ml. Then,on-lineinitiation of arterialandcardiopul-

monarybarore ex control.

Requied Steps:

1.

Copy le $DIR/bin/parametes.defto the currentdirectorywith thenewv le namepa-
rametes_7.

2. Openthe le parametes_7 with ary text editor(e.g., emacs).

3. Re-assignthefollowing parameterswaveform:1 26, baro: 3, bgain: 0, again: 0, and

pgain: 0.

4. Savethe le parametes_7.

. Runthefollowing commandat the Linux prompt:

rcvsimparametes 7 foo7

. Sometime in the midstof the simulaton, type 2p°followedby RETURN atstan-

dardinput.

7. Re-assignthethefollowing parameterQtot: 4500

8. Savethe le parametes 7.
9. Type?r°followedby RETURN atstandardnput.

10.

11.
12.
13.

At a subsequentime during the simulation, type 2p°followed by RETURN at
standardnput.

Re-asignthethefollowing parametersbgain: 1, again: 1, andpgain: 1.
Sarethe le parametes. 7.
Type@r°followedby RETURN atstandardnput.

ExecutionOutput:

— A WAVE window will appeatandwill automaticallyscroll throughthe simulateddata

with annotations The automaticscrolling will stoponceStep6. is executed. After
Steps7.-9. areexecuted automaticscrollingwill resumeuntil Step10. hasbeenex-
ecuted.When Stepsl1.-13. areexecuted the automaticscrolling will resumeuntil a
total of 300second®f datahave beensimulated.Figure16illu strateghe WAVE win-
dow oncethe simulaton is complete.The Time variable of the WAVE window is set
suchthatthe waveformsover the entire simulaton period may be viewed all at once.
(Note how systemgt arterialpressurénasbeenreturnedto nearnormalvalueswith the
barore ex systemg

— Thefollowing les will becreatedn thecurrentdirectory:foo7.datfoo7.qgs,s, foo7.hea

parametes_7.0, parametes_7.1, andparametes_7.2

Desired Execution:
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Figurel6: WAVE window generatedccordingo Ex. 7 in which thetime durationof thewindow
hasbeenexpandedo illustratethe entiresimulaton period.
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— On-linedisplayof a cardiacoutputcurve.
— On-linedisplayof systemicarterialandvenouspressureandleft ventricle o w rate.
— Uncontrolledunperturbedheart-lungunit preparatiorwith default parameteralues.
Requied Steps:
1. Copy le $DIR/binparametes.defto the currentdirectorywith thenew le namepa-
rametes._8.
2. Openthe le parametes 8 with any text editor(e.g., emacs).

3. Re-assignthe following parameterstime: 100Q waveform:1 2 17, preparation: 1,
Pas: 100Q andPvs:2.

4. Savethe le parametes.8.
5. Runthefollowing commandatthe Linux prompt:
rcvsimparametes_8 foo8
ExecutionOutput:

— A WAVE window will appeatandwill automaticallyscroll throughthe simulateddata
asthey arebeingcalculateduntil the entire cardiacoutputcurve hasbeenmeasured.
Figurel17illustratesthe WAVE window atthe endof the simulation. (As is alwaysthe
casewith viewing waveformson-line, the parametervaluesmay be updatedprior to
simulatian termination if desired.)

— Then,the Gnuplotwindow of Figure18 will appeaimmediatelyfollowing the calcu-
lation of the entirecardiacoutputcurve.

— Thefollowing les will becreatedn thecurrentdirectory:foo8.dat foo8.qs, foo8.hea
foo8.txtandparaneters_8.0.
Ex. 9

Desired Execution:

— On-linedisplayof avenots returncurve.
— Uncontrolled, unperturbed systeme circulation preparationwith default parameter
values.
Requied Steps:
1. Copy le $DIR/bin/parametes.defto the currentdirectorywith thenew le namepa-
rametes.9.
2. Openthe le parametes 9 with ary text editor(e.g., emacs).

3. Re-assignthe following parameterstime: 100Q waveform:-1, prepaation: 2, and
Crds: 5.

4. Savethe le parametes. 9.
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Figurel7: WAVE window generatedccordingto Ex. 8.
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Figure18: Gnuplotwindow generateccordingo Ex. 8, Ex. 10,andEx. 11.
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5.

Runthefollowing commandatthe Linux prompt:
rcvsimparametes 9 fo09

ExecutionOutput:

— The Gnuplotwindow of Figure19 will appearimmediatelyfollowing the calculation

of theentirevenougeturncurve.

— Thefollowing les will becreatedn thecurrentdirectory:foo9.dat fo09.gss, foo9.hea

Ex. 10

foo9.txtandparaneters_9.0.

Desired Execution:

— On-linedisplayof multiple cardiacoutputandvenousreturncurves.

— Uncontrolled,unperturbedheart-lungunit andsystemiccirculationpreparationsvith

default parametewaluesandaftera 25%increasean systemicarterialresistancemean
systemigpressureheartrate,andcontractility.

Requied Steps:

1.

Copy le $DIR/bir'parametes.defto the currentdirectorywith thenew le namepa-
rametes_10.

2. Openthe le parametes 10with ary text editor(e.g., emacs).

3. Re-asignthe following parameterstime: 100Q waveform:-1, prepamtion: 1, Pas:

100Q andPvs: 2.

4. Savethe le parametes_10.

. Runthefollowing commandatthe Linux prompt:

rcvsimparametes 10fool0a

. Oncethe simulation is complete,re-assignthe following parameters:numerics: 1,

prepation: 2, andCrds: 5.

7. Savethe le parametes_10.

10.
11.

12.

13.

. Runthefollowing commandatthe Linux prompt:

rcvsimparametes_10foo10b

. Oncethe simulatbn is complete,re-assigrthe following parametersRa: 1.25and

Pms:8.625
Savethe le parametes_10.

Runthefollowing commandatthe Linux prompt:
rcvsimparametes_10fool10c

Oncethe simulaton is complete re-assigrthe following parameterspreparation: 1,
Cls: 0.3 Crs: 0.9 andF: 1.5

Sarethe le parametes_10.
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Figurel19: Gnuplotwindow generateccordingo Ex. 9.
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Figure20: Gnuplotwindow generatedccordingo Ex. 10andEx. 11.

14. Runthefollowing commandatthe Linux prompt:
rcvsimparametes_10foo10d

ExecutionOutput:

— A totalof four Gnuplotwindowswill bedisplyedbeginningwith awindow displaying
a singke cardiacoutputcurve (seeFigure 18); thena window displaying the previous
cardiacoutput curve with a venousreturn curve; followed by a window displayng
thesetwo previous curveswith anothervenousreturn curve which is enhancedand
endingwith awindow displayirg eachof thesethreecurvesandanadditionalenhanced
cardiacoutputcurve (seeFigure20). (Notetheincreasen averagecardiacoutputthat
occursdueto the enhancememf the curves.) Eachof the four windows will appear
immediatelyafter the completon of eachof the four rcvsimexecutians (Stepsbs., 8.,
11.,14)).

— The following les will be createdin the currentdirectory: foolOadat, fool0a.gs,
fool0a.heafoolOa.kt, foolObdat fool0bqgrs, foo10bhea fool0btxt, foo10c.datfoo1l0c.qgs,
fool0c.heafoolOc.txt fool0d.d& foolOdgrs, fool0d.heafool0d.xt and parame-
ters.10.Q

Ex. 11

Desired Execution:
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— Off-line disply of the cardiacoutputandvenousreturncurvesgeneratedrom Ex. 10.

Requied Steps:

1.
2.

Changdlirectoryto thatwhich containghe simulaeddataof Ex. 10.
RungnuplotattheLinux prompt.

3. At the Gnuplotprompt,enterthefollowing commands:

settics out

setxlabel'mPra[mmHg]'

setylabel'mqgl,mqv [I/min]’

plot ‘fool0a.txt' usingl:2 notitle with lines

replot'fool0b.txt’ usingl:2 notitle with lines

replot'fool0c.txt' usingl:2 notitle with lines

replot'foo10d.txt usingl:2 notitle with lines

(Note thatthe plot commands similar to numerics: 0, while the replotcommandis
analogougo numerics:1.)

ExecutionOutput:

— A totalof four Gnuplotwindowswill bedisplayedbeginningwith awindow displaying

Ex. 12

a single cardiacoutputcurve (seeFigure 18); thena window displaying the previous
cardiacoutputcurve with avenougeturncurve; followedby awindow displayingthese
two previous curveswith anothervenousreturncurve which is enhancedandending
with awindow displaying eachof thesethreecurvesandanadditionalenhancedardiac
outputcurve (seeFigure20).

Desired Execution:

— On-line display of averagecardiacoutputas a function of averagesystenic arterial

pressure.

— Uncontrolledunperturbedheart-lungunit preparatiorwith default parameteralues.

Requied Steps:

1.

Copy le $DIR/bir'parametes.defto the currentdirectorywith thenew le namepa-
rametes. 12.

2. Openthe le parametes 12 with ary text editor(e.g., emacs).

3. Re-assignthefollowing parameterstime: 100Q waveform:-1, numerics:2, prepam-

tion: 1, Pas: 30, andPvs: 100

4. Sarethe le parametes_ 12

. Runthefollowing commandatthe Linux prompt:

rcvsimparametes_12fool2
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ExecutionOutput:

— The Gnuplotwindow of Figure21 will appearimmediatelyfollowing the calculation
of theentirecurve.

— Thefollowing les will becreatedn thecurrentdirectory:fool2.datfoo12.gs, fool2heg
fool2.txtandparametes_12.Q

Ex. 13
Desired Execution:

— Off-line displayof thecurve of averagecardiacoutputasafunctionof averagesystemic
arterialpressurgeneratedrom Ex. 12.

Requied Steps:

1. Changedirectoryto thatwhich containghe simulaed dataof Ex. 12.
2. RungnuplotattheLinux prompt.

3. At the Gnuplotprompt,enterthefollowing commands:
settics out
setxlabel'mPa[mmHg]'
setylabel'mgl [I/min]’
plot ‘fool2.txt' using3:2 notitle with lines

ExecutionOutput:

— TheGnuplotwindow of Figure21 will againappear

6 A Resarch Example

The humancardiovasculamodeluponwhich RCVSIMis basedwvasoriginally constructedn or-
derto adwanceresearb in the generalareaof beat-to-beahemodymamic variability [?,4,8]. The
RCVSIMsoftwareenhancethepotentialof theoriginalhumancardiozascuar modelin facilitating
cardiovascularresearchhy makingthe modelmore userfriendly and compatibé with the open-
sourcesoftware provided by PhysioNet.By further dissenmating RCVSIMto the cardiosascular
researclcommunitythroughPhysioNet,researbersmay corveniently utilize the computatbnal
modelto complementheir studieswith the experimentaldatasetsavailable on PhysioNet. For
example,RCVSIMhasbeenpreviously utilizedto develop an algorithmfor monitoring systemic
arterialresistancérom only a peripheralrterialpressuravaveformswhich wassubsequeit val-
idatedwith datafrom the MIMIC databasen PhysioNet[4]. Anotherresearchexamplewhich
illustrateshow RCVSIMmay be utilized in conjunctionwith the open-sourcesoftwareandexper
imentaldatasetsof Physid\et in orderto improve the accurag of the model,andthuspossilly
physblogic understandings providedbelow.
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Figure21: Gnuplotwindow generated@ccordingo Ex. 12 andEx. 13.

48



The default or nominalparameteraluesof the humancardiozascuar modelaresetsuchthat
the power spectraof the simulatedbeat-to-beahemodynamiwariability resemblepower spectra
measuredrom a groupof normalhumandn the standng postue [4,5]. The objectie of there-
searchexampk hereis to determinea setof parametewalueswhich permitthe modelto generate
arealisticsupineposture heartratepower spectrumin orderto addresshis objective, it is neces-
saryto obtainexperimentaldatasetsto de ne whatis realisticandsoftwareto computethe heart
ratepower spectrum- bothof which areavailable from PhysioNet.Thespeci ¢ stepswhichwere
implementedto achiese theresearclobjective aregiven below.

1. Establi$ realisticsupineposture heartratepower spectrum.

(@)

(b)

(©)

(d)

Visit thefollowing webpage:
http://wwwphysionet.ay/physiobank/dtabase/medition/dat/

which housegxaggeratetHeartRateOscillatonsDuring two MeditationTechniques:
Data.

Downloadthe datain the metronomicbreathinggroup from the bottom of this web
page— M#.heaandM#.qrs, where# rangesrom 1 to 14. (Thesedataprovide theqrs
timesof 14 volunteer subjectsin the supineposturebreathingat a x ed-rateof 0.25
Hz.)

Calculateaninstantaneoubkeartratetachogranfrom thegrstimesfor eachsubjectby
executingthefollowing commandat the Linux prompt(14 times):

tach-r M#-aqrs-f hr#

(Note thattachis open-sourcesoftware provided by PhysidNet. Type tach -h at the
Linux promptfor help.)

Calculatethemaximumentrofy power spectrunof theinstantanecsheartratetachogram
for eachsubjectby executng thefollowing commandat the Linux prompt(14 times):
memsef2-Z-o015hr# phr#

(Note thatmemseis open-sourcaoftware provided by PhysioNet. Type memseh at
the Linux promptfor help. The generatedles phr# aretwo-column ASCII format
les in whichthe rst columnrepresentfrequencieandtheseconccolumnrepresents
the correspondingower spectraldensities.)

(e) Averagethepower spectraover the 14 subjectsandwrite theaveragedspectrao atwo-

(f)

columnASCIl le calledavephr(by writing asimpleprogramor usingary pre-eisting
softwaresuchasMATLAB).

Plot the averagedpower spectrumby executingthe following commandat the Linux
prompt:

plot2davephr0 1

(Note that plot2d, which is a simple programthat controls Gnuplot is open-source
softwareprovided by PhysoNet. Type plot2d -h atthe Linux promptfor help.)

2. Determinemodelparametevalueswvhichpermitthemodelandaveragedexperimentaheart
ratepower spectrato match.

(a) Copy le $DIR/bir'parametes.defto the currentdirectorywith thenew le namepa-

rametes.r.
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(b) Openthe le parametes.r with ary text editor(e.g., emacs).

(c) Re-assignthe following parameterswaveform: -1, baro: 3, dncm: 1, breathing 1,
dra: 1, df: 1, Tr: 4, andQt: 430. (Sinceaccompaying experimentarespiratorydatais
not available,thelastparameters arbitrarily setsuchthatthe alveolarventilationrate
is70ml/s.)

(d) Savethe le parametes.r.

(e) Executethefollowing commandsttheLinux prompt:
rcvsimparametes_r foor
tach -r foor-aqrs-f  hrsim
memsef 2-Z-0 15hrsim phrsim
plot2dphrsim0 1

(f) If this plot matcheghe experimentalplot above, thenthe researchobjectve hasbeen
achieved. Otherwise re-assigrthe following parametersbgain again, pgain, stdwr,
and stdwf andrepeatthe stepsabove beginning with Step(d). (Note thatthese ve
parametersiave beenidenti ed basedon a priori knowledge of the physologic differ-
encedetweersupire andstandingpostures.)

Whenthe valuesassignedo the parametersf Step(f) aresetasfollows: bgain: 0.5, again:
0.5, pgain: 1, stdwr: 0.04, andstdwf: 0.175 theaveragedexperimenal andmodelsupire posture,
heartratepower spectranatch(seefFigure22). As expectedthe parametechange$rom thestand-
ing postureto supire posturere ected a shift in autononic balancefavoring the parasympathetic
nenoussystem. Interestingly a further comparisorof theseparametewalueswith the nominal
valuessuggestshatthe posturepeakin humang 0.1 Hz [10]; presenin the modelwith default
parameteralues)couldbedueto botha systenresonancevhichis establishedby increasegdym-
patheticnenousactvity aswell asincreaseductuationsin local vascularesistancdedswhich
may bedueto increasedeg muscleactity.

A Other Models

In additionto the modelsof Section2, otherlumpedparametemodelsof the pulsatle heartand
circulationandrestingphysblogic perturbationmodelsmay be implementedwith the RCVSIM
sourcecode. Thesemodelsmay only be implementecat the MATLAB promptby executirg sim-
ulatemeIx. A brief descriptionof eachof thesemodelsandthe relevant MATLAB functionsis
givenbelow.

Lumpedparametemodelsof the pulsatileheartandcirculation

— Left ventricle preparmtion. The electricalcircuit analogof this preparationmay be
visualizedby replacing and in Figure 1 with the DC voltagesources and

, respectiely. This preparatiormaybe utilizedfor the analysisof the input-output
propertiesof the left ventricle model; however, thereis currently no sourcecodeto
alterthe DC voltagesourcesluring a single simulaton. Theinitial pressureyolume,
and o w rate of the preparationare computedwith the function Iv_init_cond.m and

50



BPM%/Hz

0 0.1 0.2 0.3 0.4 0.5
Frequency [Hz]

Figure22: Model (red) andexperimentalblue) supineposture heartrate power spectraat x ed-
ratebreathingof 0.25Hz. Thedarkblueline is theaveragespectruncomputedrom 14 volunteers,
while the two lighter blue lines are the corresponding®5% con dence intervals. Seetext for

additionaldetails.
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the derivative of the pressureat a desiredtime stepis determinedwith the function
Iv_eval_derivm

Intact circulatory preparation for measuementf singleventricularcontraction
response The electricalcircuit analogof this preparations given by Figure 1landin-
cludesanadditionalparametef ) whichrepresentshe beathumberafterwhichthe
ventricleswill no longercontract. The single ventricularcontraction response
may then be determinedby executingthe preparatiorfor , andthen -1, ven-
tricular contractionsand then taking the differencebetweenthe two resulting
waveforms.

Intact circulatory prepamtion with only linear elements.The electricalcircuit analog
of this preparationis given by Figure 1 in which the four nonlinearelementsarere-
placedby purelylinear elements.This modelwasprevioudy presentedy Davis [3].

The initial pressuresyolumes,and o w ratesof the preparationare computedwith

the function init_cond.m andthe derwative of the pressurest a desiredtime stepis
determinedvith thefunctioneval_derivm

Intact circulatory preparation with third-order systemiarteries. The electricalcircuit

analogof this preparatiormay be visualzedby replacingthe capacitor  in Figurel

with two groundectapacitorsonnectedia aninductor Thecapacitomproximal to the

left ventricle compartmentepresentshe large, elastic( ) arteriesthe othercapacitor
representshe small muscular( ) arteriesandtheinductor( ) accountdor thein-

ertial effectsof blood o w betweenthe two lumped arteries. This third-ordermodel
of the systemicarterieswas previoudy presentedy Clark [2]. The waveform
may be consideredasa rst-order approximationof a peripheralarterial blood pres-
surewaveform. The initial pressuresyolumes,and o w ratesof the preparatiorare
computedwith the functionthird_init_cond.m andthe derivative of the pressurest a

desiredtime stepis determinedvith the functionthird_eval_derivim.

Intact circulatory preparation with nonlinearsystemiarterial compliarce Theelec-
trical circuitanalogof this preparations givenby Figurel with aboxencompassing
to denotdts nonlinearity Thisnonlinearelemenis characterizethy thecurvature( ),
differentialcomplianceg( ), andvolume( )allat . Providedthat , the
differentialcompliancedecreasewith increasing . Theinitial pressures/olumes,
and o w ratesof the preparatiorarecomputedwith the functionnac.init_cond.m and
the derivative of the pressurest a desiredtime stepis determinedwith the function
naceval_derivm.

Intact circulatory preparation with third-order systemicarteriesand nonlinear large
elastic arterial compliance This preparationis a combinaton of the previous two
preparationsith a nonlinear  andlinear . Theinitial pressuredyolumes,and
o w ratesof the preparationare computedwith the function third_nac.nit_cond.m
andthederiative of thepressureatadesiredime stepis determinedvith thefunction
third_nac eval_derivm

Intact circulatory prepamation with an arterial pressue reservoirprepamton. The
electricalcircuit analogof this preparatiormay be visualizedby replacing  in Fig-
ure 1 with a DC voltagesource . This preparationmay be utilizedto understand
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hemodynamicsvhile is held constant.Theinitial pressuresyolumes,and o w
ratesof thepreparatiorarecomputedvith thefunctionapr_init_cond.mandthederva-
tiveof thepressureatadesiredime stepis determinedvith thefunctionapr_eval derivm.

— Intact circulatory prepamation with contracting atria. The electricalcircuit analogof
this preparatiormaybevisualizedby insertingright atrial () andleft atrial ( ) com-
partments(linear resistorand linear, variable capacitorwith an unstressedolume)
betweenthe venousand ventricur compartmentsn Figure 1. The atrial and ven-
tricular compliancesat a desiredtime steparerespectrely computedoy the functions
var_vcap.mandvar_acap.m Theinitial pressuresjolumesand o w ratesof theprepa-
rationarecomputedvith thefunctiona_init_cond.mandthederiative of thepressures
atadesiredtime stepis determinedvith the functiona_eval_deriv.m.

Restingphysidogic perturbations

— Respiatory activity. In additionto x ed-ratebreathingandrandom-interal breathing
with varying tidal volumes, may also be representeds a stepor impulse of
desiredampliude or area(Qfrs) and at a desiredtime (Qfrt) aswell asat random-
intervalswith a constantidal volume. Thesebreathingpatternsaregeneratedvith the
functionrespact.m

— Autoregulation of local vascularbeds.In additionto bandlimted white noise,autorey-
ulation of local vascularbedsmay alsobe representeas bandlimied, 1/f noiseor a
sinusoidof desiredamplitude (ar) andfrequeny (fr). The former representatiotis
generateavith thefunctionsbl_It.m andonewerf_It.m.

— Central oscillator. A centraloscillatoris representedsan exogenoussinusoial dis-
turbanceo of desiredamplitude (ap) andfrequeny (fp).

— Non-bapore ex mediated uctuations in . Fluctuationsin not dueto the
barore exesarerepresentedsawhitedisturbancef desiredstandardieviation (stdwq
thatis bandlimted to a desiredfrequeng ( ). These uctuations may speci cally
be dueto, for example,fastactinghormoral loops. These uctuations are generated
with thefunctionbl_lt.m.

In orderto implementall of theabore models ratherthanusingread param.m the parametevec-

tor th mustbe createdby rst copying the le $DIR/binheaderdefmto the currentdirectoryand
thenexecutingth=headerdef; atthe MATLAB prompt(Notethatheaderdeftm canbe copiedto

ary nameaslongasit hasthe extension.m). Additionally, theappropriateoptionof thearguments
to simulatemexIx (type helpsimulae atthe MATLAB prompt)mustbe selected.
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