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1 Intr oduction

Computational modelingandsimulation studiescanfacilitatetheadvancementof cardiovascular
researchby complementingexperimentalstudies.Throughcomputationalstudies,the researcher
may formulatehypotheseswhich may be subsequently testedthroughexperimentalstudiesor
the researchermay develop andevaluateinversemodeling algorithms for determining important
cardiovascularparametersfrom experimental data. Experimentalstudies,in turn, permit the re-
searcherto constructmoreaccuratecomputational modelstherebyimproving theresearcher's un-
derstandingof the cardiovascular systemandability to devise new experimentalhypothesesand
inversemodelingalgorithms.

The generalaim of this documentis to introduce the ResearchCardioVascularSIMulator
(RCVSIM) softwarewhich may be downloadedfrom PhysioNet(www.physionet.org) – an NIH-
fundednationalresearchresourcethat provides well characterized,experimentaldatasetsand
open-sourcesoftwarefor their analysis.RCVSIMis capableof generatingreasonablehumanpul-
satilehemodynamicwaveforms,cardiacfunctionandvenousreturncurves,andbeat-to-beathemo-
dynamicvariability. The datasimulatedby RCVSIMis written in a format which is identicalto
theexperimental datasets.As such,theopen-sourcedataanalysissoftwaremaybereadilyapplied
to the simulateddataaswell. The datageneratedby RCVSIMmay be viewed asthey arebeing
calculated(on-lineviewing) or any timeafterthey havebeencalculated(off-line viewing) with the
WAVE displaysystem(which is alsoprovidedby PhysioNet)andGnuplot.TheRCVSIMsoftware
is open-sourceandextensively commentedandincludesLinux binariesthat may be executedat
theLinux or MATLAB prompts. It shouldalsobepossibleto compilethesourcecodeto create
binariesthat may be executedon Unix platforms(e.g., Solaris,SunOS).(Note thatMATLAB is
requiredfor compiling the sourcecode.) RCVSIMhasbeenpreviously employed in cardiovas-
cular researchfor the developmentandevaluation of systemidenti�cation methodsaimedat the
dynamicalcharacterizationof autonomic regulatorymechanisms[?,4,8].

Thisdocumentspeci�cally explainshow to installandusetheRCVSIMsoftwareanddescribes
theopen-sourcecodeandeachof its functionssothatRCVSIMmaybeeasilyextendedandmodi-
�ed by theresearcherto achievehisdesiredresearchobjective. In Section2, abrief descriptionof
thecomponentsandparametersof thehumancardiovascularmodelis given. (A detaileddescrip-
tion maybefoundin [?,4,7].) In Section3, adescriptionof thesourcecodeandanexplanationof
how to alter it areprovided. In Section4, detailedinstructionson softwareinstallation andcom-
pilation areoutlined. In Section5, instructionson softwareexecution, includingmany examples,
aregiven. Finally, in Section6, anexample illustrating how thesoftwaremaybeutilized in car-
diovascularresearchis provided.Notethatif theresearcheris interestedin executingthesoftware
but noteditingit, thenhemayskipSection3 without lossof continuity.

2 Human Cardiovascular Model

ThehumancardiovascularmodeluponwhichRCVSIMis basedincludesthreemajorcomponents.
The�rst componentis a lumpedparametermodelof thepulsatileheartandcirculationwhichmay
beimplementedasanintactpreparation,aheart-lungunit preparationdesignedfor measuringcar-
diac functioncurves,or a systemic circulationpreparationdesignedfor measuringvenousreturn
curves.Thesecondcomponentis a short-termregulatorysystemmodelwhich includesanarterial
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Figure1: Electricalcircuit analogof the intact humanpulsatile heartandcirculation. Eachbox
encompassinga circuit elementdenotesanonlinearelement.

barore�ex system, a cardiopulmonarybarore�ex system,anda directneuralcouplingmechanism
betweenrespirationandheartrate.The�nal componentis amodelof restingphysiologic perturba-
tionswhich includesrespiration,autoregulation of local vascularbeds(exogenousdisturbanceto
systemic arterialresistance),andhigherbraincenteractivity impingingon theautonomicnervous
system(1/f exogenousdisturbanceto heartrate).

2.1 PulsatileHeart and Cir culation

Thelumpedparametermodelof theintactpulsatileheartandcirculationis illustratedin Figure1 in
termsof its electricalcircuit analog.Here,charge is analogousto bloodvolume(

�

, ml), current,
to blood �o w rate ( �

� , ml/s), and voltage, to pressure( � , mmHg). The model consistsof six
compartmentswhich representtheleft andright ventricles( ����� ), systemicarteriesandveins( 	
��� ),
andpulmonaryarteriesandveins(�
	
���
� ). Eachcompartmentconsists of a conduit for viscous
blood�o w with resistance( � ) anda volumestorageelementwith compliance( � ) andunstressed
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Figure2: Electricalcircuit analogof thehumanheart-lungunit preparationdesignedfor measuring
cardiacfunctioncurves.Eachboxencompassingacircuit elementdenotesanonlinearelement.

volume(
���

). Two of the resistancesand two of the compliancesare nonlinear. The systemic
venousresistanceis representedby a Starlingresistor(with chamberpressuresetto atmospheric
pressure),while thepulmonaryarterialresistanceis representedby an in�nite numberof parallel
Starlingresistors(with chamberpressureequalto alveolar( 	 � � ) pressure),arrangedvertically, one
on topof theother. Thepressure-volumerelationshipsof theleft andright ventriclesconsistof an
essentiallylinearregime(characterizedby complianceandunstressedvolume),adiastolic volume
limit (

�������

), anda systolic pressurelimit ( �

�����

). The compliancesof the linear regime of the
ventricularpressure-volumerelationship vary periodicallyover time (time evolution is precisely
determinedby theend-diastolic compliance( 	




), theend-systolic ( 	�� ) compliance,andtheheart
rate( 
 )) andareresponsiblefor driving the �o w of blood. The four ideal diodesrepresentthe
ventricularin�o w andout�ow valvesandensureuni-directionalblood�o w. Finally, thereference
pressureis setto intrathoracic( ��� ) pressurefor theventricularandpulmonarycompartments.

Figure2 illustratestheelectricalcircuit analogof the lumpedparametermodelof thehuman
heart-lungunit preparation.The input pressureto the heart-lungunit hereis de�ned to be the
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Figure 3: Electrical circuit analogof the humansystemic circulation preparationdesignedfor
measuringvenousreturncurves. Eachbox encompassinga circuit elementdenotesa nonlinear
element.

nodelabelled � “ �

� ”
�

��� – the locationof wherethe right atrium would be if it wereexplicitly in-
cludedin the model. Cardiacfunctioncurvesmay be obtainedfrom this preparationby varying
theindependentvoltagesources,� � and ��� , andtime-averagingtheresulting �

���

�

��� and � “ �

� ”
�

��� .
Figure3 illustratestheelectricalcircuit analogof the lumpedparametermodelof thehuman

systemic circulationpreparation.Venousreturncurvesmay be measuredfrom this preparation
by adjustingthe valueof �

�

�

��� at end-diastole ( �	��


�

) in orderto vary � “ �

� ”
�

��� – the pressurethat
impedes�o w into the right ventricle– andtime-averagingthe resulting �

�

�

�

��� and � “ �

� ”
�

��� . Note
that theindependentcurrentsourcehere( �

�

�

�

��� ) keepsthemeansystemic ( � � ) pressureprecisely
constantthroughoutthemeasurementperiodby pumping into thesystemiccirculationwhatever is
pumpedout.
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2.2 Short-Term Regulatory System

Thearterialbarore�ex arcis implementedaccordingto thefeedbacksystemillustratedin Figure4.
Thissystemis aimedat trackingasetpoint( � � ) pressurethroughthefollowing sequenceof events.
Thebaroreceptorssense�

�

�

��� andrelaythispressureto theautonomic nervoussystem(ANS).The
ANS comparesthe deviation betweenthe sensedpressureand ���

�

� with zeroandthenresponds
by adjustingfour parametersof the pulsatileheartandcirculation in order to keepthe ensuing

�

�

�

��� near ���

�

� . The four adjustableparametersare 


�

��� , �

���

�

�

��� at end-systole( �
�

�

���

�

�

��� ),
���

�

�

��� ,
and �

�

�

��� . The ANS controlstheseparametersbasedon the historyof �

�

�

����� ���

�

� speci�cally
accordingto thefollowing nonlinear, dynamicalmapping:

	 �

�

���
	

�

�
�

�

�

���

���

�

�

�

���
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�
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�

���

�

� � ���

�

�

� !




�

� 	 �

�

�

� (1)

where 	 � may representany of the four adjustableparameters,the arctanfunction (which is
parametrizedby theconstant� ) imposesarterialbarore�ex saturation,�

�

��� and �

�

��� areunit-area
effectormechanisms which respectively representthefast,parasympathetic limb of theANS and
theslower, sympathetic limb (both " - and # -sympathetic sublimbs;seeFigure5), and

�

� and
�

�

re�ect therespectivestaticgainvaluesof theeffectormechanisms. Notethatin orderto map 


�

���

to thetimesof onsetof ventricularcontraction(whichamountsto re-initiatingthevariable,ventric-
ularcompliancetimeevolution),anªintegrateand�reº modelof thesinoatrialnodeis incorporated
in themodel.

Thecardiopulmonarybarore�ex arcis alsoimplementedaccordingto afeedbackdiagramanal-
ogousto Figure4. However, the sensedpressurehereis de�ned to be the effective right atrial
transmuralpressure( ��$

�

“ �

� ”

�

���
	 � “ �

� ”
�

��� � �

$&%

�

��� ) of thepulsatile heartandcirculationmodel.
The direct neuralcouplingmechanismbetweenrespirationandheartrateis characterizedby
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Figure5: Unit-areaeffectormechanismsrepresenting(a) thefast,parasympathetic limb �

�

��� and
(b) the slower, sympathetic limb �

�

��� . Theseeffector mechanismscharacterizethe dynamical
propertiesof theblock labelledANS in Figure4.

a linear, time-invariant impulseresponsewhich maps�uctuations in instantaneouslung volume
(

�

���

�

��� ; seeSection2.3) to �uctuations in 


�

��� . Theimpulseresponseis de�ned hereby a linear
combination of �

�

��� and �

�

��� , eachof which areadvancedin time by 1.5s in orderto accountfor
thenoncausality of thismechanism[6,9].

2.3 RestingPhysiologicPerturbations

Respiratoryactivity, whichmayeitherbeat �x ed-rateor random-intervals[1], is modeledin terms
of

�

���

�

��� . Fixed-rate
�

���

�

��� is representedby a pure sinusoid, which is characterizedby tidal
volume(

�

$

) andrespiratoryperiod(
�

�

), aswell asaDC offsetrepresentingthefunctionalreserve
volumeof the lungs(

���

�

). Eachrespiratorycycle of random-interval
�

���

�

��� is alsorepresented
by oneperiodof a sinusoidwith theDC offset

���

�

. However, theperiodis not constantherebut
ratherdeterminedbasedon the outcomeof a probability experiment(which rangesfrom oneto
15 secondswith a meanof � ve seconds),andthe tidal volumeis setsuchthat the instantaneous
alveolarventilationrate(which considersthedeadspacein theairways(

�



�

)) is identicalto that
of �x ed-ratebreathing.

In orderto accountfor themechanicaleffectsof
�

���

�

��� on �

$&%

�

��� and �

�

�

�

�

��� , thesimplemodel
of ventilation, illustratedin Figure6 in termsof its electricalcircuit analog,is alsoincorporated
in the model. The electricalcomponentsmay be interpretedsimilarly to thosein Figure 1 by
consideringair hereratherthanblood. Hence,theresistor( �

���

�

) maybethoughtof asa conduit
for air�o w betweenthe atmosphereandthe lungs,while the capacitormay be interpretedasan
air volumecontainerrepresentingthe lung compartment,which is parametrizedby anunstressed
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volume(
���

��� ) in addition to �

��� .
Thesystemiceffectsof theautoregulationof local vascularbedsis representedwith anexoge-

nousdisturbanceto �

�

�

��� which is de�ned by a bandlimitedGaussianwhite noiseprocess.This
processis createdby convolving Gaussianwhite noiseof zeromeanandstdwrstandarddeviation
with a lowpass�lter (truncatedunit-areasinc function)of desiredfrequency cutoff (fco). Higher
braincenteractivity impingingontheANS is modeledwith a1/f exogenous,Gaussiandisturbance
to 


�

��� convolved with a �lter de�ned by a linear combination of �

�

��� ( # -sympathetic sublimb)
and �

�

��� . The 1/f Gaussiandisturbanceis createdby convolving Gaussianwhite noiseof zero
meanandstdwfstandarddeviation with a unit-area�lter of 1/f

�

�

�

%

�

magnitude squaredfrequency
responsefrom ������� Hz to 1 Hz, wherealphais setto one.Eachof theseexogenousdisturbances
aretreatedasunobservablequantities.

3 SourceCode

The RCVSIMsourcecodewaswritten predominantly in the MATLAB language(version5.3.1;
R11.1)andincludessomeC languagenecessaryfor on-lineviewing andparameterupdating. The
sourcecodemay be compiledusing the MATLAB compiler (version1.2) with the libc5 devel-
opmentenvironmentat the MATLAB prompt (seeSection4.2). Note that compilation permits
softwareexecutionat the Linux promptandgreatlyimprovesexecution speed.The sourcecode
not only consists of codeto implementthemodelsdescribedin Section2 but alsoincludescode
to implementothermodels.Theselattermodelshave beenminimally testedanddocumentedand
mayonly beexecutedin theMATLAB environment.A descriptionof thecodefor implementing
themodelsof Section2 andanexplanationof how this codemaybemodi�ed or extendedto im-
plementarbitrarylumpedparametercardiovascularmodelsareprovidedbelow. SeeAppendixA
for abrief descriptionof theothermodelsandthesourcecodefor executingthem.
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3.1 Flowchart and Functions

The sourcecodeis basedon the MATLAB function simulate.m. The input argumentsto simu-
late.mincludethedesiredparametervaluescharacterizingthehumancardiovascularmodelandits
execution, while the outputs are the simulateddata– all pressures( �

�

��� ), volumes(
�

�

��� ), �o w
rates( �

�

�

��� ), ventricular elastances�

�

��� , adjustableparameters( 	 �

�

��� ), cardiacfunction/venous
returncurves( ��� � 	 ����� � ), andventricularcontractiontimes( �

� � ). This functionmayalsowrite
thesimulateddatato �le (with a desiredpre�x �le namealsoprovidedasaninput argument)and
displaythedataasthey arebeingcalculated.Thefunctionis responsible for executing themodels
describedin Section2 aswell asin AppendixA. However, the�o wchartof Figure7 depictshow
the functionsimulatesthedatafrom thedesiredparametervaluescharacterizingonly themodels
of Section2. Thepertinentdetailsof eachblockof the�o wchartareprovidedbelow.

� Declaringand Initial izing Variables(t=0). With the desiredparametervaluesprovidedas
functioninputarguments,all variablesof thesimulation aredeclaredandinitialized.Mem-
ory is pre-allocatedfor all of the datato be simulatedover their entire integrationperiod
in order to increaseexecutionspeedwith the MATLAB compiler. The respiratory-related
waveformsarepre-computedover theentireintegration period.

� NumericalIntegration for Calculating �

�

��� . Thepressuresof thedesiredmodelof thepul-
satileheartandcirculationarecalculatedat thecurrenttimestep( � �

�

�

) from thepressures
at theprevioustime step( � ) by fourth-orderRunge-Kutta integration of thesetof ordinary
differentialequationsgoverningthemodel.

�

�

mustbesetto 	 0.005s for reasonableaccu-
racy.

� Adjusting Parameters by Regulation/Perturbations. Parametersof the pulsatile heartand
circulationareadjustedby theshort-termregulatorysystemandrestingphysiologic pertur-
bationsmodels.Becauseof therelatively narrow bandwidthsof thesemodels,theparameter
adjustmentsarecalculatedat a sampling periodof 0.0625s. First, therequisitewaveforms
originally computedatasamplingperiodof

�

�

aredecimatedto asamplingperiodof 0.0625
s by averagingover the past0.25s every 0.0625s. Then,the mandatedparameteradjust-
mentsare computedat a sampling period of 0.0625s. Finally, the mandatedparameter
adjustmentsareconvertedto a sampling periodof

�

�

via linear interpolation(with the ex-
ceptionof the adjustmentsto �

�
�

���

�

which do not take effect until the initiation of the next
ventricularcontraction)in orderto computethesubsequentwaveforms.

� Establishingqrs via“IntegrateandFire.” Themandatedchangesto 


�

��� aremappedto the
timesof onsetof ventricularcontractionby integrating 


�

��� (in unitsof bps)over timeuntil
the integral is equalto one. Then,systoleis initiatedby resettingthe variable,ventricular
elastancemodel,theintegral is setto zero,andtheintegrationis repeated.

� Heart-LungUnit or SystemicCirculation?



�
�

��� Varying ��� , �

� , �
��


�

andAveraging � “r a”
�

��� ,
�

�

�

�

��� . Cardiacfunctionor venousreturncurvesaregenerated,if desired.Following every
�fth beat,��� and �

� arevariedin stepsfor generationof cardiacfunctioncurves,and � ��


�

is
variedfor simulationof venousreturncurves.Time-averaged� “ �

� ”
�

��� and �

�

�

�

��� and �

� (for
cardiacfunctioncurves)arerecordedover thebeatprecedingthestepvariation.
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� Calculating
�

�

��� and Storing �

�

��� and 	 �

�

��� . The blood volumes of eachcompartment
of thedesiredmodelof thepulsatileheartandcirculationarecomputedat thecurrenttime
stepfrom thepressuresat thecurrenttime step,andthevaluesof theventricularelastances
andadjustableparametersat thecurrenttimesteparestoredinto theirpre-allocatedmemory
slots.

� Intact Circulation?



� �

� � Correcting
�

$

�

$

�

��� by Adjusting � �

�

��� . Total blood volumeof the
intactpulsatile heartandcirculationat thecurrenttimestep(

�

$

�

$

�

��� ), whichmayvarydueto
integrationerror, is conserved.Thedifferencebetweenthecomputed

�

$

�

$

�

��� andits assigned
valueis added/removedfrom

�

�

�

��� and ���

�

��� is alteredaccordingly.

� ParameterUpdates?



� �

� � Conserving
�

�

��� andDocumentingUpdates.Theparametervalues
of asimulationmaybeupdatedaftertheinitiationof eachventricularcontractionby pausing
thesimulation,updatingtheparametervalues,andresumingthesimulation. Thenewly cho-
senparametervaluesaredocumentedto �le if they arerelevantto thecurrentsimulation,and
thebloodvolumesin eachcompartmentat thecurrenttime stepareconservedby adjusting
thepressuresat thecurrenttime step(if necessary).Adjustmentsto therespiratory-related
waveformsareimplementedfor theremainderof theintegrationperiod.

� Calculating �

�

�

��� . The�o w ratesof thepulsatileheartandcirculationmodelsarecalculated
at thecurrenttimestepfrom thepressuresat thecurrenttimestep.

� On-LineViewing?



�
�

��� Writing Waveformsto MIT FormatFiles



�
�

� � DisplayingWaveforms.
Whenviewing simulateddataasthey arebeingcalculated,thewaveformsareperiodically
written to �le in MIT format(with adesiredperiod).Thenewly writtendataarethenimme-
diatelydisplayedwith WAVE.

The �o w of eachof theblocksis thenrepeatedstartingat NumericalIntegration for Calculating
�

�

��� with � 	 � �

�

�

. In orderto executetheblocksin the�o wchart,simulate.mcallsuponmany
MATLAB andC functions, eachof whicharebrie�y describedbelow.

� intact init cond.mcomputesthe initial pressures,volumes,and�o w ratesof the intactpul-
satileheartandcirculationmodelfrom thedesiredparametervalues.The initial valuesare
determinedfrom the solution of a linear systemof equationswhich arederived from the
applicationof steady-stateconservation laws to a linearizedversionof themodel.

� hlu init cond.mcomputesthe initial pressures,volumes, and �o w ratesof the heart-lung
unit preparationmodelfrom thedesiredparametervalues.Theinitial valuesaredetermined
from thesolution of a linearsystemof equationswhich arederivedfrom theapplicationof
steady-stateconservationlaws to a linearizedversionof themodel.

� sc init cond.mcomputestheinitial pressures,volumes,and�o w ratesof thesystemic circu-
lationpreparationmodelfromthedesiredparametervalues.Theinitial valuesaredetermined
from thesolution of a linearsystemof equationswhich arederivedfrom theapplicationof
steady-stateconservationlaws to a linearizedversionof themodel.
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� rk4.mcomputesthepressuresof thepulsatile heartandcirculation(any preparation)at the
current time stepfrom the pressuresof the previous time step, the currentvaluesof the
parameters,respiratory-relatedwaveforms,andtime surpassedin thecurrentcardiaccycle
accordingto fourth-orderRunge-Kuttaintegration.

� intact eval deriv.mis calledonly by rk4.mandcomputesthederivativeof theintactpulsatile
heartandcirculationpressurevaluesatadesiredtimestepwhichis necessaryfor thefourth-
orderRunge-Kuttaintegration.

� hlu eval deriv.m is calledonly by rk4.mandcomputesthederivative of theheart-lungunit
preparationpressurevaluesat a desiredtime stepwhich is necessaryfor the fourth-order
Runge-Kuttaintegration.

� sc eval deriv.mis calledonly by rk4.mandcomputesthederivativeof thesystemiccircula-
tion preparationpressurevaluesatadesiredtimestepwhichis necessaryfor thefourth-order
Runge-Kuttaintegration.

� var cap.mis alsocalledby intact eval deriv.m, hlu eval deriv.m, and sc eval deriv.m and
computesa ventricularelastancevalueaswell asits derivative at a desiredtime stepfrom
thecurrentvaluesof �

�
�

�&�

�

, �
��


���

�

, thepreviouscardiaccycle length,andthetime surpassedin
thecurrentcardiaccycle.

� vent vol.m is alsocalledby intact eval deriv.m, hlu eval deriv.m, and sc eval deriv.m and
computesthecurrentventricularbloodvolumefrom thecurrentventricularpressureaccord-
ing to Newton'ssearchmethodwith aninitial guessgivenby thepreviousventricularblood
volume.

� rand int breath.mcomputesthe time until the next respiratorycycle commencesbasedon
theoutcome of anindependentprobabilityexperiment.

� respact.mcomputestherespiratory-relatedwaveforms(
�

���

�

��� , �

$&%

�

��� , 


�������

$

�


 $

, and �

�

�

�

�

��� )
overtheentireintegrationperiodfrom theparametervaluesandthetimesof commencement
of eachrespiratorycycle.

� ilv dec.mdecimates
�

���

�

��� to a samplingperiodequalto 0.0625s. This decimatedwave-
form is convolvedwith the�lter createdby dncm�lt.m (seebelow) in orderto establish the
changesin 


�

��� mandatedby thedirectneuralcouplingmechanism.

� dncm�lt.m generatesa �lter which characterizes thedirectneuralcouplingmechanismbe-
tween

�

���

�

��� and 


�

��� .

� bl �lt.m generatesa lowpass�lter with a narrow transition band(truncatedsincfunctionof
unit-area)anddesiredcutoff frequency which is utilizedto bandlimit theexogenous distur-
banceto �

� .

� oneoverf �lt.m generatesa �lter with a 1/f
�

�

�

%

�

magnitude-squaredfrequency responseover
adesiredfrequency range(in decades)andatadesiredsampling period(seebelow).
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� ans �lt.m createsa �lter which is a linear combination of �

�

��� and �

�

��� . This �lter is con-
volvedwith the�lter generatedby oneoverf �lt.m andthenwhitenoisein orderto createthe
exogenousdisturbanceto 


�

��� .

� abre�ex.mcomputestheparameteradjustmentsmandatedby thearterialbarore�ex system
basedon thecurrentsetpointandstaticgainvalues.

� cpre�ex.mcomputestheparameteradjustmentsmandatedby thecardiopulmonarybarore�ex
systembasedon thecurrentsetpoint andstaticgainvalues.

� param change.mdetermineswhethertheparameterupdatesarerelevantto thestatusof the
currentsimulation basedonthecurrentparametervalues,thepreviousparametervalues,and
thestatusparameters(seeSection5.2).

� conservevol.m computesthe pressuresat the currenttime stepnecessaryto conserve the
bloodvolumein eachcompartmentat thecurrenttime stepwhenparametervaluesareup-
dated.

� readparam.mreadsa �le whichcontainstheparametersvaluesof thecardiovascularmodel
andits execution in a speci�c formatandstoresthevaluesin a MATLAB vector.

� readkey.c readsthe standardinput, pausesthe simulation if a ªpº is enteredfollowed by
� RETURN� , andresumesthesimulation if a ªrº is enteredfollowedby � RETURN� .

� write param.ccopiestheparameter�le to anew �le of thesamenamebut with theextension
.num. This functionis implementedwhentheparameterupdateoccurs.Theextensionis set
equalto thenumberof parameterupdatesthathavebeenmadeduringthesimulationperiod.

� waveremote.c plots thedesiredsimulatedwaveformsandannotationswith theWAVE dis-
playsystem.Thisfunctionis calledwhenthesimulateddataarewrittento �le in MIT format
andplotsthemostrecentdesiredwindow of writtendata.

The function simulate.m is calledby a wrapperfunction rcvsim.mfor execution at the Linux
prompt. This wrapperfunction takes two commandline arguments:1) the nameof a �le con-
tainingthedesiredparametervaluesand2) thepre�x nameof theoutput�les to begeneratedin
MIT format.Thefunctionrcvsim.m, whichalsoincludesa helpoption, readsin theparameter�le
with readparam.m (seeabove), createsa header�le in MIT format,executessimulate.m, writes
the simulateddatato MIT format �les if the on-line viewing option is not chosen,anddisplays
cardiacfunctionandvenousreturncurves,if desired,with thefunctionplot cfvr.c (whichemploys
Gnuplot).In orderto executercvsim.m, thefunctionmustbecompiledwith the�le make.mwhich
createsthe binary �le rcvsim. The function simulate.m may alsobe compiledindependentlyof
rcvsim.mwith the �le makem.mwhich createsthe binary �le simulate.mexlx (in the Linux en-
vironment). Eachof thesemake �les greatly improve executionspeedspeci�cally throughmcc
(MATLAB compiler)optimization argumentsr (real numbersonly) andi (no dynamic memory
allocation). Note that simulate.m may only be executedin the MATLAB environmentwithout
on-lineviewing andparameterupdating capabilities.
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3.2 Modi�cations and Extensions

AlthoughthehumancardiovascularmodeluponwhichRCVSIMis basedaccountsfor awidevari-
etyof hemodynamicbehaviors,it certainlycannotaddressarbitrarycardiovascularresearchobjec-
tives. For example,if theresearcheris interestedin analyzinghow strokevolumeis compromised
at very high heartrates( � 	 150bpm) in theabsenceof cardiovascular regulation,themodel,as
describedin Section2, wouldnotbeadequatebecausecontractingatrial compartmentsarenotex-
plicitly included.In suchcases,theresearchermayutilize theRCVSIMsourcecodeasa basisfor
facilitatingtheconstruction of amodelwhichcanaddresshis researchobjective. An outlineof the
majorstepsnecessaryfor the researcherto createdifferentlumpedparameterpulsatile heartand
circulationmodelsandaddnew bandlimited regulatorysystems(e.g., arterial chemore�ex) and
restingphysiologic perturbations(e.g., centraloscillator)is providedbelow. Note thatadditional
stepsmayalsobenecessarydependingupontheparticularextension.

� Creatinglumpedparametermodelsof thepulsatileheartandcirculation.

1. Namethenew lumpedparametermodel(preparation) andassigna uniquenumberto
it. Thisnumberwill beusedin conditionalstatementswhichmustbeaddedto thecode
in orderto distinguishthe desiredpreparationto be executedfrom the otherpossible
preparations(see,for example,therk4.msourcecode).

2. ExtendtheMATLAB parametervector(th) to includeany additional,necessaryparam-
eters. Add the new parameters(in the correctformat) to the parameter�le (seeSec-
tion 5.2). Expandthefunctionreadparam.msothatit canreadthesenew parameters.
If the researcher would like to implementthenew preparationin theMATLAB envi-
ronment,thefunctionheaderdef.mmustalsobealteredaccordingly(seeAppendixA).

3. Create a functioncalledpreparation init cond.mto generatetheinitial pressures,vol-
umes,and�o w rates.Call this newly createdfunctionat thesamepoint in simulate.m
asthefunctioncall for intact init cond.m.

4. Createafunctioncalledpreparation eval deriv.mtocalculatethederivativeof 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 simulate.m in which
thesewaveformsarecomputedfor theotherpreparations.

6. If necessary, pre-allocateadditionalmemoryfor thesimulateddatain simulate.m, ex-
pandmatricesto bewrittenin MIT formatin simulate.mandrcvsim.m, andextendcode
for generatingtheMIT formatheader�le in rcvsim.m.

7. Adjustparameterupdatecodein simulate.m includingconservevol.m.

8. Add preparation init cond.mandpreparation init cond.mto the make �les (make.m
andmakem.m) andrecompilethecode.

� Addingbandlimitedregulatorysystem/restingphysiologicperturbation.
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1. Namethenew regulatorysystem/restingphysiologicperturbation.Thisnamewill serve
asa �ag indicating whetherthenew addition is to beactivatedor not. TheMATLAB
vector�a g at thestartof simulate.mshouldbeextendedto incorporatethisname.

2. ExtendtheMATLAB parametervector(th) to includeany additional,necessaryparam-
eters.Add thenew parametersaswell asthenew �ag name(in thecorrectformat) to
theparameter�le (seeSection5.2). Expandthe functionreadparam.msothat it can
readthesenew parametersand�ag name. If the researcherwould like to implement
thenew modelin theMATLAB environment,thefunctionheaderdef.m mustalsobe
alteredaccordingly(seeAppendixA).

3. Initialize thenecessaryvariablesat thebeginningof simulate.m.

4. Create a function to computethe mandatedchangeto the adjustableparameter. Call
this functionevery 0.0625s. If this functionrequiresa simulatedwaveformasinput,
thenthis waveformmustbeaveragedover theprevious0.25s every 0.0625s prior to
thefunctioncall.

5. If aparameterotherthan 


�

��� , �

�

�

��� ,
� �

�

�

��� , and �
�

�

���

�

�

��� is adjusted,thenthefollowing
stepsmustbeundertaken:

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

(b) Expandthethcvectorin simulate.m to includethenew parameterto beadjusted.
(c) Linearly interpolatethenewly adjustableparameter.
(d) Assignthemandatedadjustmentto theapmatrix in simulate.m.
(e) Expandtheapmatrix to bewritten in MIT formatin simulate.mandrcvsim.m.
(f) Adjust theparameterupdatecodein simulate.m accordingly.
(g) Extendcodefor generatingtheMIT formatheader�le in rcvsim.mto includethe

newly adjustableparameter.

6. Add thenew functionto themake�les (make.mandmakem.m) andrecompilethecode.

4 Software Installat ion and Compilation

TheresearchermaydownloadtheRCVSIMsoftwarefrom PhysioNet andinstall andexecutethe
pre-compiledbinariesprovidedthatheis runningLinux. If theresearcheralsohasaccessto MAT-
LAB andits compiler (version1.2),thenhemaymodify andextendthesourcecodeashewishes
andthenrecompileit to createnew binaries.Alternatively, if the researcheris runningany other
platform in which the WAVE display systemis fully supported(e.g., Solaris,SunOS)and has
accessto the MATLAB compiler (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 other researcherswho do not own
MATLAB.) Detailedinstructionson installing the RCVSIMbinaries(andrequiredlibraries)and
compiling thesourcecodeareprovidedbelow.
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4.1 Installation

The installation stepsthat the researchermust carry out in order to executethe RCVSIMpre-
compiledLinux binariesareasfollows:

1. Downloadthe�le rcvsim.tar.gzfrom thefollowing webpage:
http://www.physionet.org/physiotools/rcvsim

2. Typethefollowing commandsat theLinux prompt:
tar xvzfrcvsim.tar.gz
cd rcvsim

Thecontentsof thisdirectory– henceforthreferredto as$DIR – areasfollows:

� README.This text �le includesabrief introduction, referencesto theINSTALL �le andthe
docsub-directory, andbasicexecutionandcompilationinstructions.

� INSTALL. This text �le explainshow to install/uninstalltheRCVSIMsoftwareon Linux or
otherplatformsin which theWAVE displaysystemis fully supported.

� install. Thisshell,executablescriptautomatessome,or all, of theinstallation process.

� uninstall. This shell, executablescript is designedto undowhat wasdoneby the install
script.

� src. Thissub-directoryincludesall thesourcecodedescribedin Section3.1andAppendixA
aswell as two otherC �les (check redhat.candcheck wfdb.c) which are requiredby the
install anduninstall shell scripts. TheLinux andMATLAB pre-compiledbinaries(rcvsim
andsimulate.mexlx) arealsostoredhere.

� bin. Thissub-directoryincludesparameter�les, parameters.defandheaderdef.m(seeSec-
tion 5.2 andAppendixA), which arerespectively requiredfor executionat the Linux and
MATLAB prompts,awfdbcal�le responsiblefor scalingthesimulatedwaveformsdisplayed
by WAVE, andthetwo binaries,check redhatandcheck wfdb.

� lib. This sub-directoryconsistsof librarieswhich are requiredfor executing the binaries.
TheselibrariesincludethedynamicMATLAB librarieswhich permitsoftwareexecution in
the absenceof MATLAB, two RPMs containing libc5 librariesandan old ld.so dynamic
linker (part of the Redhat6.2 distribution which are necessaryfor dynamically linking
the MATLAB libraries),anda tar �le consisting of the WFDB softwarepackage(version
10.1.6).

� doc.Thissub-directoryincludesthisverydocumentin HTML, PDF(manual.pdf), PostScript
(manual.ps) andLaTeX source(manual.tex) formats.

3. Login asroot.
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4. Downloadandinstall theWFDB softwarepackageandtheWAVE displaysystem,if thishas
notalreadybeendone.Seethefollowingwebpagefor instructions:
http://www.physionet.org/physiotools/wfdb-linux-quick-start.shtml

If theresearcheris runningLinux Redhat6.2or higher, then

5. Typethefollowing commandin the$DIR directory:
./install

Theresultsof Step5. areasfollows:

� TheWFDB SoftwarePackage(version10.1.6)in the$DIR/lib directorywill beinstalled,if
anolderversionis currentlyinstalled.

� Thelibc5 librariesandold ld.sodynamiclinkerRPMsin the$DIR/lib directorywill alsobe
installed. (NotethatrecentLinux systems uselibc anda new linker but will not beaffected
by theinstallationof theolderlibrariesandlinker.)

� An rcvsimexecutableshell scriptwill beplacedin the$DIR/bin directory. This script sets
thelibrary andWFDB pathsfor its subsequentexecutionof thebinary$DIR/src/rcvsimand
is linkedto thedirectory/usr/local/binwhichshouldalreadybein theresearcher's path.

� The MATLAB binary executable simulate.mexlx will be linked to a directoryin the MAT-
LAB path,if MATLAB is present.

Or, if the researcher is runningLinux Redhat6.1 or lower or any otherLinux distribution (e.g.,
Suse,Debian),then

5a. Acquireandinstall thenecessarylibc5 librariesandold dynamiclinker, if they arenot cur-
rentlypresenton thesystem.

5b. Typethefollowing commandin the$DIR directory:
./install

For RPM-baseddistributions (e.g., Mandrake), the softwarerequiredfor Step5a. may be found
on rpm�nd.net aswasthe casefor the RPMsprovided in the directory$DIR/lib. Pleaseseethe
followingwebpages:
http://www.rpm�nd.net/linux/rpm2html/search.php?query=ld.so
http://www.rpm�nd.net/linux/rpm2html/search.php?query=libc
Notethattheresultsof Step5b. differ from thoseof Step5. in thattheRPMsof $DIR/lib will not
beinstalled.

6. To undotheinstall script,typethefollowing commandin the$DIR directory:
./uninstall

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

If theresearcheris runningLinux andwishesto modify/extendtheRCVSIMsourcecodeor if the
researcherwould like to run the RCVSIMsoftwareon anotherplatform in which WAVE is fully
supported,thencompilationis necessary. Thestepsrequiredto compile thesourcecodeareareas
follows:

1. Acquire and install MATLAB with the MATLAB compiler (version1.2), if they are not
currentlyavailable.

2. Establish alibc5 developmentenvironment.Seethefollowing webpagefor detailedinstruc-
tions:
http://www.mathworks.com/support/solutions/data/11129.shtml

3. LaunchMATLAB from the$DIR directory.

4. At theMATLAB prompt, executethefollowingcommands:
cdsrc
make
makem

By implementing thesestepsin the Linux environment, new rcvsimandsimulate.mexlx binaries
will becreatedin the$DIR/src directory. If theRCVSIMsoftwarehasalreadybeeninstalled,then
re-installationis unnecessaryafter compilation. On platformsotherthanLinux, the above steps
mustbecarriedout prior to softwareinstallation on platformsotherthanLinux. Additionally, the
install anduninstall scriptsin the$DIRdirectoryneedtobeslightly modi�ed in orderto includethe
differentMATLAB binary�le extensionnamethatresultsfrom compilingonadifferentplatform.
For example,if compilation is achievedon theSolarisplatform,simulate.mexlx in the install and
uninstall �les mustbereplacewith simulate.mexsolasthelatter�le will becreatedin the$DIR/src
directory. Then,thenewly compiledsoftwaremaybeinstalledaccordingto theprevioussection.

Notethat it is possible to compile thesourcecodewith thelatestMATLAB compiler(version
2.1). However, the binariesgeneratedfrom this compiler areon the orderof threemagnitudes
slowerthanthosegeneratedwith the MATLAB compiler(version1.2). Mathworks is currently
trying to improvethelatestcompiler, soit maybepossiblein thefutureto usethiscompiler.

5 SoftwareExecution

The researchermay view and recorddatasimulatedfrom the humancardiovascularmodel of
Section2 by running the rcvsimexecutable�le at the Linux prompt. Detailedinstructions ex-
plaining how to executethis �le including several examples,areprovided below. Execution of
simulate.mexlx at the MATLAB promptis toucheduponin AppendixA. (Note that this section
requiressomefamiliarity with theWAVE display systemwhich maybeacquiredby eithertyping
more /usr/help/wave/wave.hlp at theLinux promptor visiting thewebpage:
http://www.physionet.org/physiotools/wug/.)
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5.1 Help Option

A helpoption maybeimplementedby runningthercvsimexecutablewith thesingleargument-h
at theLinux prompt(that is, rcvsim-h; seeFigure8). The help option providesa descriptionof
the major components of the humancardiovascularmodel,commandline arguments,generated
output�les, andon-lineviewing options.

Accordingto thehelpoption,theexecutable�le requirestwo argumentsatthecommandline in
orderto simulatehemodynamic data.The�rst argumentmustbethenameof a �le in thecurrent
directory which containsthe desiredparametervaluescharacterizingthe humancardiovascular
modeland its execution. This is the working parameter�le which may be updatedduring the
simulationperiod(seeSection5.2). Thesecondargumentmustbethedesiredpre�x nameof the
output�les to begeneratedby themodel.

By executingrcvsimwith thesetwo arguments,threeMIT format �les arealwaysgenerated
in thecurrentdirectorywith extensions.dat, .qrs, and.hea. The .dat �le is a binary (shorts)�le
consisting of all of thegeneratedwaveforms;the.qrs �le is a binary�le consisting of annotations
which includethetimesof onsetof ventricularcontractionsaswell asany parameterupdates;and
the .hea�le is an ASCII header�le necessaryfor reading,viewing, andanalyzingthe .dat and
.qrs �les with theopen-sourcesoftwareprovidedby PhysioNet. A fourth �le with theextension
.txtmayalsobegeneratedwhentheheart-lungunit preparationor systemiccirculationpreparation
is implemented.This �le is in ASCII, multi-columnformatandconstitutesthesimulatedcardiac
functionor venousreturncurves.In orderto documentfully thesimulation,thercvsimexecutable
alsosavesthe working parameter�le in the currentdirectoryeachtime it is updated.The name
of the saved �les is the �rst commandline argumentwith the extension.numwhich denotesthe
numberof parameterupdatesthathavebeenmadeduringthesimulationperiod.Thenameof each
saved�le is alsorecordedin theannotation�les at thetime in which theparameterswereupdated.
At thebeginning of thesimulation, thercvsimexecutablesavesthe initial working parameter�le
with extension.0 to thecurrentdirectory.

The rcvsimexecutable also permitsthe simulatedwaveforms(as a function of time) to be
viewedasthey arebeingcalculated(on-lineviewing) throughtheWAVE displaysystem.Thesim-
ulationmaybepausedduringon-lineviewing by simply enteringªpºfollowedby � RETURN�

at the standardinput. Oncethe simulation is paused,any andall of the following threeactions
maybecarriedout. 1) All thedatathathave beengeneratedup to the time of thepausemaybe
scrolledthroughwith the arrow buttonsat the top of the WAVE displaysystem.2) Plotsof one
generatedwaveformagainstanothermaybedisplayedby clicking theFile button at thetopof the
WAVE displaysystem(with the right mouse button), andthenclicking on the Analyze... option
followedby theVCG button(bothwith theleft mousebutton). The�rst two waveformsappearing
in theSignalList (�rst waveformis plottedonx-axisandthesecondwaveform,ony-axis),which
maybeadjustedasdesired,will thenbeplottedagainsteachothervia Gnuplot. 3) Theworking
parameter�le maybeupdatedandsaved. Thesimulation mayberesumed,with theupdatedpa-
rametervalues,by simply enteringªrº followedby � RETURN� at thestandardinput. Notethat
plotsof onewaveformversusanotherwill not beautomaticallyupdateduponresumingthesimu-
lation. However, theseplotsmaybemanuallyupdatedby subsequently pausingthesimulationand
regeneratingtheplot asdescribedabove.
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Figure8: Resultsof executing thercvsimhelpoptionat theLinux prompt.
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5.2 Parameter File

The parameter�le ($DIR/parameters.def; seeFigure9) assignsthe desirednumericalvaluesto
all of theparameterscharacterizingthehumancardiovascularmodelandits execution.Thesyn-
tax for parameterassignmentmustbepreciselyaswritten within thefollowing squiggly brackets:

�

parameter: numericalvalue� . Otherwise,the parameterswill not be readin properly. The pa-
rameter�le alsoincludesde�nitions of eachof theparametersanddefault or nominalparameter
values.Eachline containingthesede�nitions anddefault valuesaswell asany othercomments
mustbe precededby a %. Parameterassignmentsshouldnever be precededby a %, elsethey
will not be readin properly. Eachof theparametersin the �le maybeupdatedin themidstof a
simulationperiodwith theexceptionof thoselabelledwith

�

* � . Any updateto theseparameters
will simply beignored.

Theparameter�le consistsof integration andsampling parameters;displayparameters;status
parameters;pulsatileheartandcirculationparameters;short-termregulatorysystemparameters,
andrestingphysiologicperturbationparameters.Thestatusparametersare�ags whichindicatethe
preparationof thepulsatileheartandcirculationto beimplementedaswell aswhetheraparticular
short-termregulatorysystemor restingphysiologic perturbationis to beactivatedor deactivated.
Thestatusparameters,which cannotbeadjustedin themidstof a simulationperiod,overrideany
of theotherrelevantparametersassignments.For example,if dra is setto zero,thentheexogenous
disturbanceto �

� is deactivatedandmaynot beactivatedduringthesimulation periodregardless
of thevalueassignedto stdwr, which establishesthestandarddeviation of thedisturbanceto �

� .
Note that a short-termregulatorysystemor restingphysiologic perturbationmay alsobe deacti-
vatedthroughtheparametersthatcharacterizethem. For example,theexogenousdisturbanceto

�

� may be deactivatedby settingstdwr to zero. In this case,the exogenousdisturbanceto �

�

may be subsequently activated during the simulation periodby settingstdwr to a valuegreater
thanzero.However, if theresearcherknows thatashort-termregulatorysystemor restingphysio-
logic perturbationis not requiredfor his simulation, thentheappropriatestatusparametershould
be deactivatedfor the purposesof increasingexecutionspeed.Note that the pulsatileheartand
circulationparametersmaybeapplicableto theintactcirculation,heart-lungunit, and/orsystemic
circulationpreparationsandarelabelledaccordingly.

5.3 Viewing Waveforms

Providedthatthedisplayparametersareproperlyset,theresearchermayview thesimulatedwave-
formsandupdatetheparametervalueson-lineby runningthercvsimexecutablewhich will make
repeatedfunction calls to the WAVE display system. Alternatively, the waveforms,which are
recordedto MIT format �les, maybeviewedat any time aftercompletionof thesimulation(off-
line viewing) by directly runningthewaveexecutable �le at theLinux prompt.An explanationon
how to setthedisplay parametersandcaveatsto on-lineparameterupdatingareprovided below.
SeealsoExamples1-7 in Section5.5 which illustratehow to view waveformsboth on-line and
off-line.
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Figure9: The $DIR/parameters.def�le which containsthe parametervaluescharacterizingthe
humancardiovascularmodelof Section2 andits execution.
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5.3.1 Setting Display Parameters

The waveformparameterunderthe displayparametersin the working parameter�le determines
whetherthesimulatedwaveformsareto beviewedon-line. If thewaveformparameteris assigned
thenumericalvalueof -1, thenthewaveformsarenot displayedasthey arebeingcalculatedbut
maybesubsequently viewedandanalyzedoff-line. Theresearchermaychoosethis option,if, for
example,the datarequiredfor analysisarevery time consuming to generate(e.g., Monte Carlo
simulations).If thewaveformparameteris assignedoneor morenumericalvaluesbetween0 and
28 inclusive (with a single spaceinsertedbetweeneachassignednumericalvalue),thenthewave-
forms correspondingto thosenumericalvalues(seethe $DIR/pararmeters.def�le (Figure9) or
thegenerated�le with extension.heafor mappingkey betweenwaveformsandnumericalvalues)
will bedisplayedasthey arebeingcalculated.For example,in Figure9, thewaveformparameter
is setsuchthat left ventricleandsystemicarterialpressureswill be displayedon-line. Note that
theannotationsparameterbeneaththewaveformparameteris simplya �ag indicatingwhetherthe
contentsof the annotations �le, which includethe timesof onsetof ventricularcontractionsand
parameterupdates,will beviewedon-linewith thewaveformsselectedby thewaveformparame-
ter. Notethatif thewaveformparameteris setto thenumericalvalueof -1, thenthecontentsof the
annotations�le will not be displayedon-line regardlessof the valueassignedto the annotations
parameter.

The rcvsimexecutable�le implementson-line viewing by periodicallyupdatingthe WAVE
displaywith themostrecentlycomputedwindow of waveforms.Thetimedurationof thewindow
andtheupdatetime period(bothsimulationtimes)mayberespectively setto desiredvalueswith
thewindowandstepparameters.For optimalon-lineviewing,thewindowparametershouldbeset
equalto thetimedurationdisplayedby WAVE. This lattertimedurationis setby thephysical size
of the WAVE window aswell asthe Time scalevariablewhich is essentiallya calibrationfactor
mappingthis physicalsizeto time duration. The Time scalevariablemaybe alteredby clicking
theVIEW optionon theWAVE menubar. Thestepparametershouldbechosento besuf�ciently
smallsuchthatthedisplayedwaveformsappearto scrollcontinuously throughtheWAVE window.
However, if thestepparameteris chosento be too small, thentheactualtime requiredto update
the displayof the simulateddatamay not be suf�cient and the quality of viewing may thusbe
compromised.

5.3.2 On-line Parameter Updating

All of the parameterassignmentsin the working parameter�le may be updatedas waveforms
arebeingcalculatedanddisplayedon-lineexceptthoselabelledwith

�

* � . Any updatesto these
parameterswill be ignored. As soonasany parameter(not labelledwith

�

* � ) is updatedin the
workingparameter�le, the�le issaved(with anew name)in ordertodocumentfully thesimulation
(seeSection5.1). Somecaveatsto on-lineparameterupdatingareprovidedbelow.

Sincenoneof thedisplayparametersarelabelledwith a
�

* � , they are permittedto beupdated
on-line.Thus,theresearchermay, for example,changethewaveformsthatheis currentlyviewing
withouthaving to rerunrcvsim. However, whentheworkingparameter�le is updatedonlythrough
thedisplayparameters,theupdatewill notbedocumentedto �le.

Updatesto theworking parameter�le arealsonot documentedwhentheparticularupdateis
not relevant to thestatusof thecurrentsimulation. For example,an updateto theCls parameter

24



is relevant when the intact circulationand heart-lungunit preparationsare being implemented.
Thus,in this case,theupdatewill bedocumentedto �le. However, whenthesystemiccirculation
preparationis beingexecuted,anupdateto theClsparameteris irrelevant(seeFigure3) andis thus
notdocumentedto �le.

Whenimplementingtheheart-lungunit, thePvandPa parametersmaybeupdatedon-linepro-
videdthatthey arenotbeingadjustedthroughthePvsandPasparameters,respectively. Otherwise,
theon-lineadjustmentof thePvandPa parameterswill beignored.Similarly, whenimplementing
thesystemiccirculationpreparation,any updateto theCrd parameterwill be ignoredunlessit is
notbeingadjustedthroughtheCrdsparameter.

As describedin Section3.1, the volume in eachof the capacitive elementsof the pulsatile
heartandcirculation(any preparation)is alwaysconserved througha pressureadjustment. The
only exceptionto this rule is naturallywhenthe researcherdesiresto adjusttotal blood volume
throughthe Qtot parameter(which is only applicableto the intact pulsatile heartandcirculation
preparation).In this case,thevolume is addedto or subtractedfrom thesystemic venousvolume
andthesystemicvenouspressureis adjustedaccordingly.

The instantaneouslung volumewaveformmayonly bealteredby updatingthe following pa-
rameters:Tr, Qt, Qfrs, andQds. If parametersof the ventilatory modelin Figure6 areupdated
(which includesthe Pvc parameter),the valueof intrathoracicpressureat the functionalreserve
volumeof the lungswill beadjustedinstantaneously in orderto precludeany changeto instanta-
neouslungvolume.

Finally, whenupdatingtheadjustableparametersof thepulsatile heartandcirculationthrough
theF, Ra, Qvo, Crs, andClsparameters,thecurrentvaluesandthesetpointvaluesof theseparam-
eterswill beadjusted.Notethatupdatesto theCrs andCls parameterswill take effect at thestart
of thesubsequentventricularcontraction.

5.4 Viewing Cardiac Function and VenousReturn Curves

Provided that the relevantparametersareproperlyset,the researchermay view cardiacfunction
andvenousreturncurvesimmediatelyafterthey havebeencalculated(on-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 capabilitywill usuallysuf�ce. However, it is possiblethat the researchermay
alsodesireto view thecurvesoff-line. Sincethecurvesarewritten to �le in ASCII, multi-column
format, the researchermay view them any time after completion of the simulation by directly
executinggnuplot at the Linux prompt. A descriptionof how to set the relevant parametersis
given below. Seealso Examples8-13 in Section5.5 which illustrate how to view the cardiac
functionandvenousreturncurvesbothon-lineandoff-line. (Notethatthis sectionrequiressome
familiarity with Gnuplot whichmaybegarneredby typingmangnuplotat theLinux prompt.)

In orderfor thercvsimexecutableto generatea cardiacfunctionor venousreturncurve,either
theheart-lungunit preparationor systemic circulationpreparationmustbeimplementedby assign-
ing thepreparation parameterunderthestatusparametersa numericalvalueof 1 or 2. Provided
that this hasbeendone,then the numericsparameterunderthe display parametersdetermines
whetherthecardiacfunction/venousreturncurve is to beviewedon-line. If thenumericsparam-
eter is assignedthe numericalvalueof -1, thenthe curve will not be displayedassoonas it is
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calculatedbut maybesubsequentlyviewedoff-line. If thenumericsparameteris setto a numeri-
cal valuebetween0 and3 inclusive whichcorrespondto differentplotting formats(seeFigure9),
thenthecardiacfunction/venousreturncurvewill beautomaticallydisplayedimmediatelyfollow-
ing the completion of the simulation. The differentplotting formatscanbe bestunderstoodby
recognizingthat theon-linedisplay of thecurvesis speci�cally implemented by writing gnuplot
commandsto a �le in the/tmpdirectoryandexecuting thesecommandsthrougha functioncall to
gnuplot. Thesingleplot perwindow formats(correspondingto numericalvaluesof 0 and2) will
deletethis �le if it exists, write a new �le to the/tmpdirectory, andthusdisplayonly thecardiac
function/venousreturncurve of the currentsimulation. The multiple plots per window formats
(correspondingto numericalvaluesof 1 and3) will addplotting instructionsto theexisting �le in
the /tmpdirectoryandthusdisplaythecurve of thecurrentsimulation aswell asall othercurves
thatareinstructedto bedisplayedin the�le. In thisway, multiple cardiacoutputandvenousreturn
curvescanbeoverlayedon thesameaxes. ThemPrax-axisformats(correspondingto numerical
valuesof 0 and1) will displayeithercardiacfunction or venousreturncurves. The mPa x-axis
formats(correspondingto numericalvaluesof 2 and3) will displayaveragecardiacoutputasa
function of averagesystemicarterialpressureand is thusapplicableonly to the heart-lungunit
preparation.

Whethercardiacfunction andvenousreturncurvesare to be viewed on-line or off-line, the
simulationtime is determinedby thetimeparameterunderintegrationandsampling parametersor
thetime it takesto completethecalculationof theentirecurve,whichever is less.Hence,thetime
parametershouldalwaysbesetto avaluethatis greaterthanthetimeit takesto calculatetheentire
curve (1000secondsis usuallymorethanenough).

In orderto generatevenousreturncurves,theCrdsparameterunderpulsatileheartandcircula-
tion parametersmustbeproperlyselected.Thisparameterdeterminestheincrementsin which the
Crd parameteris steppedfrom thevalueassignedto theCrs parameterto 60 ml/mmHg. Hence,
this parameterdeterminesthenumberof pointsto becalculatedon thevenousreturncurve. For
example,if thisparameteris setto � veandall otherparametersarealsosetto their default values,
then12pointson thevenousreturncurvewill becalculated.If theCrdsparameteris setto avalue
greaterthan60-Crs, thentheCrd parameterwill be heldconstantthroughoutthe simulation and
only onepointon thevenousreturncurvewill begenerated.

In orderto generatecardiacfunctioncurves,thePvsandPasparametersunderpulsatileheart
andcirculationparametersmustbeproperlyselected.Analogousto theCrdsparameter, thesepa-
rametersindicatetheincrementsin which thePv andPa parametersarestepped.If thesimulation
of a cardiacoutputcurve is desired,thePa parametershouldbeheldconstantby settingthe Pas
parameterto avery largevalue(1000mmHgwill usuallybemorethansuf�cient), andthePvspa-
rametershouldbesetto asuf�ciently smallvaluein orderto permitthegenerationof areasonably
smoothcurve (2 mmHg will usuallydo). If the generationof a curve of averagecardiacoutput
versusaveragesystemic arterialpressureis required,thePv parametershouldbeheldconstantby
settingthePvsparameterto a very largevalue(100mmHgwill usuallybemorethansuf�cient),
andthePasparametershouldbesetto a suf�ciently smallvaluein orderto allow thegeneration
of a reasonablysmoothcurve (30 mmHgwill usuallydo). Finally, notethat the researchermay
assignsuf�ciently smallvaluesto bothPvsandPassuchthata family of cardiacoutput curvesat
differentsystemicarterialpressureswill begenerated.
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5.5 Viewing Examples

The following examplesillustrate how to view waveformsand cardiacfunction/venousreturn
curveson-line andoff-line. Prior to implementingtheseexamples,the researchershouldsetthe
time durationdisplayedby the WAVE window to 20 secondsby resizingthe window and/orad-
justing theTime scalevariable(click VIEW option at thetopof theWAVE menubar).

Ex. 1

� DesiredExecution:

– On-linedisplayof left ventriclepressure,volume,and�o w rate.

– Uncontrolled,unperturbed,intactpulsatileheartandcirculationwith defaultparameter
values.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 1.

2. Openthe�le parameters 1 with any text editor(e.g., emacs).

3. Re-assignthefollowing parameters:waveform:0 9 17andannotations: 0. Make sure
all of thestatusparametersaresetto zero.

4. Save the�le parameters 1.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 1 foo1

� ExecutionOutput:

– The WAVE window in Figure 10 will initially appearand will automatically scroll
throughthe simulateddataas they arebeinggenerated.This processwill terminate
once300secondsof thedatahavebeensimulated.

– Thefollowing �les will becreatedin thecurrentdirectory:foo1.dat, foo1.qrs, foo1.hea,
andparameters 1.0whichmaysubsequently beviewedoff-line (SeeExample2).

Ex. 2

� DesiredExecution:

– Off-line displayof left ventriclepressure,volume,and�o w rate.

– Off-line displayof left ventriclepressureversusvolume.

– Uncontrolled,unperturbed,intactpulsatileheartandcirculationwith defaultparameter
values.

� RequiredSteps:
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Figure10: Initial WAVE window generatedaccordingto Ex. 1 andEx. 2.
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1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 2.

2. Openthe�le parameters 2 with any text editor(e.g., emacs).

3. Re-assignthefollowing parameter:waveform:-1. Make sureall of thestatusparame-
tersareassignedthenumericalvalueof zero.

4. Save the�le parameters 2.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 2 foo2.

6. Any time afterthecompletion of thepreviousstep,executethefollowing commandat
theLinux prompt:
wave-r foo2-s 0 9 17

7. Click on File button with right mouse button and thenclick Analyze... option with
left mouse button. Change�rst two waveformsin the SignalList to 9 0 followedby

� RETURN� . Then,click on theVCG button.

Or, if Ex. 1 hasbeenpreviously implemented,then

1. Executethefollowing commandat theLinux prompt:
wave-r foo1-s 0 9 17

2. Click on File button with right mouse button and thenclick Analyze... option with
left mouse button. Change�rst two waveformsin the SignalList to 9 0 followedby

� RETURN� . Then,click on theVCG button.

� ExecutionOutput:

– If Ex. 1 hasnot beenpreviously implemented,thenthefollowing �les will becreated
in thecurrentdirectory:foo2.dat, foo2.qrs, foo2.hea, andparameters 2.0.

– Whenthewaveexecutableis implemented,theWAVE window in Figure10will again
initially appear. Theresearchermaythenusethearrow buttonsat thetopof theWAVE
displaysystemto scroll throughthe300secondsof generatedwaveforms.

– WhentheVCG buttonis clicked,theGnuplotin Figure11 will appearillustratingleft
ventriclepressure-volumeloops. (As describedin Section5.1,plotting onewaveform
againstanothercanbecarriedout duringon-lineviewing providedthatthesimulation
is paused.Moreover, any two generatedwaveformsmaybeplottedagainsteachother
throughselectionof the�rst two waveformsin theSignalList.)

Ex. 3

� DesiredExecution:

– On-linedisplayof systemicarterialpressure,heartrate,andinstantaneouslungvolume
with annotations.
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Figure11: Gnuplotwindow generatedaccordingto Ex. 2.

– Fully controlled,fully perturbed(�x ed-ratebreathing),intactpulsatile heartandcircu-
lationwith default parametervalues.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 3.

2. Openthe�le parameters 3 with any text editor(e.g., emacs).

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

4. Save the�le parameters 3.

5. Executethefollowing commandat theLinux prompt:
rcvsimparameters 3 foo3

� ExecutionOutput:

– A WAVE window will appearandwill automaticallyscroll throughthesimulateddata
with annotations. Figure12 illustratesthewindow after oneminute of datahasbeen
calculated.Thisprocesswill terminateonce300secondsof datahavebeensimulated.

– Thefollowing �les will becreatedin thecurrentdirectory:foo3.dat, foo3.qrs, foo3.hea,
andparameters 3.0.

Ex. 4
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Figure12: WAVE window generatedaccordingto Ex. 3 andEx. 4.
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� DesiredExecution:

– Off-line displayof systemicarterialpressure,heartrate,andinstantaneouslungvolume
with annotations.

– Fully controlled,fully perturbed(�x ed-ratebreathing),intactpulsatile heartandcircu-
lationwith default parametervalues.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 4.

2. Openthe�le parameters 4 with any text editor(e.g., emacs).

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

4. Save the�le parameters 4.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 4 foo4

6. Any time afterthecompletion of thepreviousstep,executethefollowing commandat
theLinux prompt:
wave-r foo4-s 1 1526 -a qrs

Or, if Ex. 3 havebeenpreviously implemented,then

1. Executethefollowing commandat theLinux prompt:
wave-r foo3-s 1 1526 -a qrs

� ExecutionOutput:

– If Ex. 3 hasnot beenpreviously implemented,thenthefollowing �les will becreated
in thecurrentdirectory:foo4.dat, foo4.qrs, foo4.hea, andparameters 4.0.

– When the waveexecutableis implemented,a WAVE window will appear. The re-
searchermay thenusethe arrow buttons at the top of the WAVE display systemto
scroll throughthe 300 secondsof generatedwaveformswith annotations. Figure12
will appearafterclicking theforwarddoublearrow buttontwiceor by directly running
thewaveexecutablewith thefollowing additionalargument:-f 40.

Ex. 5

� DesiredExecution:

– On-linedisplayof systemicarterialpressureandvolumewith annotations.

– Uncontrolled,unperturbed,intact pulsatile heartandcirculationinitially with default
parametervalues.

– On-linereductionin systemicarterialcomplianceby a factorof two.
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� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 5.

2. Openthe�le parameters 5 with any text editor(e.g., emacs).

3. Re-assignthefollowing parameter:waveform:1 10. Makesureall of thestatusparam-
etersareassignedthenumericalvalueof zero.

4. Save the�le parameters 5.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 5 foo5

6. Sometime in themidstof thesimulation, typeªpºfollowedby � RETURN� at stan-
dardinput.

7. Re-assignthethefollowing parameter:Ca: 0.8.

8. Save the�le parameters 5.

9. Typeªrº followedby � RETURN� at standardinput.

� ExecutionOutput:

– A WAVE window will appearandwill automaticallyscroll throughthesimulateddata
with annotations. Theautomatic scrollingwill stoponceStep6. is executed.(At this
point, theresearchermayscroll backwardswith thethearrow buttonsat thetop of the
WAVE displaysystem.)After Steps7.-9.areexecuted,automatic scrollingwill resume
until a total of 300 secondsof datahave beencalculated. Figure 13 illustratesthe
WAVE window duringthetimeof reductionin systemic arterialcompliance.Notethat
this reductionis annotatedwith thenameof thesavedparameter�le. (Also notehow
systemicarterial volume is conserved throughthe instantaneouschangein systemic
arterialpressure.)

– Thefollowing �les will becreatedin thecurrentdirectory:foo5.dat, foo5.qrs, foo5.hea,
parameters 5.0, andparameters 5.1.

Ex. 6

� DesiredExecution:

– On-linedisplay of systemic arterialpressure,intrathoracicpressure,andinstantaneous
lungvolumewith annotations.

– Uncontrolled,intactpulsatileheartandcirculationinitially with defaultparameterval-
uesperturbedby only �x ed-ratebreathing.

– First,anon-linereductionin lungcomplianceby afactorof two. Then,anon-line,500
ml stepincreasein thefunctionalreservevolumeof thelungs.

� RequiredSteps:
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Figure13: WAVE window generatedaccordingto Ex. 5.
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1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 6.

2. Openthe�le parameters 6 with any text editor(e.g., emacs).

3. Re-assignthefollowingparameters:waveform:1 6 15andbreathing:1.

4. Save the�le parameters 6.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 6 foo6

6. Sometime in themidstof thesimulation, typeªpºfollowedby � RETURN� at stan-
dardinput.

7. Re-assignthethefollowing parameter:Clu: 126.25.

8. Save the�le parameters 6.

9. Typeªrº followedby � RETURN� at standardinput.

10. At a subsequenttime during the simulation, type ªpº followed by � RETURN� at
standardinput.

11. Re-assignthethefollowing parameter:Qfrs: 500.

12. Save the�le parameters 6.

13. Typeªrº followedby � RETURN� at standardinput.

� ExecutionOutput:

– A WAVE window will appearandwill automaticallyscroll throughthesimulateddata
with annotations. The automaticscrolling will stoponceStep6. is executed. After
Steps7.-9. areexecuted,automaticscrollingwill resumeuntil Step10. hasbeenex-
ecuted.WhenSteps11.-13. areexecuted,theautomaticscrolling will resumeuntil a
total of 300secondsof datahavebeensimulated.Figure14 illustratestheWAVE win-
dow duringthereductionin lung compliance.(Note that this reductiondoesnot alter
instantaneouslungvolume;seeSection5.3.2).Figure15illustratestheWAVE window
duringthetimeof thestepincreasein thefunctionalreservevolumeof thelungs. (Note
thatthestepincreaseoccursoncethecurrentrespiratorycycle is complete.)

– Thefollowing �les will becreatedin thecurrentdirectory:foo6.dat, foo6.qrs, foo6.hea,
parameters 6.0, parameters 6.1, andparameters 6.2.

Ex. 7

� DesiredExecution:

– On-linedisplayof systemicarterialpressureandheartratewith annotations.

– Uncontrolled,unperturbed,intact pulsatile heartandcirculationinitially with default
parametervalues.
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Figure14: WAVE window generatedaccordingto the�rst parameterupdateof Ex. 6.

36



Figure15: WAVE window generatedaccordingto thesecondparameterupdateof Ex. 6.
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– First on-linehemmorhageof 500ml. Then,on-lineinitiation of arterialandcardiopul-
monarybarore�ex control.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 7.

2. Openthe�le parameters 7 with any text editor(e.g., emacs).

3. Re-assignthefollowing parameters:waveform:1 26, baro: 3, bgain: 0, again: 0, and
pgain: 0.

4. Save the�le parameters 7.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 7 foo7

6. Sometime in themidstof thesimulation, typeªpºfollowedby � RETURN� at stan-
dardinput.

7. Re-assignthethefollowing parameter:Qtot: 4500.

8. Save the�le parameters 7.

9. Typeªrº followedby � RETURN� at standardinput.

10. At a subsequenttime during the simulation, type ªpº followed by � RETURN� at
standardinput.

11. Re-assignthethefollowing parameters:bgain: 1, again: 1, andpgain: 1.

12. Save the�le parameters 7.

13. Typeªrº followedby � RETURN� at standardinput.

� ExecutionOutput:

– A WAVE window will appearandwill automaticallyscroll throughthesimulateddata
with annotations. The automaticscrolling will stoponceStep6. is executed. After
Steps7.-9. areexecuted,automaticscrollingwill resumeuntil Step10. hasbeenex-
ecuted.WhenSteps11.-13. areexecuted,theautomaticscrolling will resumeuntil a
total of 300secondsof datahavebeensimulated.Figure16 illustratestheWAVE win-
dow oncethesimulation is complete.TheTimevariableof theWAVE window is set
suchthat thewaveformsover theentiresimulation periodmaybeviewedall at once.
(Notehow systemic arterialpressurehasbeenreturnedto nearnormalvalueswith the
barore�ex systems.)

– Thefollowing �les will becreatedin thecurrentdirectory:foo7.dat, foo7.qrs, foo7.hea,
parameters 7.0, parameters 7.1, andparameters 7.2.

Ex. 8

� DesiredExecution:
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Figure16: WAVE window generatedaccordingto Ex. 7 in which thetimedurationof thewindow
hasbeenexpandedto illustratetheentiresimulationperiod.
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– On-linedisplayof a cardiacoutputcurve.

– On-linedisplayof systemicarterialandvenouspressureandleft ventricle�o w rate.

– Uncontrolled,unperturbed,heart-lungunit preparationwith default parametervalues.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 8.

2. Openthe�le parameters 8 with any text editor(e.g., emacs).

3. Re-assignthe following parameters:time: 1000, waveform: 1 2 17, preparation: 1,
Pas:1000, andPvs:2.

4. Save the�le parameters 8.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 8 foo8

� ExecutionOutput:

– A WAVE window will appearandwill automaticallyscroll throughthesimulateddata
asthey arebeingcalculateduntil the entirecardiacoutputcurve hasbeenmeasured.
Figure17 illustratestheWAVE window at theendof thesimulation. (As is alwaysthe
casewith viewing waveformson-line, the parametervaluesmay be updatedprior to
simulation termination, if desired.)

– Then,theGnuplotwindow of Figure18 will appearimmediatelyfollowing thecalcu-
lationof theentirecardiacoutputcurve.

– Thefollowing �les will becreatedin thecurrentdirectory:foo8.dat, foo8.qrs, foo8.hea,
foo8.txtandparameters 8.0.

Ex. 9

� DesiredExecution:

– On-linedisplayof a venous returncurve.

– Uncontrolled,unperturbed,systemic circulation preparationwith default parameter
values.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 9.

2. Openthe�le parameters 9 with any text editor(e.g., emacs).

3. Re-assignthe following parameters:time: 1000, waveform: -1, preparation: 2, and
Crds: 5.

4. Save the�le parameters 9.
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Figure17: WAVE window generatedaccordingto Ex. 8.
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Figure18: Gnuplotwindow generatedaccordingto Ex. 8, Ex. 10,andEx. 11.
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5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 9 foo9

� ExecutionOutput:

– The Gnuplotwindow of Figure19 will appearimmediatelyfollowing thecalculation
of theentirevenousreturncurve.

– Thefollowing �les will becreatedin thecurrentdirectory:foo9.dat, foo9.qrs, foo9.hea,
foo9.txtandparameters 9.0.

Ex. 10

� DesiredExecution:

– On-linedisplayof multiplecardiacoutputandvenousreturncurves.

– Uncontrolled,unperturbed,heart-lungunit andsystemiccirculationpreparationswith
default parametervaluesandaftera25%increasein systemicarterialresistance,mean
systemicpressure,heartrate,andcontractility.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 10.

2. Openthe�le parameters 10with any text editor(e.g., emacs).

3. Re-assignthe following parameters:time: 1000, waveform:-1, preparation: 1, Pas:
1000, andPvs: 2.

4. Save the�le parameters 10.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 10 foo10a

6. Oncethe simulation is complete,re-assignthe following parameters:numerics: 1,
preparation: 2, andCrds: 5.

7. Save the�le parameters 10.

8. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 10 foo10b

9. Oncethe simulation is complete,re-assignthe following parameters:Ra: 1.25 and
Pms:8.625.

10. Save the�le parameters 10.

11. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 10 foo10c

12. Oncethesimulation is complete,re-assignthe following parameters:preparation: 1,
Cls: 0.3, Crs: 0.9, andF: 1.5.

13. Save the�le parameters 10.
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Figure19: Gnuplotwindow generatedaccordingto Ex. 9.
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Figure20: Gnuplotwindow generatedaccordingto Ex. 10andEx. 11.

14. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 10 foo10d

� ExecutionOutput:

– A totalof four Gnuplotwindowswill bedisplayedbeginningwith awindow displaying
a single cardiacoutputcurve (seeFigure18); thena window displaying theprevious
cardiacoutput curve with a venousreturn curve; followed by a window displaying
thesetwo previous curveswith anothervenousreturncurve which is enhanced;and
endingwith awindow displaying eachof thesethreecurvesandanadditionalenhanced
cardiacoutputcurve (seeFigure20). (Notetheincreasein averagecardiacoutputthat
occursdueto the enhancementof thecurves.) Eachof the four windows will appear
immediatelyafter the completion of eachof the four rcvsimexecutions (Steps5., 8.,
11.,14.).

– The following �les will be createdin the currentdirectory: foo10a.dat, foo10a.qrs,
foo10a.hea, foo10a.txt, foo10b.dat, foo10b.qrs, foo10b.hea, foo10b.txt, foo10c.dat, foo10c.qrs,
foo10c.hea, foo10c.txt, foo10d.dat, foo10d.qrs, foo10d.hea, foo10d.txt and parame-
ters 10.0.

Ex. 11

� DesiredExecution:
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– Off-line displayof thecardiacoutputandvenousreturncurvesgeneratedfrom Ex. 10.

� RequiredSteps:

1. Changedirectoryto thatwhichcontainsthesimulateddataof Ex. 10.

2. Rungnuplotat theLinux prompt.

3. At theGnuplotprompt,enterthefollowing commands:
setticsout
setxlabel'mPra [mmHg]'
setylabel'mql,mqv [l/min]'
plot 'foo10a.txt' using1:2notitlewith lines
replot'foo10b.txt' using1:2notitlewith lines
replot'foo10c.txt' using1:2notitlewith lines
replot'foo10d.txt' using1:2notitlewith lines
(Note that the plot commandis similar to numerics:0, while the replot commandis
analogousto numerics:1.)

� ExecutionOutput:

– A totalof four Gnuplotwindowswill bedisplayedbeginningwith awindow displaying
a single cardiacoutputcurve (seeFigure18); thena window displaying theprevious
cardiacoutputcurvewith avenousreturncurve;followedbyawindow displayingthese
two previouscurveswith anothervenousreturncurve which is enhanced;andending
with awindow displayingeachof thesethreecurvesandanadditionalenhancedcardiac
outputcurve (seeFigure20).

Ex. 12

� DesiredExecution:

– On-line displayof averagecardiacoutputas a function of averagesystemic arterial
pressure.

– Uncontrolled,unperturbed,heart-lungunit preparationwith default parametervalues.

� RequiredSteps:

1. Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters 12.

2. Openthe�le parameters 12with any text editor(e.g., emacs).

3. Re-assignthefollowing parameters:time: 1000, waveform:-1, numerics:2, prepara-
tion: 1, Pas: 30, andPvs: 100.

4. Save the�le parameters 12.

5. Runthefollowingcommandat theLinux prompt:
rcvsimparameters 12 foo12
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� ExecutionOutput:

– The Gnuplotwindow of Figure21 will appearimmediatelyfollowing thecalculation
of theentirecurve.

– Thefollowing �les will becreatedin thecurrentdirectory:foo12.dat, foo12.qrs, foo12.hea,
foo12.txtandparameters 12.0.

Ex. 13

� DesiredExecution:

– Off-line displayof thecurveof averagecardiacoutputasafunctionof averagesystemic
arterialpressuregeneratedfrom Ex. 12.

� RequiredSteps:

1. Changedirectoryto thatwhichcontainsthesimulateddataof Ex. 12.

2. Rungnuplotat theLinux prompt.

3. At theGnuplotprompt,enterthefollowing commands:
setticsout
setxlabel'mPa [mmHg]'
setylabel'mql [l/min]'
plot 'foo12.txt' using3:2notitlewith lines

� ExecutionOutput:

– TheGnuplotwindow of Figure21will againappear.

6 A Research Example

Thehumancardiovascularmodeluponwhich RCVSIMis basedwasoriginally constructedin or-
der to advanceresearch in thegeneralareaof beat-to-beathemodynamicvariability [?,4,8]. The
RCVSIMsoftwareenhancesthepotentialof theoriginalhumancardiovascularmodelin facilitating
cardiovascularresearchby makingthe modelmoreuserfriendly andcompatible with the open-
sourcesoftwareprovidedby PhysioNet.By furtherdisseminatingRCVSIMto thecardiovascular
researchcommunitythroughPhysioNet,researchersmay convenientlyutilize the computational
modelto complementtheir studieswith the experimentaldatasetsavailable on PhysioNet.For
example,RCVSIMhasbeenpreviously utilizedto developan algorithmfor monitoring systemic
arterialresistancefrom only aperipheralarterialpressurewaveformswhichwassubsequently val-
idatedwith datafrom the MIMIC databaseon PhysioNet[4]. Anotherresearchexamplewhich
illustrateshow RCVSIMmaybeutilized in conjunctionwith theopen-sourcesoftwareandexper-
imentaldatasetsof PhysioNet in orderto improve the accuracy of the model,andthuspossibly
physiologicunderstanding,is providedbelow.
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Figure21: Gnuplotwindow generatedaccordingto Ex. 12andEx. 13.
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Thedefault or nominalparametervaluesof thehumancardiovascular modelaresetsuchthat
thepower spectraof thesimulatedbeat-to-beathemodynamicvariability resemblespowerspectra
measuredfrom a groupof normalhumansin thestanding posture [4,5]. Theobjective of there-
searchexample hereis to determinea setof parametervalueswhich permitthemodelto generate
a realisticsupineposture,heartratepowerspectrum.In orderto addressthisobjective, it is neces-
saryto obtainexperimentaldatasetsto de�ne what is realisticandsoftwareto computetheheart
ratepowerspectrum– bothof whichareavailable from PhysioNet.Thespeci�c stepswhichwere
implementedto achieve theresearchobjectivearegiven below.

1. Establish realisticsupineposture,heartratepowerspectrum.

(a) Visit thefollowing webpage:
http://www.physionet.org/physiobank/database/meditation/data/
whichhousesExaggeratedHeartRateOscillationsDuringtwo MeditationTechniques:
Data.

(b) Download the datain the metronomicbreathinggroup from the bottomof this web
page– M#.heaandM#.qrs, where# rangesfrom 1 to 14. (Thesedataprovide theqrs
timesof 14 volunteersubjectsin the supineposturebreathingat a �x ed-rateof 0.25
Hz.)

(c) Calculateaninstantaneousheartratetachogramfrom theqrstimesfor eachsubjectby
executingthefollowing commandat theLinux prompt(14 times):
tach -r M# -a qrs -f � hr#
(Note that tach is open-sourcesoftwareprovided by PhysioNet. Type tach -h at the
Linux promptfor help.)

(d) Calculatethemaximumentropy powerspectrumof theinstantaneousheartratetachogram
for eachsubjectby executing thefollowing commandat theLinux prompt(14 times):
memse-f 2 -Z -o 15hr# � phr#
(Note thatmemseis open-sourcesoftwareprovidedby PhysioNet.Typememse-h at
the Linux promptfor help. The generated�les phr# are two-column, ASCII format
�les in whichthe�rst columnrepresentsfrequenciesandthesecondcolumnrepresents
thecorrespondingpowerspectraldensities.)

(e) Averagethepowerspectraover the14subjectsandwrite theaveragedspectrato atwo-
columnASCII �le calledavephr(by writing asimpleprogramor usingany pre-existing
softwaresuchasMATLAB).

(f) Plot the averagedpower spectrumby executingthe following commandat the Linux
prompt:
plot2davephr0 1
(Note that plot2d, which is a simple programthat controlsGnuplot, is open-source
softwareprovidedby PhysioNet.Typeplot2d -h at theLinux promptfor help.)

2. Determinemodelparametervalueswhichpermitthemodelandaveraged,experimentalheart
ratepowerspectrato match.

(a) Copy �le $DIR/bin/parameters.defto thecurrentdirectorywith thenew �le namepa-
rameters r.
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(b) Openthe�le parameters r with any text editor(e.g., emacs).

(c) Re-assignthe following parameters:waveform: -1, baro: 3, dncm: 1, breathing: 1,
dra: 1, df: 1, Tr: 4, andQt: 430. (Sinceaccompanying experimentalrespiratorydatais
not available,thelastparameteris arbitrarily setsuchthatthealveolarventilationrate
is 70ml/s.)

(d) Save the�le parameters r.

(e) Executethefollowing commandsat theLinux prompt:
rcvsimparameters r foor
tach -r foor -a qrs -f � hrsim
memse-f 2 -Z -o 15hrsim � phrsim
plot2dphrsim0 1

(f) If this plot matchestheexperimentalplot above, thentheresearchobjective hasbeen
achieved. Otherwise,re-assignthe following parameters:bgain, again, pgain, stdwr,
andstdwf, andrepeatthe stepsabove beginning with Step(d). (Note that these� ve
parametershave beenidenti�ed basedon a priori knowledge of thephysiologic differ-
encesbetweensupine andstandingpostures.)

Whenthevaluesassignedto theparametersof Step(f) aresetasfollows: bgain: 0.5, again:
0.5, pgain: 1, stdwr: 0.04, andstdwf:0.175, theaveragedexperimental andmodelsupineposture,
heartratepowerspectramatch(seeFigure22). Asexpected,theparameterchangesfrom thestand-
ing postureto supine posturere�ected a shift in autonomic balancefavoring theparasympathetic
nervoussystem. Interestingly, a further comparisonof theseparametervalueswith the nominal
valuessuggeststhat theposturepeakin humans( 	 0.1 Hz [10]; presentin themodelwith default
parametervalues)couldbedueto bothasystemresonancewhich is establishedby increasedsym-
patheticnervousactivity aswell asincreased�uctuations in local vascularresistancebedswhich
maybedueto increasedleg muscleactivity.

A Other Models

In additionto themodelsof Section2, otherlumpedparametermodelsof thepulsatile heartand
circulationandrestingphysiologic perturbationmodelsmay be implementedwith the RCVSIM
sourcecode.Thesemodelsmayonly be implementedat theMATLAB promptby executing sim-
ulate.mexlx. A brief descriptionof eachof thesemodelsandthe relevantMATLAB functionsis
givenbelow.

� Lumpedparametermodelsof thepulsatileheartandcirculation

– Left ventricle preparation. The electricalcircuit analogof this preparationmay be
visualizedby replacing �

� and �

�

� in Figure1 with the DC voltagesources�

� and
�

�

� , respectively. This preparationmaybeutilizedfor theanalysisof theinput-output
propertiesof the left ventriclemodel; however, thereis currentlyno sourcecodeto
alter theDC voltagesourcesduringa single simulation. Theinitial pressure,volume,
and �o w rateof the preparationare computedwith the function lv init cond.m, and
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Figure22: Model (red)andexperimental(blue)supineposture,heartratepower spectraat �x ed-
ratebreathingof 0.25Hz. Thedarkblueline is theaveragespectrumcomputedfrom 14volunteers,
while the two lighter blue lines are the corresponding95% con�dence intervals. Seetext for
additionaldetails.
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the derivative of the pressureat a desiredtime stepis determinedwith the function
lv eval deriv.m.

– Intact circulatorypreparation for measurementof singleventricularcontraction �

�

�

���

response. Theelectricalcircuit analogof this preparationis givenby Figure1andin-
cludesanadditionalparameter( � � 	 ) whichrepresentsthebeatnumberafterwhich the
ventricleswill no longercontract. The singleventricularcontraction�

�

�

��� response
may thenbe determinedby executingthe preparationfor � � 	 , andthen � � 	 -1, ven-
tricular contractionsand then taking the differencebetweenthe two resulting �

�

�

���

waveforms.

– Intact circulatorypreparation with only linear elements.Theelectricalcircuit analog
of this preparationis given by Figure1 in which the four nonlinearelementsarere-
placedby purely linearelements.This modelwaspreviously presentedby Davis [3].
The initial pressures,volumes,and �o w ratesof the preparationare computedwith
the function init cond.m, andthe derivative of the pressuresat a desiredtime stepis
determinedwith thefunctioneval deriv.m.

– Intact circulatory preparation with third-order systemicarteries.Theelectricalcircuit
analogof this preparationmaybevisualizedby replacingthecapacitor�

� in Figure1
with two groundedcapacitorsconnectedvia aninductor. Thecapacitorproximal to the
left ventricle compartmentrepresentsthe large,elastic( 	 ) arteries,theothercapacitor
representsthesmall, muscular( � ) arteries,andthe inductor( �

�

) accountsfor the in-
ertial effectsof blood �o w betweenthe two lumped arteries.This third-ordermodel
of thesystemicarterieswaspreviously presentedby Clark [2]. The �

�

�

��� waveform
may be consideredasa �rst-order approximationof a peripheralarterialblood pres-
surewaveform. The initial pressures,volumes,and�o w ratesof the preparationare
computedwith the function third init cond.m, andthederivative of thepressuresat a
desiredtimestepis determinedwith thefunctionthird eval deriv.m.

– Intact circulatorypreparation with nonlinearsystemicarterial compliance. Theelec-
trical circuit analogof thispreparationis givenbyFigure1with aboxencompassing� �

to denoteits nonlinearity. Thisnonlinearelementis characterizedby thecurvature( � ),
differentialcompliance( �

� ), andvolume(
���

��� ) all at �

�

�

� . Providedthat �

�

� , the
differentialcompliancedecreaseswith increasing�

�

�

��� . Theinitial pressures,volumes,
and�o w ratesof thepreparationarecomputedwith thefunctionnac init cond.m, and
the derivative of the pressuresat a desiredtime stepis determinedwith the function
nac eval deriv.m.

– Intact circulatorypreparation with third-order systemicarteriesandnonlinear, large
elastic arterial compliance. This preparationis a combination of the previous two
preparationswith a nonlinear �

�

andlinear �

� . The initial pressured,volumes,and
�o w ratesof the preparationare computedwith the function third nac init cond.m,
andthederivativeof thepressuresatadesiredtimestepis determinedwith thefunction
third nac eval deriv.m.

– Intact circulatory preparation with an arterial pressure reservoirpreparation. The
electricalcircuit analogof this preparationmaybevisualizedby replacing�

� in Fig-
ure 1 with a DC voltagesource�

� . This preparationmay be utilized to understand
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hemodynamicswhile �

�

�

��� is heldconstant.The initial pressures,volumes,and�o w
ratesof thepreparationarecomputedwith thefunctionapr init cond.m, andthederiva-
tiveof thepressuresatadesiredtimestepisdeterminedwith thefunctionapr eval deriv.m.

– Intact circulatorypreparation with contracting atria. The electricalcircuit analogof
thispreparationmaybevisualizedby insertingright atrial ( � 	 ) andleft atrial ( � 	 ) com-
partments(linear resistorand linear, variablecapacitorwith an unstressedvolume)
betweenthe venousand ventricular compartmentsin Figure 1. The atrial and ven-
tricular compliancesat a desiredtime steparerespectively computedby thefunctions
var vcap.mandvar acap.m. Theinitial pressures,volumes,and�o w ratesof theprepa-
rationarecomputedwith thefunctiona init cond.m, andthederivativeof thepressures
atadesiredtimestepis determinedwith thefunctiona eval deriv.m.

� Restingphysiologic perturbations

– Respiratory activity. In additionto �x ed-ratebreathingandrandom-interval breathing
with varying tidal volumes,

�

���

�

��� may alsobe representedasa stepor impulse of
desiredamplitude or area(Qfrs) and at a desiredtime (Qfrt) as well as at random-
intervalswith aconstanttidal volume.Thesebreathingpatternsaregeneratedwith the
functionrespact.m.

– Autoregulation of local vascularbeds.In additionto bandlimitedwhitenoise,autoreg-
ulation of local vascularbedsmay alsobe representedasbandlimited, 1/f noiseor a
sinusoidof desiredamplitude (ar) and frequency (fr). The former representationis
generatedwith thefunctionsbl �lt.m andoneoverf �lt.m .

– Central oscillator. A centraloscillatoris representedasanexogenous, sinusoidal dis-
turbanceto �

�

�

� of desiredamplitude(ap) andfrequency (fp).

– Non-barore�ex mediated�uctuations in
� �

�

�

��� . Fluctuationsin
���

�

�

��� not due to the
barore�exesarerepresentedasawhitedisturbanceof desiredstandarddeviation(stdwq)
that is bandlimited to a desiredfrequency ( �����

� ). These�uctuations mayspeci�cally
be dueto, for example,fastactinghormonal loops. These�uctuations aregenerated
with thefunctionbl �lt.m .

In orderto implementall of theabovemodels,ratherthanusingreadparam.m, theparametervec-
tor th mustbecreatedby �rst copying the�le $DIR/bin/headerdef.mto thecurrentdirectoryand
thenexecutingth=headerdef; at theMATLAB prompt(Notethatheaderdef.mcanbecopiedto
any nameaslongasit hastheextension.m). Additionally, theappropriateoptionof thearguments
to simulate.mexlx (typehelpsimulateat theMATLAB prompt)mustbeselected.
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