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(57) ABSTRACT 

A method of simulating a bio-transport system comprising: 
(a) characterizing one or more elements to represent a 
bio-transport system of an organism or a portion thereof; (b) 
constructing one or more mathematical representations that 
model one or more bio-transport dynamics for each element 
based on the characterization of the elements to form a 
con?gured simulation model; (c) initializing the con?gured 
simulation model; (d) executing the con?gured simulation 
model to obtain bio-transport dynamics data for one or more 
elements; and (e) outputting information to a user based on 
at least a portion of the bio-transport dynamics data. 
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CONFIGURABLE BIO-TRANSPORT SYSTEM 
SIMULATOR 

RELATED APPLICATION 

[0001] This application is based on application Ser. No. 
60/092,608, ?led Jul. 13, 1998 entitled “Circulatory System 
Simulator.” 

FIELD OF INVENTION 

[0002] This invention relates to a computer-based simu 
lation model for simulating a transport system in an organ 
ism. More speci?cally, the present invention relates to a 
con?gurable simulation model that emulates the behavior of 
a circulatory system. 

BACKGROUND OF THE INVENTION 

[0003] Almost all organisms have systems for channeling 
or otherWise controlling the movement of mass and/or 
energy in or around the organism. These systems are referred 
to herein as “bio-transport systems” (BTS), and include, for 
example, circulatory systems, digestive (gastrointestinal) 
systems, pulmonary systems, lymphatic systems, renal sys 
tems, and the movement of chemical and biological entities 
Within and among tissues and cells just to name a feW. 

[0004] One bio-transport system of particular interest 
herein is the circulatory system. The circulatory system 
channels blood and other entities through vessels and among 
the various organs to supply nutrients to tissues, to regulate 
body mechanisms, and to facilitate the How of materials and 
interactions necessary in general to keep an organism alive. 
Additionally, the circulatory system contains a medium, that 
is, blood, in Which various chemical, biological and physical 
reactions take place. Thus, the circulatory system is a 
complex system having geometric, physical and chemical/ 
biological properties; ?oW behavior; internal reactions; and 
interactions among blood, vessels, connected organs, and 
the organism in general. The properties, con?gurations, 
behaviors, reactions and interactions of a bio-transport sys 
tem are collectively referred to herein as “bio-transport 
dynamics”[BTD]. 
[0005] As medicine becomes more quantitative, there is a 
need for analytic tools to relate more precisely causes to 
effects in organisms and to more clearly elucidate the 
mechanisms involved. This requires obtaining bio-transport 
dynamic data. For example, in the pharmaceutical ?eld, 
there is a need to evaluate the effects of chemicals in drug 
studies by computing and displaying the concentration, at 
different points in the circulatory system and as a function of 
time, of a chemical injected into the body at a point in time 
and space, or bio-availability of an orally ingested drug in its 
journey through the GI tract and the circulatory system to its 
?nal destination at an organ or other target Within the body. 
Aside from pharmaceutical applications, there is a need for 
analyZing bio-transport dynamics for diagnostic purposes, 
such as, When assigning a quantitative measure to the degree 
of atherosclerosis present in an individual’s speci?c circu 
latory system. 

[0006] Despite the desire to analyZe bio-transport dynam 
ics of mass transport systems Within organisms, the dynamic 
nature of these systems makes them inherently dif?cult to 
study. Conventional approaches of studying bio-transport 
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dynamics of the circulatory system for example involve 
obtaining clinical measurements or images of the circulatory 
system in humans and animals. For example, blood pressure 
cuffs and direct pressure probes are used to measure ?oW 
rates and pressures, and ultrasound and angiography are 
used to image vessels of the circulatory system. These 
measurements and images are compared against norms to 
attempt to qualify an organism’s status and to help locate 
anomalies. Some of these tools are non-invasive but impre 
cise, such as sphygmomanometer, While others are precise 
but invasive, and potentially life threatening, such as cardiac 
catheteriZation. 

[0007] Animal testing is another approach for obtaining 
bio-transport dynamic data that traditionally has alloWed for 
more invasive measurements. Animal testing, hoWever, is 
under scrutiny. Political and social pressure against animal 
testing has become very strong and is expected to increase. 
For example, scientists noW must seek approval from the 
FDA for every primate subjected to experimentation and 
must account for every rat used. Animal testing is being 
framed today in a broader ethical context, and is likely to 
become even more circumscribed in the future. 

[0008] Given the limitations presented by in-vivo testing, 
a theoretical approach in analyZing bio-transport dynamics 
is attractive. There are a number of practical dif?culties, 
hoWever, associated With a pure theoretical analysis of 
bio-transport dynamics that are not normally encountered 
outside living organisms. Sir James Lighthill [Lighthill M. J. 
Mathematical Bio?uiddynamics” SIAM Regional Confer 
ence Series in Applied Math. 1975] lists four broad catego 
r1es: 

[0009] 1. Unusual vessel distensability and resultant 
attenuation of Wave propagation; 

[0010] 2. Great range of Reynolds numbers >5000 to 
<100 With small capillaries <10 microns; 

[0011] 3. Atypical ?uid properties; and 

0012 4. Branchin in lun s and circulator s stem g g y y 
[20-30 forkings leading to >100 m branches]. 

[0013] To this list should be added the historic dif?culty of 
obtaining clinical experimental data as mentioned above to 
compare With theory. 

[0014] Piecemeal solutions that arise from considering 
only part of a problem-, or a radical simpli?cation of the 
problem to obtain an assumption-restricted solution, While 
useful Within the stipulated range of applicability, do not 
meet current and future clinical/research needs for scope, 
detail, accuracy and architecture. For example, in Guyton, 
et. al. “Computer Analysis of Total Circulatory Function and 
of Cardiac Output Regulation”, Chap. 17, Graphical, Alge 
braic and Computer Analyses 1973, a mathematical repre 
sentation of the circulatory system is provided based on the 
system as a Whole. Although such a model provides useful 
information on the circulatory system in gross terms, no 
detailed information With regard to spatial dependence of the 
system is available. In other Words, this model can only 
provide data on bulk values for variables in the circulatory 
system and not for different components of the system Where 
data tend to vary as suggested by Lighthill. 
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[0015] Therefore, a need exists for an approach that Will 
enable researchers and physicians to experiment and prac 
tice With a bio-transport system Without the attendant time 
constraints, risks and dif?culties of dealing With a real 
bio-transport system in a living organism. The present 
invention ful?lls this need among others. 

SUMMARY OF INVENTION 

[0016] The present invention provides an approach for 
analyZing bio-transport dynamics that overcomes the above 
identi?ed problems by simulating, in silico, a bio-transport 
system of an organism using a con?gurable simulation 
model. The con?gurable simulation model provides a 
generic framework that is readily customiZable to simulate 
one or more bio-transport dynamics aspects of a user 
de?ned bio-transport system as a function of both time and 
position Within the system. More speci?cally, the present 
invention applies ?nite-element techniques along With ?rst 
principles and empirical relationships to a bio-transport 
system to construct mathematical representations of one or 
more bio-transport dynamics in and around the bio-transport 
system based on user-characteriZed elements representing 
the bio-transport system. By using a ?nite-element 
approach, the bio-transport system can be compartmental 
iZed to manage its intricacies and provide sophisticated 
bio-transport dynamic data not only as a function of time, 
but also as a function of the spatial position locating each 
element de?ned. 

[0017] By combining a con?gurable ?nite element 
approach With modern techniques in computer programming 
and current computer architecture, the present invention 
creates a simulation model that affords the ?exibility and 
scope needed to address many of the complexities outlined 
by Lighthill by offering one or more of the folloWing 
functional capabilities: 

[0018] (1) Con?gurable to provide detailed solutions 
as a function time and at least one space dimension 

(e.g. axial position along the blood vessels); 

[0019] (2) Con?gurable to account for both nonlinear 
effects (eg vessel elasticity and/or conditions of 
state dependency) and non-NeWtonian ?uid behav 
ior; 

[0020] (3) Con?gurable to represent multi-level 
branching; 

[0021] (4) Provides a platform that is readily extend 
able to cover (a) various bio-transport dynamics 
phenomena in a bio-transport system such as ?uid 
behavior, chemical, biological, thermal and gravita 
tional/inertial effects, (b) entities that interact With a 
bio-transport system such as organs and (c) physi 
ological phenomena, effectuated via systems other 
than bio-transport systems [eg the central nervous 
system], Which in?uence the bio-transport dynamics 
behavior of a bio-transport system; 

[0022] (5) Offers an open architecture to permit con 
current, inter=operability With complementary mod 
els (e.g. existing organ models); 
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[0023] (6) HarmoniZes With modern computer pro 
gramming paradigms and infrastructure (eg with 
respect to parallel processing, object oriented pro 
gramming and Imaging & Visualization); and 

[0024] (7) Extensible to approximate continuity of 
time and space to any desired degree, Within the 
constraints of computational poWer and storage 
access available. 

[0025] The simulation model of the present invention 
enables a user to make decisions regarding the con?guration 
of a bio-transport system and to see the effects of these 
decisions on a system’s bio-transport dynamics, such as, for 
example, ?uid ?oW rates, pressure gradients, chemical and 
biological concentrations and ?uid temperatures, at various 
points in time and space. The simulator may be used as an 
instructional tool to illustrate, for example, the behavior of 
a representative circulatory system. Additionally, it may be 
used With respect to a speci?c bio-transport system as a 
planning guide to examine alternative strategies to correct 
problems, or as an experimental platform to elucidate 
mechanisms occurring in classes of circulatory systems for 
example. Since it is only a simulator, the user can learn, 
teach, plan, diagnose or experiment Without risk to sentient 
organisms and in Ways that are not ethically and/or techni 
cally possible With live organisms. 

[0026] One aspect of the invention is a method of simu 
lating bio-transport dynamics of a bio-transport system 
using the con?gurable simulation model. In practice, com 
puter simulation of a bio-transport system involves tWo 
basic steps: (a) constructing a simulation model of a bio 
transport system of an organism; and (b) simulating the 
behavior of the bio-transport system by running the simu 
lation model on a computer. It should be obvious to those 
skilled in the art that the simulation model must be con 
structed before it can be run, and that, once constructed, it 
can be run repeatedly Without being “reconstructed.” Con 
sequently, these steps may be performed jointly or individu 
ally. 

[0027] In a preferred embodiment of the construction 
phase, a user de?nes and characteriZes elements and one or 
more transported entities associated thereWith to represent 
the initial state of one of the organism’s bio-transport 
systems or a portion thereof. Atransported entity may be, for 
example, ?uid, energy, chemicals, and biologicals. The term 
“?uid” is used broadly herein and refers to any material 
capable of ?oWing and includes, but is not limited to, 
traditional ?uids such as liquids and gases, plus mixtures, 
dispersions, suspensions or slurries of solid and viscoelastic 
materials. Examples of ?uids include blood, food, and air. 

[0028] Based on the characteriZation of the elements, one 
or more mathematical representations that model particular 
bio-transport dynamics are constructed for each element. 
This forms a con?gured bio-transport system simulation 
model Which has a mathematical representation for particu 
lar bio-transport dynamics phenomena at each element of 
the bio-transport system being modeled. It is especially 
convenient to designate an object for each element in an 
object-oriented programming environment, although the 
present invention is not limited to object-orientated pro 
gramming techniques. 
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[0029] In a preferred embodiment of the simulation phase, 
a conventional simulator uploads the con?gured simulation 
model, initial conditions are entered, and then the math 
ematical representations are executed by the simulator for a 
desired period of time to obtain bio-transport dynamics data 
at each element as a function of time. 

[0030] The degree to Which one de?nes and characteriZes 
the elements representing the bio-transport system depends 
upon the bio-transport dynamics and the speci?city desired 
Which may be determined by one skilled in the art. Gener 
ally, an element is characteriZed in terms of its geometry and 
physical characteristics Which may include, for example, 
shape, dimensions, orientation, elasticity, permeability and 
resistance to ?oW, just to name a feW. The ?uid associated 
With the element is characteriZed generally in terms of 
physical properties such as, for example, viscosity, heat 
capacity and density, just to name a feW. In the preferred 
embodiment, the model is adapted to handle characteristics 
Which are dependent on “conditions of state,” meaning that 
the characteristics’ values are dependent upon other condi 
tions existent at a particular element. For example, viscosity 
may be dependent upon temperature of the element’s asso 
ciated ?uid, and an element’s dimensions may be dependent 
upon the pressure of the element’s associated ?uid. The term 
“associated ?uid” as used herein refers to the ?uid contained 
Within an element at a particular point in time. 

[0031] Rather than de?ning and characteriZing an element 
only as a How channel component in a bio-transport system, 
it may be preferable to de?ne an element to include entities 
that are not only How channel components of the bio 
transport system but also may interact in a special Way With 
the system, such as an organ or a tumor. An element 
characteriZed to represent such an entity Would model it in 
an average or “bulk” manner such that detailed information 
With regard to spatial dependence Within say an organ Would 
not be available. Thus, for example, an organ may be 
modeled as an “organ element” and characteriZed generally 
With a certain resistance to How and a certain volumetric 
capacity, Which perhaps is altered by pressure. HoWever, in 
addition to normal element properties, the organ element 
may have special properties, such as volumetric pumping 
rates in a heart organ element, or hormone production in the 
case of the hypothalamus to mention just a feW. 

[0032] In a preferred embodiment, certain data character 
iZing elements of a particular bio-transport system are 
automatically generated by an imaging device such as 
magnetic resonance imaging (MRI), Computer tomography 
(CT) or ultrasound. The data generated from these devices 
then are inputted into the simulation model to construct a 
simulation model having elements representing the imaged 
bio-transport system, said con?guration possibly being 
manually adjusted to compensate for any limitations in a 
totally automated process. The structural arrangement of the 
computational code effecting this construction preferably is 
adapted to readily receive the standard format of the input 
data from the imaging device. Using data from imaging 
devices is particularly useful in clinical circumstances Where 
the physician/surgeon needs to analyZe the unique bio 
transport system of a speci?c patient. 

[0033] The mathematical constructs are based on knoWn 
relationships betWeen user-speci?ed characteristics to pro 
vide a prediction of bio-transport dynamics. Most bio 
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transport dynamics are governed by established ?rst prin 
ciples and physical relationships, for example, conservation 
of mass, conservation of momentum, conservation of 
energy, constitutive equations and other empirical relation 
ships. The simulation model uses these relationships along 
With the user-speci?ed characteristics to calculate bio-trans 
port dynamics aspects such as How rates, concentrations and 
pressures at different points in the con?gured simulation 
model at different points in time. The results are dependent 
on hoW the simulator is con?gured by the user, so any 
number of different bio-transport systems may be modeled 
for different organisms or different parts thereof. It should be 
understood that the formulae presented herein are to predict 
behavior and interaction and are not intended to describe or 
theoriZe bio-transport dynamics. In other Words, the inven 
tion does not depend on the theoretical merit of a particular 
equation providing that it predicts conditions as accurately 
and precisely as desired by at least one user. It is anticipated 
that alternative equations may be used to progressively 
improve the predictive ability and speed of convergence of 
the simulator as desired by other users. 

[0034] The particular bio-transport dynamics modeled 
depend upon the user’s preference although bio-transport 
simulations in one form or another generally model ?oW 
behavior since most bio-transport dynamics, such as disper 
sion of a chemical or biological component, relate to the 
?uid How in the bio-transport system. In a preferred embodi 
ment, to enhance realism and predictability, the simulation 
model further comprises one or more of the folloWing 
bio-transport dynamics in addition to ?uid behavior: (a) 
mass transport and reactions of chemicals and other entities, 
such as viruses, bacteria and clots, in the ?uid; (b) heat 
transport in the ?uid including its effects and Transport; (c) 
external dynamical and mechanical effects such as gravita 
tional and inertial forces, and (d) interaction of elements/ 
organs With other elements/organs that are effectuated by 
systems outside the bio-transport system under study [for 
example, effects at a distance produced by the central 
nervous system When the circulatory system is under study]. 
This last enhancement provides for user de?nition of math 
ematical relationships among variables to represent physi 
ological interactions that exist Within an organism, but are 
not effectuated by bio-transport mechanisms Within the 
bio-transport system being simulated. In addition to model 
ing for these bio-transport dynamics, the simulator of the 
present invention may be enhanced With other models as 
applications dictate. 
[0035] In a preferred embodiment, the simulation model 
has an open architecture to permit concurrent, interoperabil 
ity With complementary models. Such a feature is particu 
larly useful in enabling organ simulators to be netWorked to 
provide for more realistic simulations. Since organs are 
connected by the circulatory system, to model the behavior 
of an organ in situ, an organ simulator also should be able 
to simulate the circulatory system through Which it commu 
nicates chemically and biologically With the rest of the 
organism and With certain extra-circulatory functional inter 
actions, such as the central nervous system. In addition to 
providing a common platform to netWork organs, the simu 
lation model of the present invention provides an open 
interface for interconnection among various organ models. 
This saves developers of organ simulators the effort of 
individually constructing an ancillary circulatory simulator 
With extra-circulatory functional interactions for each organ 



US 2002/0002447 A1 

model. Additionally, groups of organ developers can lever 
age on one another’s modeling efforts by jointly using the 
interface provided by the present invention over remote 
connections, such as the Internet. Thus, the simulation 
model of the present invention constitutes a global platform 
for collaborative research on physiological processes of 
organisms. 

[0036] In addition to con?guring the simulation model of 
the present invention as an inter-organ transport model, it 
may con?gured as an intra-organ, intra-tissue or intra-cell 
transport model. In other Words, the con?gurability of the 
simulation model of the present invention also enables it to 
simulate ?uid How and transport Within an organ, tissue or 
cell. With respect to organs, How and transport phenomena 
underlie the basic behavior of many organs. At least one 
organ has already been modeled in a fashion to approximate 
a time-space continuum, for example, in WinsloW, R. et.al 
“Simulating Cardiac Sinus and Atrial Network Dynamics on 
the Connection Machine” Physica D 64 pp281-298, 1993. 
Likewise, With respect to cells, Tomita, M. et.al. “E-CELL: 
SoftWare Environment for Whole Cell Simulation” Bio. 
Mag. Keio 1996 describes an “E-CELL simulator” that 
emulates transcription, translation and other chemical reac 
tions occurring in the cell. Cell modeling, as described in 
that paper, Would be enhanced by the inclusion of ?uid ?oW, 
chemical/biological and thermal transport phenomena and 
possibly dynamic effects. Instead of repeating the effort of 
creating a bio-transport simulator bound to a speci?c organ, 
tissue or cell model for each organ, tissue and cell respec 
tively, the simulation model of the present invention, With its 
ability to be con?gured and its open architecture, can be 
used as the bio-transport simulator component in any organ, 
tissue or cell model, thereby relieving the model developer 
of the task of managing the bio-transport part of the organ, 
tissue or cell simulation. Thus, the bio-transport simulation 
model becomes a simple “bio-transport object” in a modem 
object-oriented programming environment, or its equivalent 
in a more-traditional programming environment. It is antici 
pated that the use of this bio-transport object Will accelerate 
the development of neW physiological models and leverage 
many existing ordinary differential equation [ODE] models 
of physiological processes by reducing the effort to incor 
porate true spatial representations using partial differential 
equations [PDE] into the models. 

[0037] Another aspect of the invention involves an appa 
ratus for simulating a bio-transport system. In a preferred 
embodiment, the apparatus comprises (a) a processor; (b) a 
user interface operatively connected to the processor for 
receiving input from and conveying output to a user; and (c) 
memory operatively connected to the processor and con 
taining instructions for constructing and/or executing the 
simulation model as described above. Preferably, the user 
interface prompts the user in a logical fashion to de?ne and 
characteriZe the elements to represent the transport system to 
the desired precision/accuracy. Additionally, the user inter 
face preferably displays output in a natural fashion so that 
the user can intuitively interpret results, thereby reducing 
errors and increasing acceptability. To this end, it is prefer 
able to employ a structural arrangement of computational 
code that harmoniZes With the natural display of results. 

[0038] Yet another aspect of the present invention is a 
computer-readable medium of instructions for enabling the 
system described above to construct and/or execute the 
simulation model as described above. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] The invention may best be understood by reference 
to the folloWing description taken in conjunction With the 
accompanying draWings, Wherein like reference numerals 
identify like elements, and Wherein: 

[0040] FIG. 1 shoWs a diagram of the present invention; 

[0041] FIG. 2 shoWs overall ?oW chart of the invention’s 
operations; 

[0042] FIG. 3 shoWs a How chart of the con?guration of 
the bio-transport system model; 

[0043] FIG. 4 shoWs a How chart of the ?uid ?oW model; 

[0044] FIG. 5 shoWs a How chart of the mass transport 
chemical/biological model; 

[0045] FIG. 6 shoWs a How chart of the heat transport 
model; 

[0046] FIG. 7 shoWs a How chart of the dynamics and 
mechanics model; 

[0047] FIG. 8 shoWs a How chart of the organs’ interface; 

[0048] FIG. 9 shoWs a How chart of the user de?ned 
extra-transport model and the relations processing engine; 

[0049] FIG. 10 shoWs a How chart of motion video output 
of the con?gurable bio-transport system simulator results; 
and 

[0050] FIG. 11 shoWs a How chart of the automatic input 
of the bio-transport system geometry and certain aspects of 
the initial state. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION AND PREFERRED 

EMBODIMENTS 

[0051] The present invention provides for a system and 
method for simulating bio-transport dynamics of a bio 
transport system, using the con?gurable simulation model. 
More speci?cally, the invention may be practiced to simulate 
the transport of ?uids, energy, materials, chemicals and 
biologicals in any bio-transport system, such as, for 
example, a circulatory system, a lymphatic system, a gastro 
intestinal tract, channel arrays formed by tissue such as ?uid 
?oW channels in the kidney and heart, and nutrient intake 
and protein production transport inside and among cells. The 
particular bio-transport system modeled need not be con 
?ned to humans, but may include those found in animals, 
insects, plants, and bacteria or any other organism. 

[0052] The present invention and preferred embodiments 
are discussed beloW With respect to (I) the Overall System, 
(II) the Overall Process, and (III) the Models. For illustrative 
purposes, the human circulatory system is described in detail 
herein using terminology consistent With that system such as 
vessels, organs and blood. Aside from being a familiar 
reference, the human circulatory system also is simplistic 
from the standpoint that it is a closed-loop system Which is 
a function of time and essentially one spacial dimension. It 
should be understood, hoWever, that the invention should not 
be construed as being limited to circulatory systems and 
other embodiments exist, including open-looped systems 
that are functions of time and multiple spacial relationships. 
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I. Overall System 

[0053] The system 100 consists of a central processor unit 
101, memory 102, and a user interface 103. The user 
interface may comprise traditional equipment such as a 
monitor and printer for displaying information for the user 
and a keyboard and mouse for entering information, as Well 
as more exotic equipment such as scanners, voice recogni 
tion systems, touch screens, CT and MRI imaging devices 
for input and constructed output for MRI, CT and 3D 
graphics displays [e.g. 3D Virtuoso from Siemens]. It is 
anticipated that system 100 can be con?gured to accommo 
date any user interface both knoWn and in the future. 

[0054] The memory contains at least one model, such as a 
?uid ?oW model 104, labeled as Fluid FloW Model [FFM] 
and may possibly contain other models such as a chemicals 
and biologicals mass transport and reactions model 105, 
labeled as “Mass Transport Chemical/Biological Model 
[MTC/BM], a heat Transport model 106, labeled as Heat 
Transport Model [HTM], a dynamics and mechanics model 
107, an interface 108 to detailed models of organs, and an 
Extra-Bio-transport model 109 containing a Relations Pro 
cessing Engine [RPE] to process user de?ned relationships 
among elements/organs that are effectuated outside the bio 
transport system under study. These simulator models [104. 
105.106, 107 and 109] and the user input for the RPE have 
mathematical algorithms to simulate a bio-transport system 
and extra-bio-transport system relations. 

[0055] The memory 102 also stores the resident data to 
enable the CPU 101 to construct and process the mathemati 
cal algorithms. In this disclosure, types of data are referred 
to, for example, as characteristics, properties, parameters, 
initial conditions, and boundary conditions. This terminol 
ogy is adopted from common usage in continuum mechanics 
for illustrative purposes and should not be used to limit the 
scope of the invention. One skilled in the art Will recogniZe 
that data, labeled as, for example, parameters, initial condi 
tions and boundary conditions, could be grouped together 
under the generic heading of data. 

[0056] The system 100 may be con?gured to alloW pro 
cessing to occur on more than one processor unit, and that 
the processing units need not reside on a single computer, 
nor must the CPUs reside at a single physical site. Once the 
CPU processes the information, the memory 102 stores the 
results. The system 100 may also include a data storage 
component 124 for storing information associated With the 
aforementioned models. 

II. Overall Process 

[0057] The overall process of the system is shoWn in FIG. 
2. When a user starts the system 100, the various models are 
inputted according to Block 251 and stored in memory 102 
such that the models are resident Within the system 100. 
Alternatively, certain models may be stored on disk or other 
information storage devices if the memory cannot accom 
modate all the models simultaneously. In this con?guration, 
the CPU 101 Would transfer models from the storage 124 to 
memory 102 if needed and return models back to the storage 
124 When dormant. Such a function is Well knoWn in the art. 

[0058] Next, dictionary data to identify components and 
data, such as the physical characteristics of the How channel 
elements, the geometric connection of How channel ele 
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ments one to the other, the gross characteristics of organ 
elements, their geometries, and characteristics of the ?uid 
are made resident in memory by block 252. These data 
customiZe the model to a particular organism’s bio-transport 
system, or part thereof, rather than operating on a preset 
arbitrary model. Such data may be entered by the user 
contemporaneously With the program’s operations, or it may 
be entered into data storage 124 prior to the program’s 
operation and accessed as needed by the CPU 101. The data 
storage may be any data storage means such as disk, hard 
drive, or memory. If other than memory, the exchange of 
data betWeen memory 102 and the data storage 124 Would 
be controlled by the CPU 101 using knoWn methods. 

[0059] Automatic input of data from certain experimental/ 
diagnostic tools reduces the tedious effort of manual input 
ting for example the geometry data associated With even 
simple Bio-Transport systems. It is anticipated that the 
CB-TSS Will be used to aid in the diagnosis and correction 
of problems in individual Bio-Transport systems. For this to 
be practical, automatic entry of setup data for each speci?c 
Bio-Transport system is considered to be a requirement. In 
a preferred version, gray scale or color coding of, for 
example, image density produced by radioactive chemical 
concentrations further reduces the setup of certain CB-TSS 
models 

[0060] Referring to FIG. 11, the clinical results of an MRI 
[or other common diagnostic tool] are ?rst stored on a 
storage device 1102 by the user. During the data input 
section of the CB-TSS, the user selects an option 315 
directing the CB-TSS to use these data, instead of manual 
input, to construct the Bio-Transport system geometry. 
These data are read into memory 1101 and then, using the 
knoWn format of the diagnostic tool and associated graphic 
detection algorithms, converts these data to the input format 
for the Bio-Transport system geometry. 

[0061] The system 100 is ?nally initialiZed When data such 
as initial conditions of state, boundary conditions and other 
data and parameters are also made resident in memory 102 
by block 253 to customiZe the model to an initial state. 
Parameters alloW the simulator con?guration to be quickly 
changed making it easy for the user to conduct parametric 
studies. Each of the models has its oWn parameters. An 
example of a parameter is organism siZe, Where, for 
example, all dimensions are scaled in proportion to a siZe 
parameter. One skilled in the art Will recogniZe that the 
functions of Blocks 251, 252 and 253 can be performed in 
any sequence. By initialiZing the simulator according to a 
particular set of data, characteristics, conditions of state and 
parameters it becomes customiZed for a particular bio 
transport system in a particular initial state, enabling the 
computer system 100 to generate realistic and useful infor 
mation on the behavior of that particular system over time. 

[0062] FolloWing the initialiZation of the simulator by 
Blocks 251, 252 and 253, Block 254 determines if another 
time step should be run. If not, the process ends. If another 
time step should be run, then the various models are 
executed for another time step in Block 255, and the results 
of the simulation are displayed in Block 256. 

[0063] The user can display snapshots of the simulator 
state [e.g., pressures, ?oW rates, chemical concentrations at 
each of the element locations]. These displays are graphical 
as Well as tabular. 
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[0064] In a preferred embodiment, the results of state 
conditions for the respective models are saved With a 
periodicity determined by the user. Referring to FIG. 10, 
after all time steps are processed, these data are supplied by 
Block 1002 to Block 1001 Where they are assembled into a 
series of graphics images Which are sequentially presented 
on a displaying unit 1003 creating the effect of an animated 
motion video. A number of different displays are possible. 
For example, the CB-TSS geometry of the circulatory sys 
tem under study can be draWn and the concentration of a 
chemical at each element location superimposed thereon, 
using color-coding or a grey scale, for each time step. The 
result is a motion video of the dispersion of the chemical 
through the circulatory system over time. It is also possible 
to create a CB-TSS vieW from the prospective of an observer 
traveling With the ?uid through the Bio-Transport system. 
The technology to save and assemble the data into a graphi 
cal display is Well knoWn. 

[0065] It is anticipated that the timing and other aspects of 
the graphics images Will be altered to enhance the effect of 
the display for certain teaching purposes. This usage is 
termed a styliZed animation of the simulation, Wherein the 
relation to actual physics is distorted, compared With an 
unaltered vieW or series of images of a simulation as 
described above. It is anticipated that such animations Will 
be constructed using computer executed algorithms to con 
struct the desired styliZed series of images of the physical 
phenomena. Although such simulations of the Bio-Transport 
system, or parts thereof, may not be based on ?rst principles 
and physical laWs, the result is a simulation, distorted or 
otherWise of the Bio-Transport system and is therefore a 
B-TSS as a subset of CB-TSS. Such imaginative construc 
tions are anticipated and thus covered by this teaching. 

[0066] In a preferred embodiment the output of the Bio 
Transport system simulator is reformatted to serve as data 
input for a variety of diagnostic and experimental tools such 
as MRI. For example, instead of the display component of 
an MRI system using processed signals originating in the 
sensing device to form a graphic display, it Would use 
similarly formatted data constructed by the output compo 
nent 1004 of the CB-TSS to create a disk ?le 1005 Which is 
then used as input for an MRI, et. al. display. The user of the 
MRI equipment Would see What appears to be a MRI of the 
organism’s actual Bio-Transport system. This mode of out 
put has the advantage of familiarity to current users of these 
important experimental and diagnostic tools. 

III. Models 

[0067] The construction/initialiZation of one or more mod 
els in Blocks 251-253 is considered in greater detail in this 
section. The models are described generally in the ?rst 
section (1. Models Generally), and then more speci?cally 
With respect to each model in the second section, (2. 
Detailed Description of Models). 

[0068] 1. Models Generally 

[0069] In a preferred embodiment, the Fluid FloW Model 
204 is con?gured by a user. In Block 252, the user inputs a 
selection of How channel elements and organ elements, 
collectively referred to as elements, together With their 
respective characteristics such as initial and ?nal diameter, 
length, elasticity, permeability and convection coef?cients, 
volume of associated interstitial space, as Well as ?uid 
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characteristics. Fluid characteristic may include, for 
example, general properties, such as temperature, pressure, 
and viscosity, as Well as the identi?cation, concentration and 
interactions of its components, Which, in the case of blood, 
may include, plasma, blood cells, enZymes, hormones, pro 
teins, amino acids and other chemical elements and com 
pounds, viruses, bacteria, macrophages, t cells and other 
products of the immune system, parasites, clots and other 
biological entities. Certain data, such as the diameter of a 
How channel element, may depend on state conditions of the 
element and associated ?uid, such as pressure and concen 
tration of certain chemicals in the associated, or may depend 
on the state of external in?uences, such as a central nervous 
system. In a preferred embodiment, the user can specify 
such relationships and the model incorporates the relation 
ships in the overall set of algorithms to be executed. 

[0070] Also associated With each element is a mathemati 
cal relationship Within the Fluid FloW Model describing the 
behavior of the associated ?uid. When the user selects a 
speci?c element and speci?es its characteristics, this math 
ematical relationship is constructed. Hence the con?gured 
Fluid FloW Model comprises a selection of a set of math 
ematical relationships representing the ?uid behavior Within 
the Fluid FloW Model. 

[0071] The driving force for ?uid motion is traced back to 
a prime mover, for example, the pumping action of the heart, 
or to boundary conditions at “input/output” elements Which 
may be used if the simulator is con?gured to represent part 
of a circulatory system, for example, a region of microcir 
culation. These prime mover functions are modeled by 
special elements Whose characteristics alloW the user to 
specify data that describe mathematical relations for the 
pressure increment and How as a function of time at the 
special element location. In one preferred embodiment, 
these relations are not explicit functions of time, but rather 
depend on the state of the special element as Well as time. 
It is anticipated that other types of prime mover represen 
tations and other types of special elements Will be included 
in future embodiments of the simulator. 

[0072] Next the relationships are combined together and 
solved simultaneously to determine the How performance of 
the bio-transport system. Means to solve sets of simulta 
neous equations by computer are Well knoWn in the art. At 
the end of an incremental time period, the user receives the 
results of the solution process for that point in time 256. The 
information may be output through the user interface as 
either a monitor display or a printout. Optionally, the output 
may be omitted for certain time periods. 

[0073] The basic Fluid FloW Model may be augmented 
With other models to more realistically emulate the operation 
of an actual bio-transport system. Like the Fluid FloW Model 
204, these models are resident in the memory 102 of the 
computer 100, or are brought into memory by the processor 
101 from storage 124 as needed. To account for concentra 
tions of chemicals and biologicals Within the bio-transport 
system, the Mass Transport Chemical/Biological Model 205 
may be employed. This model 205 accounts for the mass 
transport Within the vessels and organs, ?oW across porous/ 
semi-permeable vessel and organ Walls of chemical ele 
ments, compounds, including drugs proteins and enZymes, 
and changes in mass brought about by chemicals/biologicals 
reactions. As Well, mass transport Within the vessels and 



US 2002/0002447 A1 

organs and cross-Wall movement of other entities such as 
viruses and bacteria, [collectively referred to as biologicals] 
and reactions thereof can be modeled. In a preferred embodi 
ment, chemical and biological reactions and reaction rates 
Within the bio-transport ?uid, Within organs and at element 
Walls are included. Like the Fluid FloW Model 204, the 
MTC/BM 205 requires the user to input data regarding, for 
example, initial conditions and boundary conditions. In the 
preferred embodiment, mathematical descriptions of chemi 
cal and biological reactions and reaction rates can be 
included as part of the data for MTC/BM 205. By applying 
the ?oW rate results 211 of the current time step of the Fluid 
FloW Model and the reaction relations to the MTC/BM 
concentrations of the previous time step, the concentrations 
of the current time step for MTC/BM can be computed. 

[0074] Supplementing the bio-transport simulator With a 
Heat Transport Model 206 adds further realism, accuracy 
and predictive ability to the simulation. The HTM 206 
emulates the ?oW of thermal energy through mass transport, 
conduction, convection and generation. Like the Fluid FloW 
Model 204, HTM 206 requires the user to input data 
regarding the initial and boundary conditions. Mathematical 
relations regarding the ?oW of heat involved are applied at 
each element. These relations are Well knoWn to those 
skilled in the art. By applying the ?oW rate results 212 of the 
current time step for the Fluid FloW Model to the HTM 
temperatures from the previous time step, the temperatures 
of the current time step at each of the elements can be 
computed. By including the heat generated from chemical 
and biological reactions 213 temperatures at each of the 
elements for the time step can be computed to a higher 
degree of conformance to reality. 

[0075] Including a Dynamics Model 207 as part of the 
bio-transport system simulator enables a user to account for 
certain external effects such as gravitational attraction and 
acceleration resulting from rotational and translational 
motion of the organism. This increases the realism of the 
simulator and is especially important in situations Where a 
reduction or increase of pressure could be life threatening, 
for example, Where there is a risk of an aneurism or Where 
a pilot may blackout during turning and banking. The effect 
of the Dynamic Model [DM] on the pressure gradients in the 
?oW model is applied through pressure gradient adjustments 
216 for the next time step. While chemical and biological 
reaction rates are a condition of state [for example, pressure 
and temperature] direct external dynamic effects on the 
MTC/BM model are omitted in this embodiment, except as 
re?ected through pressure adjustments to the Fluid FloW 
Model as explained above. Heat convection can be markedly 
altered by pressure [e.g. nascent boiling]. Again, as 
explained above, the DM in?uences pressure gradients in 
the Fluid FloW Model Which, in turn, are applied 212 to the 
heat Transport model. The unit ?oWs and other results of the 
Fluid FloW Model are made available 214 to the Dynamics 
Model. This enables one to account for the changing of 
direction of a moving ?uid. Inclusion of a DM 207 provides 
the opportunity to study possible effects of external forces on 
processes Within the organism and perhaps uncover neW 
mechanisms or explain current anomalies regarding the 
effect of these external forces on organisms. 

[0076] The con?gurable bio-transport system simulator 
(CB-TSS) has the internal ability to represent organs in an 
average, “gross” or “lumped” manner. Organs are modeled 
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as organ elements With, for example, a certain resistance to 
?oW and a certain volumetric capacity, Which may be a 
condition of state. Because the organ is represented in 
lumped fashion, hoWever, no detailed information With 
regard to spatial dependence Within the organ is available. 

[0077] To expand the realism of the CB-TSS, in a pre 
ferred embodiment, the present invention facilitates the 
incorporation of an organ model 209. There are a variety of 
spatially detailed computer models of human organs that 
exist today [WinsloW 1993] and it is anticipated that many 
computer models of organs as functions of 1-, 2-, or 3-Di 
mensions and time Will develop in the future. Preferably, a 
organ interface 208, in the form of an object, is used for 
mathematically/algorithmically coupling the Con?gurable 
Bio-Transport System Simulator to the organ model 209. 
The organ interface 208 supplies the detailed organ model 
209 With input representing the current time step conditions 
created by the CB-TSS at the organ/simulator interface [e.g. 
inlet and outlet ?oW ports of the organ]. After the detailed 
computer organ model 209 is processed through the current 
time step, the organ interface 208 converts the results of the 
organ detailed models into organ element gross character 
istics such as resistance to ?oW and volumetric capacity 
based on boundary conditions betWeen the models at the 
current time step. This alloWs the CB-TSS to operate as if an 
organ element, With certain gross characteristics, Were in 
place. 

[0078] The technology to transmit and receive data 
betWeen tWo processes operating on a computer is Well 
knoWn. Obviously there must be agreement betWeen the 
organ model and the CB-TSS interface With respect to, for 
example, format and protocol. Standard interfaces Would 
facilitate open interconnectiveity. In a single CPU environ 
ment, the computational load of the various detailed organ 
models may restrict the ?neness of structure possible for the 
Bio-Transport system simulator. HoWever, in a parallel 
processing environment, certain processors can be assigned 
to various detailed organs models Without appreciable loss 
in detail or time required to obtain a solution for the 
CB-TSS. It is anticipated that netWork communications 
speeds Will increase so that the detailed organ models Will be 
able to reside on server computers in remote locations. The 
technology to transmit and receive data betWeen tWo pro 
cesses operating on separate computers connected by a 
netWork is Well knoWn [e.g. CORBA and COM/DCOM]. 
While the organ interface is described in this embodiment as 
a serial process to aid in learning, other, non-serial arrange 
ments are Within the scope of the invention. 

[0079] The present embodiment of the CB-TSS can be 
con?gured to include an Input Element or an Output Ele 
ment to model, for example, the injection of a drug into the 
circulatory system or the removal of a sample of matter from 
the interior of a circulatory system. This feature may be 
employed by users to model segments of a circulatory 
system, ie an open set of elements and organs terminated at 
its ends by Input/Output Elements having speci?ed bound 
ary conditions, eg ?oW rates. This leads to an obvious 
extension Wherein several CB-TSS are used, each to model 
in detail individual components of a total Bio-Transport 
System, such as, microcirculation ?elds, the lymphatic sys 
tem, the kidneys and the GI tract. These detailed components 
are in turn incorporated as organ objects in a CB-TSS model 
of a complete Bio-Transport System. In addition to being 
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able to study a segment of a Bio-Transport system, or an 
organ such as the GI tract in detail, advantages in terms 
speed of convergence are anticipated by dividing a larger 
simulation into a set of smaller simulations coupled at 
discrete interface points. 

[0080] Inclusion of an Extra-Bio-Transport Modeling 
[EBTM] ability as part of the CB-TSS enables a user to 
specify mathematical relations among variables that model 
interactions among certain parts/components of an actual 
organism through mechanisms external to the Bio-Transport 
System under study. The underlying mechanisms external to 
the Bio-Transport System under study may be other Bio 
Transport Systems. To help illustrate the distinction betWeen 
What may be modeled in a “system under study” and in the 
EBTM, consider the brain. The brain may respond to certain 
chemical/biological concentrations in its neighborhood by 
producing certain chemical/biological products in its neigh 
borhood. These products can enter the circulatory Bio 
Transport System directly and are so distributed. This can be 
accounted for in the system under study. On the other hand, 
the brain also responds to certain chemical/biological con 
centrations in its neighborhood and/or in other remote 
locales by producing/receiving electrical signals to and from 
these remote locales via the central nervous system [CNS]. 
In this Way, CNS signals can effect reactions in locales 
remote to the brain. These CNS signals can be said to 
“produce an effect at a distance.” Instead of trying to model 
the CNS in detail, the EBTM makes it possible to represent 
this behavior as a set of functional relations expressing hoW 
some condition in one part of the Bio-Transport System 
under study affects conditions in another part of the Bio 
Transport System under study. While CNS effects illustrate 
one application of this EBTM, there are many other physi 
ological phenomena that can be modeled in this fashion and 
employment of this CNS example should not be used to limit 
the scope of such a generic modeling capability or the scope 
of this invention. 

[0081] To accommodate representation of such phenom 
ena, the user is provided With an ability to specify a matrix 
of such “effects at a distance” Which is processed by a 
Relations Processing Engine RPE of a generic type. This 
EBTM functionality may be used to model interactions 
among organs for example, even When these interactions are 
effectuated by ?uid ?oW and/or other bio-transport dynam 
ics. For example, one may Wish to model the human heart 
and simulate its connection to the circulatory system and 
interactions With other organs by using just the EBTM and 
its user speci?ed input as an expedient. In effect, the EBTM 
by itself Would act as a CB-TSS. Using the EBTM, spacial 
separation effects are represented by time delays, yielding a 
faster bio-transport system simulation at the expense of 
spacial detail. Methods to create an RPE to solve sets of 
equations/relations With time delays and nonlinear terms are 
Well knoWn, and commercial RPEs are available. Hence, the 
EBTM by itself is a novel, useful simulator for modeling 
bio-transport phenomena in organisms under certain circum 
stances. 

[0082] In a preferred embodiment, the heat Transport 
model 206 passes temperatures back 218 to the Fluid FloW 
Model to permit adjustment of temperature dependent char 
acteristics such as ?uid viscosity for the next time step. The 
HTM 206 also passes temperatures back 219 to the chemi 
cal/biological model 205 to permit adjustment of tempera 
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ture dependent data such as reaction rates. The MTC/BM 
205 passes back 220 chemical concentrations to the Fluid 
FloW Model to permit adjustment of chemical concentration 
dependent data such as channel Wall elasticity and porosity/ 
permeability. The Organ Interface passes effects of organ 
objects back to both the Fluid FloW Model via 217 and the 
MTC/BM via 221, as does the Extra-Bio-Transport Model 
via 222 and 223 respectively. For one skilled in the art, it can 
be seen that the order in Which one chooses to compute the 
results of the various models Within the CB-TSS affects the 
results and computational ef?ciency. For example, in an 
organism With a relatively stable temperature pro?le and 
little in the Way of external forces/accelerations, computing 
the Fluid FloW Model appears to be most appropriate. If on 
the other hand, the user Was interested in simulating the 
bio-transport system under conditions Which affected other 
bio-transport dynamics more than those represented by the 
Fluid FloW Model, then the models representing the other 
bio-transport dynamics should be a higher computational 
priority. Optimal ordering for computing the various models 
Would be ascertainable to one of ordinary skill in the art. 
Additionally, one skilled in the art Would be aWare that there 
are computational techniques available that alloW one, under 
a broad set of circumstances, to iterate among models to that 
extent necessary to obtain a speci?ed degree of accuracy, 
reducing or eliminating the need for considering the effect of 
computational order on the results of the simulation. Com 
putational speeds available today, even from parallel CPU 
con?gurations, Would likely limit such iterative approaches 
for certain problems that require a high degree of accuracy 
and a very ?ne mesh siZe. It is anticipated these limitations 
Will be relaxed in the future. 

[0083] 2. Detailed Descriptions of the Models 

[0084] The models Will noW be explained in detail With 
reference to FIGS. 3-9. These ?gures shoW ?oW charts 
representing the process of each model as Well as the 
interactions among the models. In the depicted embodiment, 
models’ couplings are centered around the Fluid FloW 
Model. This is to say the data input, programming logic ?oW, 
data transmission and model interaction generally folloW the 
?uid ?oW. This explanatory approach is chosen to enhance 
the clarity of teaching. It also makes practical sense to use 
such a scheme to illustrate the CB-TSS since ?uid How is 
often a major transport mechanism for many Bio-Transport 
system phenomena. It should be understood, hoWever, that 
other arrangements are possible and this choice should not 
be construed to limit the scope of the invention. Moreover, 
throughout this disclosure certain relationships are presented 
in the BASIC computer language, or in subscript notation 
for compactness in Writing. The subscript convention 
adopted herein also enables one to use a single term to 
denote both, a mathematical relationship and its counterpart 
in a computer program. This mapping is typically one to one 
onto from physical equations to computer algorithms par 
ticularly in “scienti?c” computer languages and is intended 
to enhance the clarity of the teaching. Again, it should be 
understood that the procedural aspects of the algorithms 
could be implemented in any number of different computer 
languages including, but not limited to, 4g1 languages. 
Furthermore, other logically equivalent computer algo 
rithms could be used to effect the same result. 


























