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Special Research Center
"Optimization and Control"

The specialreseart certer (SRC F-003)"Optimization and Control" focuses
on interdisciplinary researt projects conbining applied mathematics, phys-
iology and se\eral areasof engineering.It hasbecomewidely acceptedthat

techniquesfrom applied mathematics- in particular from the areasof opti-

mization and numerical mathematics- are essetial for extending our scien-
tic knowledgeandthuscortributing signi cantly to the solution of problems
which are of concernto our scciety. The interdisciplinary e orts within the

SRC leadto innovative solutionsto solve suc problems. The SRC alsopro-

videsthe necessaryscierti ¢ ernvironment and training for young researters
to cooperate in similar researty projects. The SRC F-003 is supported by

the Austrian ScienceFund. The following subprgects are organizing this

workshop.

F307: In nite dimensionalsystemsand appraximation.

F310: Optimization of a mathematical model for fundamertal cortrol
medanismsin the cardiovascularsystem.

F312: Identi cation of models of the adaptation of the heart function
to the demandsof the cardiovascularand cardiorespiratory system.

F323: Optimization of Fluid Balance: Blood pressurecortrol and clinic
applications such as hemadialysis.

W orkshop Organizers

ThomasKenner { Daniel Stneditz (Dept. Physiology)
Franz Kappel { Jerry Batzel { Martin Fink (Dept. Mathematics)

SFB Workshop Supp ort

Inge Puntigam { David Auerbad { Mostafa Bachar { Jurgen Wimmer
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MA CSl-net (MAthematics, Computing and Simulation for Industry) is set
up asa network to promote the useof mathematical models,computing, and
simulation in industry and whereboth ernterprisesand university institutions

make connectionsand co-operate to solve problems,to their mutual bene t.

In particular the network focuseson strategiesto increasethe interaction

between industry and academiain order to: help industry with advanced
mathematicaland computational toolsandto increaseawarenessn academia
of industrial needs. The network promotesactivites such as Cardio Point

which is embeddedin this workshop.

The Cardio Point Evert consistsof a seriesof presetations on Thursday and
around table discussion which will be held on Friday. The aim of the
discussionis to collect ideasfor collaborative researt as well asto initiate
collaborationsin the eld of cardiacand cardiovascularmodelling preferably
betweenacademicand industrial partners.
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Wednesday Workshop Schedule

Time Talk

7:15-8:15 | Breakfast

8:30 N. Westerhof
Ventriculo-arterial coupling determinespressureand ow

9:15 A. Stefanovska
Causalrelations betweencardio, respiratory and neural oscil-
lations

10:00 Break

10:30 M. Meesmann
Modeling the blood-pressureresponseto vertricular prema-
ture beats

11:15 G. Stark
Modeling in cardiovascular medicine: The clinicians point of
view

12:00-12:45 Lunc h

13:30 E. Weibel
Modeling designand functional integration in the oxygenand
fuel pathways to working muscle

14:15 JK. Li
Modeling Myocardial Stunning

15:00 Break

15:30 F. Marsik
Numerical model of human cardiovascularsystem-Korotko 's
soundsimulation

17:00-17:48 Dinner

18:15-22:00 Outing for Graz tour
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Thursday Workshop Schedule: Morning Session

Time Talk
7:00-8:00 | Breakfast
8:00 M. Saccomani
Someresultson parameteridenti cation of nonlinear systems
8:45 O. Arino
Delay di erential model of intra-venousglucosedynamics
9:30 Break
10:00 K. Thomaseth
Modeling and analysisof glucoseand free fatty acidskinetics
during glucosetolerancetests
10:45

A. de Gaetano

A model of the euglycemichyperinsulinemicclamp

12:00-12:458

Lunc h
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Thursday Workshop Schedule: Afterno on Session

Cardio Point

*‘7 MACSI-net
MAthematics, Computing and
Simulation for Industry

Time Talk
13:15 MA CSl-net event: CARDIO POINT
Welcome
13:30 F. Wilquem
Modeling local hemadynamicsthrough By-PassGrafts out of
the heart area: a sampleof a collaborative framework
14:05 K.U. Markus
Identi cation of problemsin automatic heart signal analysis
14:40 M. Mlynski
Malfunction diagnosisfor implantable devices: Discussionof
di erent aggregationtechnique
15:10 Break
15:40 P. Zunino
Mathematical modelling of masstransfer in the vascularsys-
tem and related clinical applications
16:15 M. Thiriet
Image-basedo w computations in saccularaneurisms,using
various image processingtechniques
16:50 Cardio point
Discussion
17:15-18:00| Dinner
18:15 Bus leaves for Schloss Eggenberg
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Friday Workshop Schedule
Time Talk
7:15-8:15 | Breakfast
8:30 M. Tawhai
From cell to integrated whole organ: computational modeling
for the Lung Physiome
9:15 P. Robbins
Simple models for physiological description and hypothesis
testing in respiratory physiology
10:00 Break
10:30 M. Levine
Mathematical modelsin the study of respiration
11:15 A. Ben.T al
Gas exdangersand their interactions with the heart
12:00-12:45 Lunc h
13:30 M. di Rienzo
Barore ex linear and nonlinear cortribution to blood
pressure-heartrate coupling during spontaneousbehavior
14:15 P.V.E. McClin tock
Noisy oscillatory dynamicsof the cardiovascularsystem
15:00 Break
15:30 A. Stefanovska
Inferring parametersfor the coupledoscillators of the cardio-
vascularsystem
16:10 Cardio Point
Round Table Discussion
17:30 bus leaves for Reception at LH Styria
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Saturda y Workshop Schedule

Time Talk

7:15-8:15 | Breakfast

8:30 H.T. Tran
Modeling cerebral blood ow control during posture change
from sitting to standing

9:15 R. Panerai
Cerebral blood ow autoregulation:are we barking at the
wrong tree?

10:00 Break

10:30 R.L. Hughson
Searting for the vascularcomponert of the arterial barore ex

11:15 V. Starc
Long term regulation of the mean arterial pressurebasedon
the metabolic activity of the brain: a mathematical model
simulation

12:00-12:45 Lunc h

14:00 J. Waniewski
A mathematical model of local vasdlilatation during peri-
toneal dialysis

14:45 G. Plank
The shack energy necessaryfor successfulde brillation de-
pendson the degreeof disorganization of the reertrant acti-
vation pattern

15:30 Break

16:00 S. Cavalcanti
Model-basedanalysis of pressureresponseto hemaialysis-
induced hypovolemia

16:45 M. Fink
Modeling the human cardiovascular-respiratory cortrol sys-
tem: an optimal cortrol application to orthostatic stress

18:00 Dinner

19:00 Outing
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A. Mukhopadh yay?,
A. De Gaetano ! and O. Arino 2

lLaboratorio di Biometematica IASI, Italy
2Centre de Recherche IRD, France

Delay Dieren tial model of Intra-V enous Glucose Dynamics

A model of the variations of the glucoseafter intra-venousinjection of a bolus
of glucoseis proposed. The model is a nonlinear systemof delay di erential
equations,of the rst order, with in nite delay both in the glucoseand the
insulin. A mathematical analysisof the model was performedand is brie y
commerned upon here,together with someother modelsin the literature.

E-Mail: ovide.arino@londy.ird.fr

Alona Ben-T al

Bionengineering Institute,
University of Auckland, New Zealand

Gas exchangers and their interactions with the heart

Complex interactions exist betweenthe respiratory systemand the cardiac
output in humans. Someexamplesof sud interactions are Cheyne-Stoles
respiration (a sleep-disorderedreathing assa@iated with heart failure), Res-
piratory Sinus Arrhythmia (changesin heart rate pattern asa result of paced
respiration) and syndronization between vertilation rate and heart rate.
These interactions provide the motivation for the study presened in this
talk.

There are di erent sourcesfor the interactions betweenthe heart and the
lung. The heart and the lung are coupledmedanically and are both a ected
by the expansionand cortraction of the thoracic cage. The cortrol certers
of the heart and the lung are located in closeproximity in the brain and are
both sensitive to changesin the levels of oxygen and carbon dioxide in the
blood. Respiration and cardiac output are also coupledin the gasexcange
processitself.

This talk is concernedwith the gasexdangeprocess.A seriesof simpli ed
modelsfor lung function and gasexdangewill be presened. Thesemodels
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take two main featuresin mammalian lungs into accoun: the facts that
the lungs are exible and can hold air. The models can be regardedas the
controlled system(plant) and can be usedto study the relationship between
certain inputs (e.g., heart rate and vertilation rate) and certain outputs (e.g.,
partial pressuresof oxygenand carbon dioxide in the blood).

E-Mail: a.bental@au&land.ac.nz

Silvio Cavalcanti !, Andrea Ciandrini 1, Stefano
Severil and Laurie Garred 2

1Biomedical Engineering Laboratory DEIS,
University of Bologna, Bologna, Italy
2Department of Chemical Engineering,
LakeheadUniversity, Thunder Bay, ON, Canada

Mo del-based analysis of pressure response to
hemo dialysis-induced hyp ovolemia

In spite of the recert technological advancesin the arti cial kidney, symp-
tomatic arterial hypotension and related cardiovascular instability are still

the most frequert intratreatment complications of hemadialysis. Impaired
presenation of plasmavolume and inadequateregulation of cardiovascular
functions are important factors in the lossof blood pressurecortrol during

hemadialysis [1]. To prevert excessie circulatory stress,on-line monitoring

of blood volumeis rapidly gainingacceptancean clinical practice [2]. Simulta-

neousmonitoring of changesn circulating blood volumeand arterial pressure
allows the pressureresponseto hypovolemiato be characterized. Recertly,

we proposeda new approad, basedon computer simulation, to extract from

the pressureresponseto hemaialysis-inducedhypovolemia, a small set of
parametersrepreserativ e of patient cardiovascularreactivity [3-5].

Currently, we are using this approad to investigatethe hypothesisthat pa-
rametersrepresermativ e of a patient's capacity for cardiovascularregulation
can be a ected by exposureto acetate during hemaialysis. Acetate is a
powerful stimulus of nitric oxide syrthesis (NOS) and nitric oxide regulates
the adrenergicand cholinergic responsesto hypovolemia. To test the hy-

pothesisthat acetateinhibits -adrenergicresponse,mean arterial pressure
(MAP), heart rate (HR) and changesin relative blood volume (BV) were
recordedin 12 subjects during 2 session®f corvertional bicarbonate dialy-

sis(BD, dialysate cortaining 3 mEg/L acetate)and 2 session®f acetate-free
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bio Itration (AFB). A hemdialysis macdine employing blood volumecortrol

Hemaontrol™ | Hospal, Italy) was usedto produce the sameBV changes
in all four sessions.Data collectedin ead sessionwere analyzedwith the

simulation model and model parametersrelated to the adrenergicresponse
were identied. Model-basedcomputer analysis revealed a lower increase
in peripheral resistance(9% BD vs 16% AFB p < 0:05) and greater de-
creasein stroke volume (20% BD vs 10% AFB, p < 0:01) in sessionswith

acetate-comaining dialysate.

References

[1] Daugirdas J.T. (1991): "Dialysis hypotension. a hemaodynamic analysis”,
Kidney Int., Vol. 39, pp. 233-246

[2] SteuerRR, Leypoldt JK, CheungAK, Harris DH, Conis JM. (1994): "Hema-
tocrit asan indicator of blood volume and a predictor of intradialytic morbid
events”, ASAIO J., Vol. 40, pp. M691-M696

[3] Cavalcanti S., Di Marco L.Y. (1999): "Numerical simulation of the hemo-
dynamic responseto hemadialysis-induced hypovolemia”, Artif. Organs Vol
.23, pp. 1063-1073

[4] Cavani S., Cavalcarti S., Avanzolini G. (2001): "Arterial pressureresponse
to hemadialysis-induced hypovolemia: a sensitivity analysis", ASAIO J., Vol.
47,N. 4, pp. 377-388

[5] Cavalcarti S., Cavani S., Sartoro A. (2002): "Role of short-therm regulatory
medanismson pressureresponseto hemadialysis-inducedhypovolemia”, Kid-
ney Int., Vol. 61, pp. 228-238

E-Mail: scavalcarti@deis.unilo.it

Martin Fink, Jerry Batzel, and Franz Kapp el

Mathematics Institute and SFB "Optimization and Control",
Karl-Franzens-Uniwersitat, Graz, Austria

Mo deling the human cardio vascular-respiratory control system:
an optimal control application to orthostatic stress

In this talk we descrite a model of the human cardiovascular-respiratory
control system. The cardiovascular control systeminvolves a complex set
of interrelationships betweenheart rate, blood pressure,cardiac output, and
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blood vesselesistanceand, at the current time, a completedescriptionof the
cortrol structure and interdependenciesf cortrol elemers is lacking. While
vertilatory cortrol is better understood, the interaction between cortrol of
cardiac function and vertilation is not completely elucidated.

We will approad the modeling of the cortrol system by viewing it as an
optimal cortrol problem. Many physiologists assumethat optimization is
a basic conceptin the ewlution of biological systems(see,e.g., Swan 1984
[3]). We presen a model dewelopedin Timischl 1998[4] which hasbeenused
to study congestie heart failure [1] and will adapt this model to study the
transition from lying down to standing up and the phenomenorof orthostatic
stress.

The model can provide a basisfor deweloping information on steady state
relations and alsoto study the assumptionof optimally acting physiological
corntrol systemsas well as provide a basisfor deweloping and studying the
complex physiological cortrol medanismsof the cardiovascular-respiratory
system.

Suddenchangein position (from lying down to standing) resultsin changein
physical stress(orthostatic stress)on the cardiovascularsystem. As a result,
steady state and dynamic variation in the systemoccurs. Systemresponse
to orthostatic stresshasbeenextensiely studied (seee.g., Heldt et.al, 2002
[2]) but a number of issuesare not well understood.

The model is adapted using extra compartmerts and cortrol loopsto study
the cortrol of blood pressureand the avoidanceof sewere hypotensionwhich
could result from suddenchangein position. The purposeis to elucidateand
study those factors that in uence cardiovascular adaptation to orthostatic
stressand provide insight into sud conditions as orthostatic intolerance,
cerebral blood ow changesand fainting, as well as problems arising from
sustainedweightlessnesgwhich inducesa unique stresservironment on the
system). Diagnostic identi cation of physiological conditions by parameter
grouping is sough as an ultimate goal. Data is preserted and comparedto
simulated results.

Supported by the FWF: SFB Optimization and Control.

References

[1] J. J. Batzel, S. Timischl, and F. Kappel Combined Human Cardiovascular-
Respiratory Control Model with State Space Delay: application to congestive
heart failure, Technical Report 191 Spezialforsdhwungsbereich F-003 Bericht,
Karl-Franzens-Uniersitat, 2000,



Abstracts 19

[2] T. Heldt, E.B. Shim, R.D. Kamm, and R.G. Mark, Computational modeling
of cardiovascular respnse to orthostatic stress J. Appl. Physiol. 92(3), pp.
1239-12542002.

[3] G. W. Swan, Applications of optimal control theory in biomedicine, Marcel
Dekker, Inc., New York, 1984.

[4] S. Timischl, A Global Model of the Cardiovascular and Respiratory System
PhD thesis, Karl-Franzens-Uniwersitat Graz, 1998.

E-Mail: martin. nk@uni-graz.at

Andrea De Gaetano
Laboratorio di Biomatematica IASI, Italy
A model of the euglycemic hyp erinsulinemic clamp
No abstract available

E-Mail: andrea.degaetano@biomatematica.it

R.L. Hughsont!, D.D. O'Leary 1,
M.R. Edwards! and J.K Shoemaker?

Lcardiorespiratory and Vascular Dynamics Laboratory,
University of Waterloo, Canada
2Faculty of Health SciencesUniversity of Western Ontario, Canada

Searching for the vascular comp onent of the arterial barore ex

Short-term regulation of arterial blood pressureis accomplishedby com-
plex interactions of feedba& and feedforward information from the arterial
(ABR) and cardiopulmonary baroreceptors(CPBR) that modulate cardiac
output (heart rate, HR and stroke volume) and total peripheral vascularre-
sistance(TPR). The e ciency of the HR-componert of the ABR to a change
in systolic blood pressurehasbeenextensiwely studied. Likewise,the CPBR
regulation of TPR has been characterized as a function of certral venous
pressure(CVP). There is relatively lessinformation on the responseof TPR
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to a changein stimulus at the ABR becausemany manipulations of BP used
to simulate the ABR directly in uence TPR.

Recerly the systemidenti cation technique, autoregressie moving average
analysis (ARMA) has beenusedto study the HR-componert of the ABR.

Its computational advantage is that it can separatelysolve the input:output

relationship for multiple inputs (e.g. SBP and respiration) and a single out-
put (e.g. HR). We applied a similar approad to study the regulation of
two di erent vascularbeds,the cerebralcirculation and the total peripheral
circulation. In the former, we examinedthe simultaneouse ects of arterial

PCO, and meanperfusionpressureon cerebralblood o w velocity or cerebral
vascularresistance.In the peripheral circulation, we examinedthe e ects of
inputs to the CPBR and ABR (as stimulated by CVP and ABP respectively)
on the vascularoutput response(TPR).

The results for the HR-componert of the ABR and the cerebravascularre-
sponseswere both consisterh with expected physiology

That is, the gain of the HR-componert was-0:58 0:17 beats/min/mmHg
in the supine position and -0:30 0:07 beats/min/mmHg in the upright
position (P < 0:05). The cerebravascularresistanceincreased(0:013 0:003
CVRindex units/mmHg) as expected for an increasein cerebral perfusion
pressure.

Unexpectedly for the peripheral circulation, TPR was obsened to increase
in responseto an increasein MAP (0:20 0:03 TPRunits/mmHg) with no
di erence betweenupright and supinepostures,while the CPBR relationship
con rmed a reductionin TPR for an increasein CVP.

The qualitativ e similarity betweenperipheral and cerebral circulations sug-
gestedthat the peripheral vascular responseto spontaneous variations in
arterial pressuremight re ect a myogenicresponsethat in the cerebralcir-
culation is called autoregulatory.

E-Mail: hughson@healthuwaterloo.ca
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Mic hael Levine 1, Mic hael Hathorn 2, John
Cleaved

Clinical Physics Group, St. Bartholomews Hospital, London, U.K.,
2Dept of Child Health QueenMary, University of London, UK
3Dept of Mathematics, University of Bristol, UK.

Mathematical models in the study of respiration

The respiratory system acts in conjunction with the circulation to cortrol
the oxygen and carbon dioxide in the extra cellular uid. Time seriesanaly-
sis of respiratory recordingsand mathematical models have beenusedfor a
long time to study this system. The time seriesexhibit oscillationsof longer
period than the breathing cycle superimposedupon the respiratory pattern
and thesecan be interpreted asrepreseting the feedba& delays in the sys-
tem. It hasbeenproposedthat the pattern of breathing is determinedby a
requiremen to regulate arterial blood gaseswhile minimising the work due
to breathing. Mathematical modelshave incorporated the chemicalfeedbak
loops and the medanics.

Typically in NREM sleepthe breathing pattern is very regular apart from
occasionaldeepsighs. The deepsighsare followed by decaing oscillations
which changetheir period and dampingwith increasingage. Another pattern
which occurs occasionalyis a regular cyclic oscillation in which bursts of a
fewbreathsare separatedby pausesn breathing. This latter pattern is called
Periodic Breathing (P.B).

Models of the variations in blood gasesand the chemicalfeedba& loop sug-
gestthat the changesin period and damping of the sigh responsesand also
the PB pattern may be a re ection of changesin the gainsand thresholdsof
the chemoreceptorresponses.andalso the relation between cardiac output,
thoracic gasvolume and the transport delays dueto circulation. Our current
studies are concernedwith the hypothesisthat the patterns are also deter-
mined by the requiremern to minimise the work of breathing. We have ex-
aminedtime seriesderived from cortinuousrecordingsof respiratory volume
and oesophageapressure. Thesewere made from infants during non-rapid
eye movemern sleep(NREM), whenthe systemis thought to be unin uenced
by higher certres and entirely under the in uence of automatic cortrol.

We rst examinedthe periodic breathing pattern. The questionis whether
the pattern of volumesis sud as to minimise the work of breathing? We
derive the medanical parametersand the timing of ead breath from the
actual records. It is then possibleto comparea theoretically derived ideal
pattern of volumesgiving minimum overall work with the actual pattern. The
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actual pattern hunts around the theoretically ideal pattern. Theseresults
support the possibleexistenceof a feedba& loop minimising the work.

Further work on the regular breathing is in progress.

E-Mail: M.R.Levine@gnul.ac.uk

John K-J. Li

Department of Biomedical Engineering,
Rutgers University, Piscataway, New Jersey USA

Mo deling My ocardial Stunning

Myocardial stunning is a post-isdiemic dysfunction that persistsafter coro-
nary reperfusiondespitethe absenceof irreversibledamage. The exact med-
anismsunderlying myocardial stunning remain unclear. We investigatedthis
aspect with computer modelsin conjunction with data obtained from canine
experimerts.

We rst deweloped a model that can explain someof the medanismsin-
volved in myocardial stunning. This wasa lumped model incorporating time
varying elastic elemerts, dual myocardial regions, visco-elastic properties,
geometryof the vertricular bulge, regionalwall stress,and segmeh lengths.
This model was successfuin producing resultsthat were consistert with the
caninemyocardial stunning data and wase ectiv e in modeling the dominart
obsenable featuresof stunned myocardium, sud assystolic bulging, delay in
shortening,decreasegercert shortening,and increasedend diastolic length.
It wasnot e ective in analyzing stunning at the muscle b er level.

For this reason,we subsequetly deweloped a single myocardial muscle b er
model. This model consistedof three elements: a cortractile elemer, a series
elastic elemen, and a parallel elastic elemen. The model generatedlength
information basedon time dependert forceand cortractile sti ness functions.
This model was initially ewaluated by erntering the sameregional parameter
valuesusedin the global dual region ventricular model. First a reduction of
the cortractile sti ness function was applied by reducing the peak sti ness
by 30%, and then the rates of activation and deactivation were reducedby
20% while maintaining the peak valuesconstart. The three-elemeh model
producedresults very similar to the caninevertricular model and providesa
reasonablyaccuratemodel of the myocardial tissueand its de cienciesduring
stunning.

E-Mail: jli@biomed.rutgers.edu
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Identi cation of Problems in automatic Heart Signal Analysis

Heart signal analysisrevealed over the past 100 yearsa lot of powerful di-
agnosticmethods for assessinghronic and acute cardiac everts suc as my-
ocardial infarctions, arrhythmia or cardiac circulatory disorders. Two major
techniquesof signal assessmenhave beenestablished:

surfaceelectrocardiograms(ECG)
internal electracardiograms(EGM)

The ECG deliversinformation about signalmorphologyfor diagnosticof car-
diac circulatory disordersor of conduction disorders. Long term recordings
for at least somehours (Holter) are mainly usedfor obtaining information
about ewens sud as arrhythmia detection and for risk strati cation (e.qg.
after myocardial infarctions).

EGM analysiswhich hasto be obtained with electrodes,that are introduced
into the human body, can deliver electrophysiological "maps" of the hu-
man heart with the possibility to nd electrical foci of arrhythmia, but it is
also integrated into current pacemaler devicesand implantable cardiovert-
ers/de brillators (ICD), which computeheart signalsfor arrhythmia diagno-
sisand therapy delivery.

ICDs have to di erentiate potentially "dangerous"tachycardia requiring ur-
gert therapy delivery from fast heart rhythms, that do not needa therapy.
Suppressinga required therapy is potentially dangerous,in cortrast, a false
positive diagnosiswhich causesinadequate therapy delivery is mostly not
dangerousbut is not well tolerated by the patient.

A future task is to improve this diagnostic functions and to help the users
with the diagnosisof an arrhythmia. Additionally, prediction of arrhythmia
basedon morphologic changesor changesin heart rate variations that pre-
cedingthe arrhythmia could provide new therapeutic options and predictive
information.

It will surelybe a challengingtask to separatethe hugeintraindividual di er-
encesn signalmorphologyand -variability from thoseindicating "dangerous"
or at leastimportant diagnostic ndings.

E-Mail: k.markus@arcor.de
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Numerical model of human cardio vascular system-Korotk o 's
sound simulation

The numerical simulation of the Korotko 's soundis realized by the 14th
segmeis hemadynamic model of the cardiovascularsystemdeweloped in the
Institute of Thermomedanics, Czet Acadeny of Sciences.The cardiovas-
cular systemis being modelled by four segmets of the pulsating heart and
by ten vascularsegmets of pulmonary and systemiccircuits connectedwith

the heart in series. The behaviour of the cardiovascularsystemis descriked
by its hemadynamic variables,i.e. the blood pressure yvolumeand by the car-
diovascularparamaterssud asthe blood vesselsscomplianceand resistance.
The blood inertia and the physico-dhemical variables such as the cardiac
action potential, the calcium, potassiumand sodium concettrations are in-

cluded to the model. By this model is the Korotko 's sound simulated in

the systemicarteries for the di erent resistanceand compliancevalues. By

the numerical simulation is possibleto nd the relation betweenthe onsetof
the Korotko 's soundand elastic properties of blood vessels.

The resultsof the simulation by 14th segmeis model show that the frequency
of thesesoundsdependson the blood inertia constarts (inductance) and on
resistancesand elastic properties of the blood vessels.The frequencyof the
soundincreaseswith decreaseof the arterial compliance.

To understandbetter the Korotko 's soundgeneration,the systemicarterial
ow is studied in detail by distributed parametermodel. The analysisof the
self-excitedoscillation in a collapsibletube (systemicartery) is basedon the
one-dimensionalmodel where the e ect of the expected ow separationis
replacedby the viscousfriction changealongthe tube.

The analysisof the unsteadyarterial blood ow and nding of the relation-
shipsbetweenoscillations, i.e. the Korotko 's sounds,and elastic properties
of blood artery, shavs that the frequencyof that sounddependsnot only on
the blood ow type (laminary or turbulent ow) and on the artery proper-
ties (viscosity, elasticity) but on a transmural pressureaswell. Its frequency
increaseswith the decreaseof the compliance(or alternatively on the Young
modulus increase). The conclusionis similar asin the 14th segmeh model
discussedabove.
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Noisy oscillatory dynamics of the cardio vascular system

Signalsderivedfrom the cardiovascularsystem(CVS) arenotoriously di cult
to analysebecausethey are time-varying, noisy, and of necessarilylimited
duration. Although the CVS is evidertly a highly complex medanism, the
application of techniques drawn from nonlinear sciencehas yielded many
insights into its nature, and has provided strong evidencefor a large degree
of determinism in the way it functions; yet there is compelling evidence
that random uctuations (noise)alsoplay an important role. It is clearthat
se\eral distinct oscillatory processesccur on widely di ering timescalesand
that they are coupled: the occurrenceof modulation [1,2]and syncironization
[3] phenomenabetweensomeof them suggestghat an understandingof the
signalsrequiresthe CVS to be consideredas an enity. The extert to which
the CVS can be modelled as a stochastic nonlinear dynamical system [4],
viz. as a set of coupled oscillators subject to noise, is reviewed. Ongoing
exploratory investigations of possibleapplications basedon this perception
are summarized, including studies of the changesthat occur in diabetes,
congestiwe cardiacfailure, and after acute myocardial infarction. In ead case
it is hoped to improve understandingof the underlying pathophysiology and
to dewelop new noninvasive techniquesfor early diagnosisand for assessmen
of the e cacy of treatmernt.
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Mo deling the blo od-pressure response to ventricular premature
beats

Ventricular premature beats have beenusedto characterizethe risk for pa-
tients after myocardial infarction. This risk strati cation hasrecernly been
improved by estimating the so called heart rate turbulence (HRT), i.e. the
decelerationof the sinus beats following a vertricular premature beat. This
responseis mediated at leastin part by the oscillationsin the aortic blood
pressurefollowing a premature beat. In the following we report on a model
adaptation to data which were derived from a multicenter study on non-
invasive measuremets of ECG and blood pressurein patients with heart
disease. Theserecordingsinclude a 30 minute period of noninvasive blood
pressureand a high resolution ECG-recording. For the blood pressurefrom
the rst sinus beat after a vertricular premature beat either an overshmt
over previous systolic valuesor a gradual return to default valueswas ob-
sened. Interestingly, with good left vertricular function there wasusually no
overshamt. On the contrary, patients with decreasedeft vertricular function
shoved a marked overshaot.

In a rst step, we fed our data, i.e. a given seriesof coupling intervals,
into well known cardiac models, such as that of Ten-Voorde (1992), and
watched the blood pressurebehavior. It turned out, that the modelsdid not
satisfyingly re ect the obsened blood pressureoscillations. For this reason,
we expandedparts of the models,sud that the desiredpattern approximately
appeared. This was achieved by introducing a more subtle left vertricular
function curve, keepingtrack of the endsystolicvolumein the chamber and a
modi ed windkessefunction. After parameter tting adetailedpicture of the
hemadynamicsappearedfor eat patient. It wasfound that left vertricular
function and, in particular, postextrasystolic potertiation was crucial for
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the prediction of the blood pressureresponse. It seemspromising to test
thesemodel parametersagainstthe HRT parametersfor risk strati cation in
patients with cardiac disease.
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Kno wledge based diagnosis for implan table devices: discussion of
aggregation techniques

Implantable devices,above all implantable cardioverter de brillators (ICD),

have becomecomplex electronic systems,which have to deal with changing
operating conditions during their servicetime. Changesnclude lead dislodg-
mert, increasedpacingthresholds,inadequatetherapy due to changedmed-
ical conditions with the patient, etc. ldentifying sud changes,determining
the root causeand performing courtermeasureds a di cult and demanding
task, especially for beginners. To assistthe physiciansin this task CWA
dewelopsin cooperation with the University Clinics of Aachen a knowledge
basedsystem, which suspects possible changes,suggestadditional tests to
identify actual changesand proposesappropriate courtermeasures.

Thesekind of diagnosisbelongsto the domain of aggregationproblems. Af-
ter an introducing to the diagnosisfor ICDs, this presenation givesa short
survey on aggregationproblems,commontechniquesand known aggregation
operators. In the third section we discussthe usageof the Scalar Fuzzy
Control (SFC) to represemn and apply unpreciseknowledgein aggregation
problems. The SFC is a newly suggestedextensionto the Fuzzy Set The-
ory, providing the possibility of easyrepresemation and implemertation of
unprecisehuman knowledge. We will give a short summary on the SFC and
introduceits usagein aggregationproblems.
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Yet a still remainingdi cult y is to determinethe aggregationweigts asreal
numbers. This is especially true for huge aggregationproblemswith cross-
indications of the causesj.e. a causedoesnot only indicate one hypothesis,
but seweral di erent hypothesis, possibly ead with a di erent aggregation
weight. Another problem is that for the malfunction diagnosison ICDs the
aggregationhasto be performedin se\eral steps, with eat step using the
resultsof the former step. Thusan aggregationweight doesnot only in uence
a speci ¢ aggregation,but indirectly the following aggregationstepstoo.
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Cerebral blood o w autoregulation: are we barking at the wrong
tree?

Cerebralblood ow (CBF) is cortrolled by metabolic, myogenicand neuro-
genicmedanismsthat tend to maintain an appropriate supply of oxygento
the brain, despite large uctuations in arterial blood pressure(ABP). The
term dynamic autoregulation has beenusedto de ne the CBF, or CBF ve-
locity (CBFV), transient responseto suddenchangesin ABP. Classicalmod-
elling techniqueshave also beenusedto descrite the ABP-CBFV dynamic
relationship during spontaneous uctuations in ABP. Theseapproadespro-
vided a basic understandingof systemproperties, but have not beenable to
explain most of the CBFV variability.

The main problem lies with an univariate de nition of cerebral autoregu-
lation wherely the cortribution of other variables, suc as arterial pCO,,
respiration, intracranial pressure,and cognitive state is often ignored. In
addition, very little work hasbeendone on non-linear methods, despitethe
fact that adjustmerts in vesseldiameter, or cerebravascularresistance make
the ABP-CBF relationship intrinsically non-linear. Another important lim-
itation has beenthe assumption of constart parameter models making no
allowancesfor time-varying characteristicsof CBF regulation. This assump-
tion hasimportant conceptualconsequencefor assessmenof clinical tests
of cerebralautoregulation regarding measuremetreproducibilit y.

Finally, the cortribution of spatial heterogeneiy has beenlargely ignored,
mainly dueto technical limitations of Doppler ultrasound that restricts mea-
suremen to large arteries. Together,theselimitations presen a formidable
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challengerequiring the formulation of a new paradigm for studies of CBF
regulation in humansinvolving the extensionof the measuremetn spaceand
new analytical/mo delling tools capableof handling non-linear, time-varying
multiv ariate models.
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The shock energy necessary for successful de brillation  depends
on the degree of disorganization of the reentran t activ ation
pattern

Cardiac arrhythmias are pathologic condition which might leadto the break-
down of the organizedelectrical activity of the heart and in consequencé¢o

the loss of the heart's capability to pump blood. Arrhythmias are driven
by reertrant circuits which are maintained by phasesingularities. Flutter-

like arrhythmias are mainly driven by a single rotor, whereasin the case
of brillation-lik e activation pattern many phasesingularities are presen at
the sametime. Commonexperimertal and clinical practice to restorea nor-
mal activation sequencas to deliver a strong electrical shack to the tissue.
Whether the shack energyneededfor a successfutermination of a reertrant

circuit dependson the degreeof disorganizationof the activation pattern was
examinedin this study.

A three-dimensionabidomain model of cardiactissuewasusedto investigate
the in uence the degreeof disorganizationof reertrant activation patterns on
the successate of de brillation shocks. A model of the human atrial action
potential incorporating an ACh dependert K+ channeland electroporation
wasused. A S1-S2crossshack protocol was applied to initiate reertry. The
spatial distribution of the ACh concertration was varied to obtain either a
single rotor, or spiral wave breakup with multiple wavelets. De brillation
shacks were delivered to both activation patterns to determine the shack
strength for successfutermination of the reertry.

The results of this study shaved that the shock energyneededfor successful
de brillation is signi cantly higherin presenceof multiple waveletscompared
to the singlerotor case.
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30 Cardio., Resp. and Metab. Control Modeling

M. Di Rienzo?!, P. Castiglioni 1, G. Parati ?, U.
Zwiener 3, B. Pompe?*, D. Hoyer3

lunita' di Bioingegneria, Fnd. Don C. Gnocai, Milano, Italy
?|stituto  Auxologico Italiano, Universita' Statale Milano-Bicocca, Italy,
3Institute for Pathophysiology, University, Jena, Germary,
4Institute of Physics, University, Greifswald, Germany

Barore ex linear and nonlinear contribution to blood pressure {
heart rate coupling during spontaneous behavior

In this study we investigatedl) the coupling existing betweenarterial blood
pressureand heart rate variability in daily life and 2) the barore ex cortri-
bution to sud a coupling. For this purposewe deweloped a procedurebased
on the estimation of the Cross-Mutual Information (CMI) betweensystolic
blood pressure(SBP) and RR-Interval (RRI) beat-to-beat values. CMI has
been selectedbecauseof its capability to quartify both linear and nonlin-
ear componerts of the coupling between variables over time scalesin the
order of minutes. This procedure has beenusedto analyze data recorded
in spontaneously behaving cats before and after the surgical opening of the
barore ex loop as obtained by a sinoaortic denenation. In intact animals
we obsened that the cumulative physiologicallevel of the coupling between
SBP and PI correspndsto about 40% of the theoretical maximal coupling.
After sinoaortic denenation CMI valuesdrastically dropped with respect to
baselinelevels (-70% on average). Thus use of CMI indicates that over a
time scalein the order of minutes the arterial barore ex is the major deter-
minants of the SBI-PI link, accouring for about 2/3 of the total measured
coupling existing betweenthesevariables.
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Simple models for physiological description and hyp othesis
testing in respiratory physiology

This presenation will outline somesimple modelsthat we have usedto ad-
dressa range of physiologicalquestions. Thesewill include:

1. Modelsof the vertilatory responseto hypoxia. Thesemodelshave been
usedto summarize physiological function and to distinguish between
competing hypothesesy comparingthe t of the assaiated modelsto
the data.

2. Modelsof breath-to-breath variability. Thesemodelshave beenusedto
descrile the correlation that exists betweensuccessie breaths. They
have beenusedto provide a parallel noise model that can be t si-
multaneously with deterministic models of the vertilatory responseto
various stimuli.

3. Models of the vertilatory responseto carbon dioxide. These models
have again beenusedto test hypothesedn respiratory cortrol, and will
illustrate the importance of a noisemodel in hypothesistesting. These
studieswill alsoillustrate the useof the modelsin experimertal design
and an experimertal approad to model validation.

4. Modelsof respiratory gasexdiange. Simple, single compartmert mod-
elsof the lung have beenusedto devisevarious algorithms to estimate
gasexdangeat the pulmonary capillariesfrom indirect measuremets
of gasexdhangeat the mouth. Herewe usea simple multi-compartment
model to generatetest data to comparealgorithm performancein a set-
ting where gasexcangeat the pulmonary capillaries can be known.

Overall, this presenation aims to illustrate the usefulnessof simple models
for description and hypothesistesting within respiratory physiology
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Some results on parameter identication of nonlinear systems

Recerly, di erential algebratools have beenapplied to the study of a pri-
ori identi abilit y of dynamic systemsdescriked by polynomial or rational
equations[2, 3]. We recall that the conceptof parameteridenti abilit y deals
with the (theoretical) uniquenessof solutions to the problem of recovering
the model parametersfrom noisefree input-output data [1]. Thesemethods
are basedon elimination theory for algebraicdi erential systems,the main
tool being the computation of the so-calledcharacteristic set of a certain
di erential ideal asseiated to the polynomialsde ning the dynamic system.
This characteristic set can in principle be found by symbolic computation
and providesthe so-calledexhaustive summary of the model.

Here we will show that the reparametrization of the input-output relation
of the systemby the exhaustive summary plays a major role not only in a
priori iderti abilit y but alsoin parameter estimation of nonlinear models.
The reparametrization is in fact a linear reparametrization of the input-
output relation of the model and can be usedto derive explicit one-shot
least squaresestimates of the parameters. This allows to avoid the usual
bottlened of nonlinear parameter optimization which hasto be performed
by iterativ e optimization routineswhich are often unreliable,in the sensehat
they give no guarartee of corvergingto a true minimum, and hencerequire
expensive and time consumingrandom seart in the parameterspace.

Recorering the true parametersfrom the exhaustive summary (which is pos-
sible if and only if the model is a priori globally identi able) is a problem of
solving a systemof (static) algebraicequationswhich is much easierand can
be approated by standard algorithms.

Di culties can arise in evaluating various derivatives of the input-output
functions required in setting up the regressionequation. Thesedi culties

may be addressedn various ways, e.g. by spline or exponertial smaothing
in biomedicalapplications, depending on the problem at hand.

Our algorithm hasbeentestedin oneand two dimensionalMichaelis-Mernen
model where the choice of initial valuesof the parametersis critical since
nonlinearleastsquaregminimization problem shonvs many local minima. Our
method structurally hasonly oneminimum and doesnot requireinitial values
for the unknown parameters.
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Long term regulation of the mean arterial pressure based on the
metab olic activit y of the brain: a mathematical model simulation

Regulation of the mean arterial pressure(MAP) is in short term mediated
mainly by the arterial barore ex action, which is, howewer, resetin a variety
of circumstancessud asduring physical exertion, hypoxia, changesin body
temperature, and cognitive activation of the brain. The resetting of the
re ex wasat leastin part attributed to the "Central command" action of the
regulatory certers.

Here we proposea commonmedanismto govern the Certral commandac-
tion to the barore ex to adieve the long term regulation of the MAP. We
hypothesizethat the primary task of the cardiovascularsystem(CVS) con-
trol is to assurethe oxygen supply to the brain, adequateto its metabolic
activity. The cortrol is governed by a hypotetic substanceX, excessiely
generatedin slightly anaerobicconditions: its production increaseswith the
metabolic activity of the brain, and its elimination increaseswith the oxygen
blood supply. This substancehastwo actions. It stimulatesthe sympathetic
systemto resetthe barore ex function curvesto a higherlevel, resulting thus
the certral commandaction. In addition, when applying to act on the local
blood vesselsthe described metabolic medanism also reproducesthe char-
acteristicsof the local autoregulatory blood o w, dependingon the metabolic
activity of the tissue,including the lower and upper autoregulatory limit.
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To test the hypothesis, we used our mathematical model of the CVS to
investigate whether all states or maneu\ers that interfere with the brain
metabolism (increasedmetabolic activity or disturbancesin the vascularsup-
ply) reproduce changesin the mean arterial pressure,consistem with those
publishedin the literature. The CVS model consistedof the heart, the ar-
terial, venousand the certral venouscompartmert, all with non-linear com-
pliance properties. The heart was descrilked as a variable elastancepump.
The resistancevesselsexhibited autoregulatory properties. The regulatory
part of the systemincluded the barore ex response,its heart rate, cardiac
cortractilit y and the reduction of the unstressedvenousvolume componert,
all mediated by changesin MAP. We consideredthat all re ex componerts
are resetto a higher value in parallel to the increasedconcelitration of the
substanceX, producedunder slightly anaerobicconditions.

The model behavior wasfound to be consisten with the proposedhypothesis:
states with increasedmetabolic activity or disturbed vascular supply were
all connectedwith the shift of the barore ex responseto a higher level, as
reported in the literature by the certral commandaction, and asexplainedby

metabolic balanceof the brain in our model. Speci cally, it occurredduring

simulation of the cognitive or motor activation of the brain or heating of the

body or due to circadian temperature changes,as well as during increased
intracranial pressureor during hypoxia or in proximal stenosisof the cerebral
arteries. In someof those states,the MAP wassetto a higher level, whereas
in othersthe cardiac output wasincreasedat a steady MAP.

The proposed medanism provides an explanation of the set-point of the
MAP cortrol. It givesa certain degreeof econony to the body in the real
life. Finally, it may also explain the so called ischemic re ex of the certral
nervous system.
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Inferring parameters for the coupled oscillators of the
cardio vascular system

The work is basedon the ideathat the cardiovascularsystemcan be mod-
elledasa setof coupledoscillatory systems. The starting point is that signals
derived from the human cardiovascularsystem(CVS) are exceptionallycom-
plex, being time-varying, noisy, and of necessarilylimited duration. Yet an
appropriate analysisof them may be expectedto yield detailed information
about the dynamicsof the underlying physiological processes.

In our new approady, the conditional probability is obtained by expressing
it in terms of a white noise path integral. Taking advantage of this idea,

we have derived a conciseand fast iterativ e Bayesianinferencesdheme. The

proposedinferencetechnique doesnot just Iter out the dynamical informa-

tion from noisy time series.Rather, it usesthe internal noisein the system
to infer dynamial information. That is why the internal noisein the system
is actually an advantage for inference. This sametechnique can be applied
to the N -dimensionalcaseto provide us with parametersfor the oscillatory
componerts of CVS variability in dierent frequencyranges. The prelimi-

nary application to the measuredCVS oscillations will be presened which

con rms the appropriatenessof deweloping a stochastic nonlinear model.
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Causal relations between cardio, respiratory and neural
oscillations

A directionality index basedon conditional mutual information is introduced
and applied to the instantaneous phasesof weakly coupled oscillators. Its
abilities to distinguish unidirectional from bidirectional coupling, as well as
to revealand quarntify asymmetryin bidirectional coupling, aredemonstrated
using numerical examplesof quasiperiodic, chaotic and noisy oscillators, as
well as cardiorespiratory data.

Simultaneousmeasuremets of the neural and cardiorespiratory phenomena
assaiated with an sthesia in rats are then preseried. Tedniques drawn
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both from nonlinear science1] and from information theory [2,3] are applied
to reveal and quartify causalrelationshipsbetweenthe cardiac, respiratory
and neural oscillations, and to explore how thesechangeduring an sthesia.

A pronouncedspectral peakis detectedin the electroencephalogram(EEG)

during an sthesia. It suddenly diminishes when the an sthetic starts to
wear 0 ; simultaneously the sign of the strong [4] cardio-respiratory inter-
action abruptly reverses.The respiratory and neural oscillationssyndironise
strongly during deepan sthesia, whereasthe cardiac and neural oscillations
syndironise only transiertly, just beforethe spectral peak in the EEG de-
creases.The neural oscillation is showvn to be driven by respiration during
deepan sthesia, but this driving disappearedduring emergencdrom an s-

thesia.

The new nonlinear and information theoretic techniquesusedin this study
allow usto reveal,andto quartify, the causalrelationshipsthat exist between
the respiratory, cardiac and neural oscillations. We note in conclusionthat
someof the results may carry implications, not only for an sthesia, but also
for waking statesin health and disease.
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Merryn H. Tawhai

Bioengineeringlnstitute,
The University of Auckland, New Zealand

From cell to integrated whole organ: computational modeling for
the Lung Physiome

Almost all respiratory disordersresult in animpairment of gasexdange,but
becauseof the complexity of the integrated pulmonary system,the meanshy
which gas exdiangeis impaired can di er markedly betweendi erent dis-
eases.Thereforea predictive model that is capableof investigating the com-
plex interactions within the healthy or diseasedung must include detailed
structural information and the ability to couplemany di erent processesver
a wide range of scalesof interest.

The Human PhysiomeProject [1,2]is a multi-centre programmeto dewelop,
archive and disseminatequartitativ e information and integrated models of
the function of organellescells,tissues,organs,and organsystems. The long-
rangegoalof the project is to understandand descrilke human physiologyand
pathophysiology and to usethis understandingto improve human health. A
major aim is to dewelop computational models that integrate quartitativ e
and comprehensie obsenations from many laboratories. The project aims
to reach down through sub-cellular modelling to the molecular level and
the databasegeneratedby the GenomeProject, and to build up through
whole organ and whole body modelling to clinical knowledge and medical
applications. Major advanceshave beenmade in deweloping the Cardiome
(Heart Physiome), Endotheliome,and Microcirculation Physiome.

The Lung Physiomeproject aimsto couplethe wealth of pulmonary genomic
and cellular data now becomingavailable with computational methods capa-
ble of dealingwith the anatomical and biophysical complexity of the physi-
cal processewvithin the lungs. The Lung Physiomeaims to incorporate and
unify existing pulmonary imaging, structural, functional, and genetic data
and mathematical models at ead level of structural or functional detail into
a databasefor the lung. This publicly available databaseis currently being
deweloped at the Bioengineeringlnstitute [3], and will ultimately provide a
meansto construct anatomically- and biophysically-based,quartitativ e and
predictive mathematical models of aspects of the pulmonary system. Sud
models will conmbine emerging genetic knowledge with systemsphysiology
to enablerespiratory diseaseprocessesand the e ects of therapeutic inter-
vertions, whether through drugs or medanical means,to be modeled and
examinedin silico.
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Image-based o w computations in aneurisms, using various image
pro cessing techniques

Large-artery diseasess aneurisms(blood vesselbulging) or stenosegvessel
lumen narrowing) are a major causeof death in westernsccieties.

Becausehaemalynamic factors are involved in genesisand developmert of
suc artery wall diseaseshumerical simulations of blood o w during a whole
cardiaccycleare usefulfor completemedicalched-up, for treatment planning
and for prognosisafter treatment.

Computational domainsmust be basedupon angiographiesbecauseof huge
between-sulpect variability in vesselanatony and in lesion shape, which
a ect the ow. Varioustechniquesof (i) medical image acquisition, (ii) 3D
reconstruction and (iii) numerical procedurescan be used. Every technique
has its own advantages and drawbads. Howewer, they share a common
feature: they are assaiated, whatever the selectedmethod, with modeling
and assumptions.The stageof geometricalmodeling is crucial.

Se\eral available techniquesof 3D reconstructionfrom parallel-cortour point
set have beencomparedwhile investigatingthe ow eld in a vesselsegmen
with a saccular side aneurism in the cortext of poor-quality imagesand
partially saved slicesof the scanset. Di erent slice connectionprocedures,
basedon Delaunay triangulation, are used.

After three-dimensionalreconstruction of the same vascular region, what-
ewver the technique, the assaiated facetisation is then improved to get a
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computation-adaptedsurfacetriangulation, after a treatment of vesselends
for suitable boundary conditionning.

A simpli cation procedure,possiblypreceededy a surfacesmaothing stage,
basedon the Hausdor distance, yields a geometric surface meshwhich is

a good approximation of the surfacegeometry and contains far lessnodes
than the initial facetisation. The computational surfacemeshmust take into

accourt shape and sizerequiremerts for the meshelemens. An anisotropic
geometric metric map basedon the local principal directions and radii of

curvaturesis constructedin the tangert planesrelated to the meshvertices.
This metric map prescribeselemern sizesproportional to the local curvature

of the surface. Once the volumic meshis obtained, ow of incompressible
Newtonian blood (red blood cells are assumedneither to have time enough
to aggregatenor to deformin the large blood vessels)s computed using in

Vivo non-invasive o wmetry.

The nite elemen method usesa P1-P1 bubble elemen. The corvective
term is appraximated by the method of characteristics. The solution is ob-
tained via a generalizedUzawa-preconditioned-conjugategradiert method.
The initial condition is given by a stationary Stokesproblem with the same
boundary condition as the unsteady one. The stem peak Reynoldsnumber
basedon the peakcross-sectionaéiveragevelocity and on the trunk radius at
the entrance crosssectionis equalto 1110;the Stokesnumber (the frequency
parameter) and the Strouhal number are equalto 11.2and 0.11respectively.
The numerical results not only depends on the mesh size but also on the
domain con guration which canslightly vary accordingto the quality of the
input data and the technique of the 3D reconstruction.

The obsened di erences, although reasonablen the context of multimo del-
ing, may be signi cant. The ow data must thus be used qualitativ ely, in
order to improve the medical chedkup, to help the physician to plane the
treatment and to control the posttherapeutic vesselstate. The helpful nu-
merical results can newer lead to de nite conclusions,becausevariables of
interest are estimated rather than properly quarti ed.

E-Mail: thiriet@ann.jussieu.fr
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Mo deling and analysis of glucose and free fatt y acids kinetics
during glucose tolerance tests

Physiologicalregulation of glucoseand lipid homeostasisnvolvesmany metabolic
pathways that have beendiscovered with complicated in vitro and in vivo
experimertation. Detailed knowledge of these complex metabolic cortrol
medanismsis howewver not su cien t to fully understandthe pathogenesif
type 2 (or non insulin depender) diabetes,which is consideredan epidemic
diseasan modern courtries. A current opinion in metabolic researt is that
glucoseintolerancein type 2 diabetic patients is asseiated with a derange-
mernt of biological cortrol medanismsof free fatty acids (FFA) production,
aswell aslipid storagein tissuesother than adiposetissue. For this reason
new approadesare necessaryo quartify in individual patients macroscopic
physiological processeshat may be assaiated with the dewelopmern of the
diabetic disease.

A new model-basedapproad is preserted here for analyzing glucoseand
FFA kinetics during clinical tests such asthe intravenous(lVGTT) and oral
(OGTT) glucosetolerancetests. A major role in the model is played by
insulin that not only activatesuptake and storageof carbohydratesin tissue
cellsbut alsoinhibits breakdonvn of energydepots represeted by triglycerides
stored in adiposetissue. For analyzing FFA kinetics a new model has been
formulated on the basisof physiologicalknowledgeand tested using IVGTT
data. For describingglucosekinetics during OGTT, the minimal model of
glucosedisappearance(MINMOD), originally proposedfor IVGTT, hasbeen
adaptedto the experimenrtal situation with oral route of glucoseintake. Re-
sults obtained in a large group of patients indicatesthat pathophysiological
information obtainable with MINMOD from OGTT is similar to that from
IVGTT. Moreover, a signi cant relationshipswasfound betweenthe degrees
of insulin-mediatedinhibition of FFA production and glucosedisposal. This
indicatesthat the proposedOGTT model is a promising approad for inves-
tigating the relationship betweenglucoseand FFA kinetics in large cohorts
of subjects.

E-Mail: karl.thomaseth@Iladsebgb.cnr.it
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Hien T. Tran

North Carolina State Univ.
Raleigh, North Carolina, USA

Mo deling cerebral blood o w control during posture change from
sitting to standing

Hypertension,decreasecterebralblood o w, and diminished cerebralblood
ow cortrol, are amongthe rst signsindicating the presenceof cerebral
vasculardisease.In this talk, we will presert our work on deweloping math-
ematical modelsfor systemicblood pressureand cerebralblood ow cortrol
(auto- and baroreceptorregulation) during posture changefrom sitting to
standing. The mathematical model is basedon compartmertal modeling de-
scribing the pulsatile blood ow and pressurein a number of compartmert
of the systemicarteries. Thesecompartmerts include the upper body, the
legs,and the brain. Physiologically basedcortrol medanismswill be added
to explorehow arterial and cerebralblood pressuredrop asa consequencef
posture changefrom sitting to standing. The e ect of time delays involving
a delay for the onsetof cortrol as well as the duration of the cortrol will
alsobe presetted. Finally, to justify the delit y of our mathematical model
and cortrol medanismsdewelopmer, we will shav validation results of our
model against experimertal data.

This is a joint work with Mette Olufsen (North Carolina State University)
and Johnny Ottesen (Roskilde University).

E-Mail: tran@conrol.math.ncsu.edu
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A mathematical model of local vasodilatation during peritoneal
dialysis

Standard dialysis uid infused into the peritoneal cavity induceslocal va-
sadilatation in submesothelialtissue, as demonstratedby direct exposure of
blood capillariesto dialysis uid (Miller, 1979)and by kinetic clinical studies
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of peritoneal transport (Imholz et al, 1994,Grzegorzews#, 1995, Waniewski
et al, 1996). The reasonfor vasdilatation may be the presenceof highly
concernrated glucoseand lactate in dialysis uid combined with its acidity.
The control of local perfusionby vasoactiwe factorsinfusedto blood or added
to dialysis uid wasalsoattempted in many clinical and experimental stud-
les (Douma et al, 1997). The kinetic studies demonstratedthat di usiv e
masstransport coe cien ts are in ated by about 60% at the beginning of
the study, but decreasdater exponenially and reat the steady state after
about 2 hours (Waniewskiet al, 1996).

A mathematical model basedon partial di erential equation for di usiv e
transport of small solutes,with capillaries uniformly distributed within the
tissue as sink/source of the solute, was applied for the theoretical analysis
of this phenomenon(Waniewski et al, 1999). It was shaovn that, assum-
ing uniform change of perfusionin the whole tissue, blood ow rate must
be increasedsix times, and the capillary surfaceareaby two - three times,
to accoun for the obsened initial in ation of di usiv e masstransport co-
e cients. This result wasin concordancewith experimertal evidencethat
perfusion of the tissuemay be increasedup to 10times by dialysis uid, but
only in a thin layer of the tissue (Granger et al, 1984).

A modi ed nonlinear distributed model is now proposedwith vasalilatation
induced by a vasoactiwe factor that di uses into tissue from dialysis uid,
and inducesthe increasedperfusionin the tissue layer, which it is able to
penetrate (typically 200- 300 microns). A threshold for the e ciency of the
factor is assumed,with the full e ciency if its local concenration is above
the threshold. The initiated vasdlilatation decreasefater exponertially with
time. It is showvn that this hypothesisyields a good agreemeh with the
kinetic changeof di usiv e masstransport coe cien ts.

E-Mail: jacekwan@ibib.vaw.pl

Ewald R. Weibel, MD, DSc

Department of Anatomy,
University of Berne, Switzerland.

Mo deling design and functional integration in the oxygen and fuel
path ways to working muscle

Musclework is powered energeticallyby a cortinuousand integrated supply
of oxygen and fuels to the mitochondria in support of oxidative phospho-
rylation.The simple pathway for oxygen leads from air through lung and
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circulation to capillaries and mitochondria; no oxygen is stored. The fuel
pathway is more complex as it o ers alternatives: (1) two di erent fuels
(glucose fatty acids) are used;(2) their supply to mitochondria is either di-
rect from capillaries or indirect through intracellular storesof glycogenand
triglycerides. Thusdi erent modelsestablishquartitativ e structure-function
relations for these two pathways ewven though both use the circulation of
blood for transport.

The animal world shavs great di erencesin energyneeds,betweenlarge and
small mammals, and between sedemary and athletic species. This allows
a test of the validity of sucdh models and to ask whether the designof the
pathways is adjusted to cover the variable needsaccordingto the principle
of symmorphosis.By comparative physiology we estimated the capacity for
oxidative phosphorylation, and measuredthe morphometric the parameters
that determinethe functional capacity of the pathways. We found the struc-
tures of the pathway for oxygen, the mitochondria, the capillaries, the heart,
the blood, and the lung, to be all co-adjustedto aerobic capacity of mus-
cle, but the co-adjustmen is often not simple and may involve more than
one structure. In the pathway for fuels we found those structures that are
sharedwith the oxygen pathway, sud asthe capillaries, to be adjusted to
the needsfor oxygen rather than fuel supply. High substrate needsin exer-
cising animals are covered mainly by drawing fuels from intracellular stores
of glycogenand fat. The diversebut coadjusteddesignof the two pathways
ensurese cient and well-matched uxes along these powerlines for oxygen
and fuel supply.

E-Mail: weibel@ana.unile.ch
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Institute for Cardiovascular Researt { Laboratory for Physiology,
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Ventriculo-arterial  coupling determines pressure and o w

The ventricle can be described by its time-varying pressure-olume relation.
A good approximation of this descriptioncanbe obtainedusing4 parameters:

The slopesof the diastolic and systolic pressurevolume relations (E i, and
Emax ), the intercept of the relations with the volume axis (Vy), and the
vertricular lling pressureor lling volume (Vp). The time pattern of the
slope of the pressure-wlume relations (E(t)) was shavn to be a load and
diseasandependert variable and is usedas input.
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The arterial load can be described by the three elemen windkesseland thus
consistsof three parameters: peripheral resistanceR, total arterial compli-
anceC, and aortic characteristic impedanceZ..

All the parameterscan be determinedfrom pressures,o w and volume mea-
suremerts in the intact organism. We here concenrate on the left heart and
systemiccirculation.

Basedon this knowledgewe will do the following:

1. Shaw that with this limited number of parametersthe cardiovascular
systemcan be descrited accurately

2. Apply dimensional analysisto arrive at a sensitivity analysis of the
parameters.

3. Derive coupling parametersof vertricle and arterial load.

4. Comparethe parametersin di erent mammalsand study normalized
arterial input impedance.

5. Discussother coupling parametersproposedin the literature.

6. Shaw the cortributions of heart and arterial loadin exerciseand disease.

E-Mail: n.westerhof.ptysiol@med.vu.nl
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Mo deling local hemodynamics through by-pass grafts out of the
heart area - a sample of collab orativ e framew ork

Arterial blockage is nowadays one of the major sourcesof deaths in the

westerncourtries. In few dedicatedcircumstancesa surgical procedurethat

consistsin including biological or synthetic grafts to bypassseerely stenosed
or occludedarteriesis usedin order to keepa proper irrigation of the heart.

This solution is howewver not perfect and failures may occur, mainly due to

clot formation or to the dewelopmen of intimal hyperplasia.
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It is today commonly admitted that potential problemsare strongly related
to the blood o w structure in the arteriesIn particular, reducedor negative
wall shearstress,which can be related to vortices, are quite favourable for
the dewelopmen of atheromatousplaques. It is thereforefundamenal to be
ableto track preciselysudr uid phenomena.A biphasicand predominartly
diastolic pattern characterizesphysiological o wsin this cortext. More com-
plex issuesare related to the competition between owsin the graft and the
stenosednative artery, the sizediscrepancyor the angle betweenthe graft
and the artery.

This presenation discusseghe major issueslinked to the numerical mod-
elling of blood ow through by-passgrafts out of the heart area. The talk
will be basedon a sampleof Belgian collaborative framework setup between
surgeons,researt laboratories and software developmert industry. It will
outline the major advantages, interestsand di culties met sofar in sud a
mixed environmert.

Issuedinkedto 3D geometryacquisition, reconstructionand variability, mod-
elling of ow pulsatility and uid-structure interaction challengeswill in par-
ticular be addressed.The latter aspect is particularly critical to accoun for
the e ect of the wall motion on blood ow and determinesthe medanical
stresseswithin the arterial wall itself in the frame of an active remodelling;
it alsohasmajor implications in the designand optimisation of end vascular
prostheses.

A sampleof meshand solution in bifurcation area(saphenousvein graft)

E-Mail: frederic.wilguem@uomeca.te
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Mathematical modelling of mass transfer in the vascular system
and related clinical applications

Motiv ations. Blood ow provides nourishmert and removes wastesfrom
tissues. A crucial point to understandthis basicfunction is to study the mass
transfer acrosscapillariesand arterial walls. This is a particularly challenging
task becauseof the heterogeneiy of the physical properties of the arterial
wall.

Mec hanics of trans-capillary exchange. The arterial wall is a complex
structure made of se\eral layers, preciselythe endothelium (the innermost
layer with respect to the lumen) the intima, the internal elastic lamina, the
media and nally the advertitia (the outermost one). In order to descrike
the transfer of chemicalsthrough the walls, many phenomenamust be taken
into account. Precisely moleculescan di use into the wall, but are also
transported by the lItration of plasmafrom the lumen to the outer wall.
Moreover, the aforemenioned tissuescan be regardedas porous structures
lled with plasma. Consequetly, depending on the relative dimensionsof
the poreswith respect to the consideredmolecules,selectivity e ects and
frictional phenomenashould be suitably modelled.

Starting from the basic equations describing the physiological phenomena
at hand, we set up a well posedsystem of partial di erential equationsto
descrile the transfer of moleculesthrough the arterial walls.

For the delicate questionof characterizing the physical properties of the tis-
suesconstituting the walls, we apply an electric analogy for masstransport
processesaiming to reconstruct the physical parametersfrom availablecon-
certration measuremets.

Clinical applications.  Digital medical imagery systemsand increasing
computational power resourcesmake nowadays possiblethe application to
thesecomplexmathematical model to realistic situations. More precisely we
take into accoun the following applications.

Transferof low-density lipoproteins(LDL) from the blood to the arte-
rial walls. The study of LDL concenration into the arterial wall hasa
key role in the understandingof atherosclerosis.Indeed, accunulation
of LDL in tissuesmay trigger in ammatory reactionsin the arterial
wall, which seemto be oneof the rst phasesof atherosclerosis.
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Dynamics of drug releasein drug-eluting sterts. Advancedatheroscle-
rotic lesionsare often surgically treated with vascular sterts that pre-
vent the occlusionof the vessel.In somecasessterts are coated with

drugs that are slowly releasedto the surrounding tissue preventing

proliferation of smooth musclecells, the so called restenosis. The dy-

namics of thesedrugs into the wall of the vesselcan be simulated by
the aforemerioned modelsin order to ewaluate the drug penetration
in the tissue and its residencetime.

Kinetic modelling of chemicalexdangein peritonealdialysis. A simpli-
ed versionof the modelsdescribingmasstransfer through the arterial
walls (where only time dependences takeninto accoun) is applied to
study the removal of blood toxins during peritoneal dialysis. This re-
seart puts into evidencethe importanceof tting the physical param-
etersof the consideredmathematical models on clinical measuremets
in orderto enhancethe reliability of the predictions. Numerical results
will be comparedwith extensiw clinical trials.

E-Mail: paolo.zunino@ep .b

David Auerbac h', Maximilian Moser %23,
Thomas Kenner 3

1 Adaptational Physiology Lab, Karl-FranzensUniversity, Graz, Austria,
?Institute for Non-Invasive Diagnosis, Joanneum Researt), Weiz, Austria
3Department of Physiology, Karl-FranzensUniversity, Graz, Austria

Understanding the Liebau e ect

The original Liebau (1954) pump wasmadeby connectingtwo (elastic) tubes
of di erent diameters and wall thicknessesvia a reducerto form a single
length. By placing the larger (diameter) end into a resenoir and squeezing
periodically at a point on the larger tube Liebau obtained a pumping e ect:
despitethe purely reciprocating action of the squeezinga net o w out of the
resenoir, through the smallertube and into another container occurred. The
reciprocating squeezingnotion he employed wasnot peristaltic (directional),
sothat peristaltis asa medanism could be ruled out. Later Liebau (1955a)
found that pumping could be obtained using (inelastic) pipeswith a T-joint
into whoseopen end a reciprocating piston had beeninserted. A further
variation which Liebau (1955b) discussedwas by connectingtwo tubes of
di erent elasticities or diametersat both endsto form a closedcircuit. He
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found three elemeits in the con guration to be essetal for the pumping
e ect: that there be two di erent diameters/elasticities; that the motion
occur impulsively (with relatively rapid acc/decelerationphases)and that
(for the caseof the circuit) the percussionpoint not be midway along one of
the tubes (assymetric).

Takagi and Saijo (1983) studied a con guration similar to the above. The
di erence is that the sourcewas not provided by squeezingbut rather by
a T-section in whoseone arm a reciprocating piston system injected and
withdrew uid from the pipe. They did numerical work and their seart for
suitable dimensionlesgyroupswas unsuccessful.

An analytic solution which we nd yields a small but nite pumping e ect.
A non-dimensionalconbination analogousto the classical and Re of pipe
friction famemay be formed. On castingthe pumping e ect into theseterms
the experimertal data collapsewell.

Supported by the FWF: SFB Optimization and Control.

E-Mail: david.auerbach@uni-graz.at

Thomas Kenner, Max Moser, Daniel
Schneditz

Department of Physiology, University of Graz, Austria
Oscillations, synchronization and optimization

The heart beat - the easiestmeasurableand best known biological variable -
is generatedby the interaction betweena surprising number of internal, and
a variety of external rhythms. The sameis alsotrue for other variableslike
blood pressure,respiration, blood density, etc.. There are three important
phenomenawhich are of particular interest. 1) All biological variablesoscil-
late. This phenomenonappearsto be essetial for their optimal adjustmert
and therefore, for the e ciency of cortrol. 2) Biological oscillators tend to
syndronize. 3) There are indications that in biological systemsparameters
aswell asvariablesare adjusted accordingto rules, which include adaptation
aswell as optimization.

The magnitude of biological variablesin animals of di erent size (weight),
can be descriked statistically as so-called"allometric" functions of the body
mass. Thesefunctions descrite what in physiologyis called "biological simi-
larity". Among other examplestime periods of heart beat and the breath to
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breath period arelongerin larger animals, whereaspressurevaluesare nearly
the samein animals of di erent size. The optimal adjustmert of variables,
parametersand the optimal developmern of structuresis summarizedassym-
morphosisby E. Weibel in his book (2000). We can show that oscillations
and syndironization are a characteristic feature of all biological variables. It
is proposedthat sud oscillationsmay be important for an optimization ac-
cordingto a seartt medanismasit was rst discussedy I. Priban (1965). In
order to study oscillationsand syndcronization in human beingsover longer
periods we apply an EKG-basednoninvasive technique for long-term record-
ing for the analysisof the heart beat, the frequencyspectrum of the heart
rate, its syndironization with other rhythms, the circadian variations, in-
cluding sleepand the e ect of stressand rehabilitation. Sincethe human eye
is especially sensitive to colors, we display the resultsin color-caded form.

Supported by the FWF: SFB "Optimization and Control".

E-Mail: thomas.lkenner@uni-graz.at
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Bedside identication of hemodynamic variables by dilution of
ultra-pure dialysate during hemo dialysis

Aim: Indicator dilution providesinformation on hemadynamic parameters
during hemdlialysis (HD) sud asblood volume (BV), certral blood volume
(CBV), and cardiac output (CO). Howewer, manual operation of current
techniques limits their widespreadacceptability. It therefore was the aim
to dewelop an automatic approad for simple bedsideidenti cation of these
parametersduring HD.

Metho ds: The 4008H-HDF madine (FreseniusMedical Care, Bad Hom-
burg, Germary) has the potential to inject de ned volumes of ultra-pure
dialysate at correct temperaturesin multiples of 30 mL into the extracorpo-
real blood line at the relatively slow rate of 150 mL/min. Thus, the classic
bolus approad to calculate CO and CBV from the rst transiernt of indica-
tor injected as a short bolus cannot be usedin this setting. Dilution curves
were therfore analyzed by a two-compartmen blood volume model where
the exdhangebetweencertral and peripheral compartmers was determined
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by systemicblood ow. A blood volume monitor (BVM, FreseniusMedi-
cal Care, Bad Homburg, Germary) specially adapted for sampling rates of
approximately 10Hz was usedto detect the changesin blood water concen-
tration (BWC) by ultrasonic means. The accuracyand the reproducibility
to measureBV testedin in-vitro experimerts was1:3 2:1%. CBV and CO
werecomparedto data obtainedby standard salinedilution technique (HDO1,
Transonic Systems, Ithaca, NY). Results: During the treatment the soft-
ware cortinuously analyzedthe BWC data for plausibility. Acoustic prompts
called for speci ¢ actions suth as activating or deactivating the fast sample
mode of the BVM and the HDF-bolus injection, respectively. The BWC
transients recordedduring the dilution phasewere analyzedfor appearance
times and detrendedfor BWC changescausedby cortinuing ultra Itration
andvascularre lling. Extracted dilution curveswerethen usedto t the two-
compartmert model. Model identi cation usedthe Marquardt-Leverbergal-
gorithm while data acquisition was still active in the badkground. As scon
asBV wasavailable from the rst dilution test, the software determinedthe
time courseof absoluteBV(t) aswell asinstantaneousvascularre lling rates
calculated from delivered ultra ltration-rates.

Conclusion: On-line identi cation of BV, vascularre lling and other hemo-
dynamic parameterscould be usefulto cortrol ultra Itration during HD and
to prevent intradialytic morbid everts. The system has the potential for
completeautomation with the implemertation of appropriate cortrol inputs
to the BVM and HDF modules of the HD macdine.

Supported by FreseniusMedical Care, Bad Homburg Germary and by the
Austrian ScienceFund, project #F323.

E-Mail: juergen.wimmer@uni-graz.at
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Generalinformation

Session Chairs

Workshop Session Co-Chair Schedule Wednesday

Morning Session | F. Kappel and M. Levine

Afternoon Session T. Kenner and A. Stefano/ska

Workshop Session Co-Chair Schedule Thursday

Morning Session | D. Sdneditz and E. Weibel

Afternoon Session MACSI-net evernt

Workshop Session Co-Chair Schedule Friday

Morning Session | J. Batzel and R. Li

Afternoon Session M. Bachar and R. Panerai

Workshop Session Co-Chair Schedule Saturday

Morning Session | D. Auerbad and N. Westerhof

Afternoon Session M. Fink and M. Tawhai
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Outings

Tuesdy evening: 20:00: Welcomedinner at St. Martin
Wednesdg: Leave 18:15Tour of Graz 18:30-20:30

Thurdsay: Leave 18:15Tour of SchlossEggerberg and reception18:15-
21:00

Friday: Leave 17:30Receptionwith Styrian Landeshauptmann18:30-
20:00, Starke Haus 20:30

Saturday: walk to GasthausOrthacker

Lossof cortrol



Generalinformation

General Information

Meals are free for invited speakers and those staying at the workshop
site with the full pensionoption. Other guestsare welcometo have
lunch or dinner at the conferencesite. Lunch price 8 Euro and dinner
price 6 Euro.

Drinks at mealsare not free. Pleasepay for drinks in the "Ob erwolfach-
style", i.e., consultthe price list and put the moneyin the box provided.
Refreshmets at workshop breaksare free.

There are nice restaurarts nearby: GasthausKehlberghof, Gasthaus
Orthaker, and GasthausDokterbauer. Ask the sta for directions.

There is a very cornveniert bus connectionto the certer of the city.
Take bus 31 at the bottom of the hill. Bus stopsat Jakominiplatz and
Hauptplatz in the certer of the old city.




