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ABSTRACT

This paper describes the Integrated Medical Analysis
System.  This evolving system consists of an integrated
suite of models and tools providing quantitative and
dynamic analysis from physiological function models,
clinical care patient input, medical device data, and
Northrop Grumman medical products.  The System is
being developed for requirements definition, testing,
validation, control theory, and real-time diagnostic
insights.
     Unique system integration of components is achieved.
The current prototype emphasizes cardiovascular and
pulmonary physiological functions and integration of
patient device data.  An overview of the project and
preliminary findings are introduced.

1   INTRODUCTION

The Integrated Medical Analysis System (IMAS)  forms a
complex analytical tool with emphasis on integration and
interaction at multiple levels between components.  This
unique level of integration and interaction facilitates
quantitative analysis for multiple purposes and varying
levels of fidelity.
     There are four facilitators of this system.  These
facilitators include a distributed interactive computing
architecture, application of fluid and structural
engineering principles to the models, real-time graphical
data analysis, and application of strong system integration
principles.
     This paper will begin with a discussion of motivation
for this work and projected uses and objectives of IMAS.
Integrated system components are discussed with
emphasis in this paper on the cardiovascular
physiological model and on the distributed computing
architecture.  Distinctions of the cardiovascular model are
presented.   Finally, we will present conclusions and
further research.

2   MOTIVATION

Traditionally, human models and simulations are
performed on small scale, isolated problems, usually
consisting of detached mathematical models or
measurements studies.  These systems are not capable of
portraying the interactive effects of such systems and
certainly are not capable of integrating multiple external
entities such as device data, patient data, etc.  The human
body in and of itself is an amazing feat of system
integration.  External monitors, treatments, and medical
conditions interact at yet another level.  Hence, a highly
integrated, interactive simulation system is required for
effective quantitative analysis.
     Until recently, other obstacles hindering such system
development has included the underlying computing
architecture.  Distributed processing has made such a
supportive infrastructure plausible.  Graphical data
analysis not only promises more immediately readable
analysis, but also provides the opportunity to fine-tune the
system models.   Recent advancements in graphical
packages have also extended graphical data analysis
capabilities.
     System objectives and potential applications revolve
around two focuses:
• Requirements definition and system evaluation
• Rapid patient assessment insights.
     With the representation and interactive integration of
human patient models, process, treatments, and device
interaction, we are then able to test and evaluate device
and/or product performance.  These scenarios also allows
us to define device or product requirements necessary for
our production methods.
     For rapid patient assessment, basic patient parameters
that are currently available non-invasively from
physiological monitors provide limited parameters and an
extremely limited view of the human status.   The
distributed interactive system allows us to individualize
the simulation to particular patient characteristics and
then perturb the system with parameter changes,



producing analytical results.   We term this process
patient-in-the-loop or device-in-the-loop simulation.
With the integration of the individual patient
characteristics, of those limited interactively monitored
values into a whole human modeling infrastructure; we
become able to present the bigger picture of what is
occurring in that  particular patient with a reasonable
degree of accuracy.  We are also able to reflect clinical
history data through our database and brokering schemes.
Furthermore, once future decision support is established
with risk factors and trend analysis data,  Integrated
Medical Analysis System will become increasingly
capable of providing additional patient assessment
insights to medical personnel.  We have likened this
auxiliary assessment information  for medical personnel
to flight information provided to the cockpit pilot.

3   INTEGRATED SYSTEM COMPONENTS

Key aspects of the Integrated Medical Analysis System
include the physiological models, device data brokering,
data infusion,  distributed computing architecture and
graphical data analysis.  The technology transfer of
experienced fluid and structural mechanics principles
have contributed to development and advancement of
physiological models. Under the current version, the
cardiovascular model is the cornerstone of IMAS and so
will be discussed in the next section.

3.1   Cardiovascular model

The cardiovascular model in IMAS is characterized as a
fluid dynamics problem coupled with an elastic,
pressurized tube (a vessel).  The theoretical model is
based on several long-standing laws from engineering
mechanics.  These laws define a system of equations that
can be programmed and solved in a time domain.  A half
sine wave was used as the forcing function to define
pressure and flow rates leaving the left ventricle. A first
order, backward finite difference algorithm was used to
numerically solve the coupled derivative equations  Fixed
time steps of  0.001 seconds were  used.

3.1.1 Governing Engineering Mechanics Laws

• First Law of Thermodynamics:
 Conservation of Energy
 Bernoulli Equation
• Conservation of Mass:
 Definition of a Continuum.
• Newton’s Second Law of Motion:
 Momentum Principles.
Navier-Stokes Equation

3.1.2 Blood And Blood Flow Modeled as

• Blood is a viscous, incompressible Newtonian fluid.
• Vessels (arteries and veins) are pressurized elastic

tubes with thick or thin walls.  The walls are tapered
or parallel.

• Vessel walls are modeled as linear elastic, Hookian
material that follows the Kirchhoff-Love
(Cook,Young) plate theory of thin membranes.

• Blood flow state is one dimensional, irrotational,
axisymmetric, fully developed laminar flow.

• Velocity profile is parabolic.
• The high order terms and convective terms in the

Navier-Stokes equations can be neglected.
• Nonlinear behavior is represented by piecewise linear

discretization.

3.1.3 ViscoElastic Coupled Model

Figures 1, 2 and 3 present concept models of which our
cardiovascular model is designed.  Figure 1 depicts the
overall control volume model for a segment.    Figure 2
depicts the electrical circuit model of an arterial vessel for
which our equations revolve around.  Figure 3 depicts the
visco-elastic mechanics model for an arterial vessel in
IMAS.
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Figure 1.   Control Volume Model

Figure 2.  Electrical Circuit Model of Arterial Vessel
(Snyder,Rideout)
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Figure 3.  Visco-Elastic Mechanics Model of Arterial
Vessel (O’Neil)

     Figure 4 provides multiple velocity waveforms as
blood flow decends from the aorta into major arterial
segments over time.

Figure 4.  Velocity Waves of Flow through Descending
Arterial Segments (Cm/Sec).

3.1.4   Governing Equations

I. Generalized Navier-Stokes Equation:
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Where
P = pressure
V = Velocity vector
B = Body force vector
D/Dt = Material derivative

Expanded Navier-Stokes Equation (Roberson,Crowl):

For irrotational flow:

D

Dt t
V

r
V

zr z= + +
∂
∂

∂
∂

∂
∂

          Material Derivative

( )∇• = +V
r r

rV
r

V
z

z

1 ∂
∂

∂

∂
     Divergence

∇ = + +2
2

2

2

2

1∂
∂

∂
∂

∂
∂r r r z

Laplacian

Longitudinal Component:

ρ
∂
∂

µ
DV

Dt
B

P

z
Vz

z z= − + ∇2           (1b)

     Assuming there are no body forces and that higher
order terms can be dropped (linearize).  Then:
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     This equation balances the momentum forces (due to
motion of the fluid) with the “surface traction” forces
(external forces acting at the surface of the control
volume.) (Roberson,Crowl)
     From the definition of parabolic velocity profile, the
definition of shear, and the definition for Q and dropping
radial components (variations in radial direction):
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     Ye, Moore and Jaron showed that this equation can be
converted for a parabolic velocity profile such that the
coefficients have the following definitions:
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     Where $L  is the equivalent fluid inductance, and $R is
the equivalent fluid resistance. The pressure term on the
left defines a pressure gradiant and is a negative number
indicating that pressure is lost as fluid flows in a vessel.
∂z  is the length of the vessel. This equation balances the
pressure lost (as the fluid flows in the vessel) with the
change of momentum plus the shear stress at the vessel
wall that resists the motion of fluid.

Eq. 2 can be rearranged to form:
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     The code for this equation is:
artery.dFa[n_seg] = (-( artery.Pa[n_seg] -

   P )/val.artery_length [n_seg] - R *
        ( artery.Fa[n_seg] + F ) / 2.0 ) * dt / L;

artery.Fa[n_seg] +=  artery.dFa[n_seg];

II.  Bernoulli Energy Equation:
     From classic fluid mechanics we obtain the following
energy equation for a pump system in a closed loop pipe
system with varying diameters (the pump is after node 1
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