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ABSTRACT 

In this research a combined numerical and experimental system for tissue heat 

transfer analysis was developed. The goal was to develop an integrated set of tools for 

studying the problem of providing accurate temperature estimation for use in 

hyperthermia treatment planning in a clinical environment. The completed system 

combines 1) Magnetic Resonance Angiography (MRA) to non-destructively measure the 

velocity field in situ, 2) the Streamwisc Upwind Petrov-Galerkin finite element solution 

to the 3D steady state convective energy equation (CEE), 3) a medical image based 

automatic 3D mesh generator, and 4) a Gaussian type estimator to determine unknown 

thermal model parameters such as thermal conductivity, blood perfusion, and blood 

velocities from measured temperature data. The system was capable of using any 

combination of three thermal models: 1) the Convective Energy Equation (CEE), 2) the 

Bioheat Transfer Equation (BHTE), and 3) the Effective Thermal Conductivity Equation 

(ETCE). Incorporation of the theoretically correct CEE was a significant theoretical 

advance over approximate models made possible by the use of MRA to directly measure 

the 3D velocity field in situ. 

Experiments were carried out in a perfused alcohol fixed canine liver with 

hyperthermia induced through scanned focussed ultrasound. Velocity fields were 

measured using Phase Contrast Angiography. The complete system was then used to 1) 

develop a 3D finite element model based upon user traced outlines over a series of MR 

images of the liver and 2) simulate temperatures at steady state using the CEE, BHTE, 
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and ETCE thermal models in conjunction with the gauss estimator. 

Results of using the system on an in vitro liver preparation indicate the need for 

improved accuracy in the MRA scans and accurate spatial registration between the 

thermocouple junctions, the measured velocity field, and the scanned ultrasound power. 

No individual thermal model was able to meet the desired accuracy of 0.5 °C, the 

resolution desired for prognostic evaluation of a treatment. However the CEE model did 

produce the expected asymmetric results while the BHTE and ETCE, used in their 

simplest forms of homogenous properties, produced symmetric results. Experimental 

measurements tended to show marked asymmetries which suggests further development 

of the CEE thermal model to be the most promising. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Hyperthermia in Cancer Therapy 

Hyperthermia is currently finding use as an adjuvant to radiotherapy in cancer 

treatment (e.g., Field [1987]; Overgaard [1989]; Hynynen and Lulu [1990]). A typical 

therapeutic hyperthermia treatment involves attempting to elevate a targeted region of 

tumor from the normal body temperature of 37°C to 42.5°C or greater. Certain clinical 

results have shown an enhanced response in local tumor control with the addition of 

hyperthermia treatments to radiation treatmt!nts (e. g. , Arcangeli et al., [1987]; Overgaard 

and Overgaard [1987]; Shimm et al., [1988]; and Harari et ai., [1991], and Sneed et al. 

[1993]), but other reports have been inconclusive (e.g., Meyer et al. [1989]). The 

biological mechanisms by which hyperthermia assists in cell death are not completely 

understood, but Raaphorst [1990] gives a good summary of the current understanding 

along with the possible mechanisms involved. In order to be a more effective clinical 

treatment option, it will be necessary to plan a patient's hyperthermia treatment. In 

addition to other considerations, part of this planning naturally involves a thermal 

analysis of the treatment region undergoing forced heating (e.g., Roemer [1992]). 

Furthermore, the cytotoxicity of hyperthermia is characterized by an almost step like 

increase when going from 42.0 to 43.0 °C (Raaphorst and Szekely [1988]). With this 

fact in mind, the accuracy of the temperature estimation should be at least 0.5 °C in 

order to determine if the treatment site is at 42 or 43°C, a distinction that a treatment 
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clinician will want to make in light of the dramatically increased cytotoxicity at the 

higher temperature. 

1.2 Development of Thermal Models for Tissue 

The physics governing heat transfer in tissue are relatively simple (see Appendix 

B) and are completely described by the convective energy equation: 

where 

pe( aT + U'VT) = V'kVT + Q 
\ at 

T = temperature, °C 
k = thermal conductivity, W m,l °C-1 
c = specific heat, J kg,l 0C-1 

P = density, kg m,3 
u = velocity, m S,l 
Q = applied power density, W m,3, 

(1.1) 

However, the use of this equation is rather difficult due to the complex and often 

unknown problem geometry and material properties. For instance, diagnostic medical 

images from computed tomography (CT), magnetic resonance imaging (MRI), and digital 

subtraction angiography (DSA), reveal a complicated structure of blood vessels, bone, 

organs, and various tissue types all of which are tedious to accurately quantify for an 

analysis. Even given a fully described anatomy, the predictions from the analysis can 

still remain inaccurate due to a lack of physiological information, primarily blood flow. 

Therefore researchers have designed or derived heat transfer models to make the thermal 
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analysis of biological systems more tractable. Most of these heat transfer models attempt 

to replace the effect of blood flow through individual vessels with simple terms. 

The earliest continuum model for local heat transfer in tissue was developed by 

Pennes [1948] and is known as the Bio-Heat Transfer Equation (BHTE): 

where 

Ta = reference arterial blood temperature, ec 
k = thermal conductivity of tissue, W mol ecl 

C
p 

= specific heat of tissue, J kg'l eCl 

Cb = specific heat of blood, J kg'l eCl 

p = density of tissue, kg m,3 
W = blood perfusion, kg m,3 S'l 
Q = applied power density, W m'3. 

(1.2) 

This heat transfer model lumped the cooling effect of blood flow into a "perfusion" term, 

which "removes" energy in a manner proportionally related to the convective cooling of 

a surface. 

A further refinement to continuum heat transfer models was made by Chen and 

Holmes [1980], who developed the following heat transfer model which accounts for 

microvascular contributions: 
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where 

Ta* = reference arterial blood temperature, °C 
k = thermal conductivity of tissue, W m'l 0C-I 

kp = combined perfusion thermal conductivity, W m'l 0C-l 

c = specific heat of tissue, J kg'l .:lC-I 

cb = specific heat of blood, J kg'l 0C- I 

P = density of tissue, kg m,3 
Pb = density of blood, kg m,3 
W*j = blood perfusion from the rb vessel generation, kg m,3 S'l 

qm = metabolic energy generation, W m'3. 

However, they preface the use of this model with the caveat that "larger" vessels should 

be accounted for individually. Furthermore, Chen and Holmes [1980] noted that 

insufficient data exists (at least at the time of publication) for the evaluation of~, which 

is based upon the structure and function of the microvasculature. 

Early on it was recognized that an important feature of heat transfer in tissue 

arises from the counter current exchange between the arteries and veins (e.g., Bazett et 

al. [1948]). As a result, several heat transfer models were developed based on this fact. 

For example, Mitchell and Myers [1968] analyzed several counter current flow 

configurations present in tissue using an analytical model based on conservation of 

energy. Baish et al. [1986a and 1986b] discuss several issues of counter current heat 

exchange in vivo, including equilibrium lengths and convergence to continuum models 

in limiting cases. Charny and Levin [1989] developed a rather detailed model that 

includes branching counter-current pairs and different tissue layers. Finally, Baish 

[1990] developed a model which replaces a counter-current pair by a thermally equivalent 

single "fiber". 



19 

Along a quite different vein, several investigators have made the modeling attempt 

more tractable by developing heat transfer models for specific organs, locations, and 

structures. For example, Osman and Afify [1984] developed a thermal model for the 

normal woman's breast. Weinbaum et al. [1984a and 1984b] and later Hodson et at. 

[1986] developed models for surface tissue heat transfer from the skin. Eberhart [1985] 

summarized heat transfer results for specific structures and presents some detailed 

analyses (e.g., heart and fingers). Song et ai. [1988] developed a whole limb heat 

transfer model which combined micro and macro vascular effects. 

Finally several investigators have analyzed vessel networks with various degrees 

of approximations. Williams [1990] developed models using discrete blood vessels 

arranged in regular patterns inside tissue. A simplified analysis of a regular vessel 

structure was developed by Chen [1990] and later Huang [1992] extended it to connected 

bifurcating networks, again in a regular pattern. Recently Baish [1992] has analyzed 

vessel networks of irregular geometry. 

1.3 Clinical Heat Tmnsfer Models 

In attempting to accurately model the effects of blood flow, all of the above heat 

transfer models (continuum and site specific) can beco~e very complicated, an aspect 

which currently prohibits their use in a clinical environment. As a result researchers 

have attempted to simplify the available heat transfer models. Weinbaum and Jiji [1985] 

simplified their skin surface model to one that uses a tensor effective thermal 

conductivity, ~rr' based upon the local vasculature. While applicable in more tissue 
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regions than just the skin surface, the evaluation ~rr can be quite difficult. Currently, 

however, the detailed knowledge of the microvasculature needed to evaluate ~rr can only 

be obtained through microvascular casting, a destructive measurement technique. 

In spite of this shortcoming, the idea of using an effective thermal conductivity 

is still quite popular. In addition to Weinbaum and Jiji [1985] for example, Bowman 

et al. [1977], Valvano et al. [1984] and Gautherie [1969] developed expressions for kerr 

based upon perfusion. Chen and Holmes [1980] analytically derived an expression for 

kerr based on the microvasculature structure. Lagendijk [1987] simplified the idea of 

effective thermal conductivity and advanced the use of the following simple ETCE, 

where 

aT 
pC- = k V 2T + Q at efl 

T = temperature, °C 
kerr = effective thermal conductivity, W mol 0C- l 

Cp = specific heat of tissue, J kg- l 0C- l 

P = density of tissue, kg m-3 

Q = applied power density, W m-3
• 

(1.4) 

This simplified ETCE model, and the BHTE, are the most tractable of all the thermal 

models and have seen the most application in a clinical environment. 

That is not to say, however, that these simple heat transfer models intended for 

clinical application have met with success. In comparison with in vivo experimental data 

(e.g., Roemer et al. [1989]; and Moros et al. [1993]) and in vitro experiments (e.g., 
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Crezee and Lagendijk [1990]) both BHTE and ETCE were shown unable to meet the 

desired 0.5 °C accuracy mentioned earlier using simple isotropic homogenous models, 

however, in the in vivo experiment of Moros et ai. the BHTE did prove slightly superior 

overall. More recently, however, Rawnsley et ai. [1993] have shown that both models 

can have their errors with in vivo measurements brought down to 0.5 °C with the 

inclusion of discrete vessels. These results serve to emphasize the importance of 

including discrete vessels into any thermal model which intends to provide the clinician 

with an accuracy of less than 0.5 °C. 

Recognizing that discrete vessels must be included into any thermal model for 

describing heat transfer in tissue, two questions arise. The first is, how to obtain 

information on the anatomy (geometry) and physiology (blood flow rates) in a clinical 

environment. The second question is, based upon the available anatomy and physiology 

information, exactly how are the vessels to be modelled? 

In addressing the first question, it should be noted that there are currently several 

clinical methods available for measuring and or imaging blood flow non-destructively in 

vivo, e.g., Doppler Ultrasound, Digital Subtraction Angiography (DSA) and Magnetic 

Resonance Angiography (MRA) among others. Of the methods currently available, 

however, only DSA and MRA provide the potential for determining the 3D flow field 

in a straight forward manner. DSA works by projecting the 3D geometry of the vessel 

network onto 2D images via X-rays. The spatial resolution of a DSA image is in the 

range of 2 to 10 line pairs per millimeter with standard clinical images in the 6 to 10 line 
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pairs per millimeter range (Turnipseed [1988]). A method to reconstruct the vessel flow 

field based on these 2D images and was developed and is detailed in Appendices A and 

B. Further development of the DSA method was foregone, however, in favor of a 

method based on MRA. MRA is a more powerful technique than DSA in that it can 

noninvasively make direct measurements of blood flow velocity, in 3D, at the same 

resolution of the Magnetic Resonance Image (MRI). In MRA the spatial resolution is 

a function of each scanner and is determined by the field of view (usually between 10 

and 30 cm) the image resolution over that field of view (either 128, 256, 512, or 1024 

pixels) and the slice thickness (e.g. , 0.5, 1.0, or 1.5 mm). The flow resolution is 1 mm 

sec·1 as the scanner reports the speed in a given direction as an integer number in mm 

sec· l
. These values are for a GE Signa 1.5 Tesla scanner. 

The MRA provides the velocity flow field directly, but the question of how to 

incorporate this information into the thermal modelling is still to be addressed. Most 

researchers who view the blood as flowing through a pipe embedded in a solid have 

simplified the problem by assuming one dimensional vessels characterized by a mixed 

mean temperature and constant heat transfer coefficient (e.g., Rawnsely et al. [1993] and 

Creeze and Lagendijk [1992]). Recently, Baish [1992] has developed a model which 

allows for axially varying heat transfer from the fluid vessels into the surrounding solid 

tissue. This heat flux is then used as a boundary condition to solve for the temperatures 

in the surrounding solid tissue. The heat transfer from the fluid is then modified in order 

to match fluxes and temperatures at the interfaces. This is a standard iterative approach 



to solving conjugated problems and has been applied by others (e.g., Barozzi and 

Pagliarini [1985]) to geometrically simple cases such as a counter-current pair of vessels 

inside a large cylinder of tissue. However, this method requires that the fluid vessels and 

solid tissue be treated individually with different governing equations and the solution 

obtained by iteration until the boundary conditions of flux and temperature match. 

In contrast, other investigators (e.g. , Fithen and Anand [1988]) have recognized 

that the most elegant and straight forward manner to solve the conjugated problem is to 

use eq. (1.1) directly, which is valid for all regimes, and simply set the velocity to zero 

in the solid regions. This method has two major advantages. First it uses all the 

available data from the MRA, and second, requires only one solution with no iteration, 

as the physics would suggest. This was the method used in this research. 



2. NUMERICAL METHODS 

2.1 Introduction 

CHAPTER 2 
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The choice of a numerical method to solve the governing equations in the 

MRA/CEE tissue heat transfer system was determined by the need to: 1) accurately 

model the highly irregular anatomy (in both property and shape), 2) accurately model 

heat transfer in the conjugated problem of flow in a solid, and 3) accurately model the 

advective component in the energy equation. The finite element method (FEM) 

successfully addresses each of these concerns and was selected as the numerical method 

to solve eq. (2.1) below. FE is advantageous over finite difference in its built-in implicit 

enforcement of continuity at the exact geometrical interface of regions with different 

properties. This is an important consideration since this situation occurs frequently in 

tissue. Finite difference techniques have been used by Williams [1990] to solve eq. (1.1) 

with good results but are difficult to generalize to arbitrary geometries. The 

inhomogeneous and irregular nature of the geometry also discouraged implementing other 

finite volume integral methods, such as boundary element method (BEM) and other 

Green's function based techniques. This was due to the fact the expected highly irregular 

geometries and highly focussed power fields must still be meshed at a resolution similar 

to the FEM mesh resolution in order to capture the high spatial gradients. Since the 

Green's function methods produce fully populated matrices, this could potentially 

increase computational costs through additional code development (e.g., the use of 
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Fourier transform techniques to make solving the linear algebraic system feasible) and 

runtime, possibly making the final computational effort comparable with FEM. Finally 

the development of the velocity modifier described in § 2.4.1 was rather straightforward 

when working with the FE method. 

2.2 Petrov Galerkin Finite Element Spacial Discretization 

The following is a rather formal finite element formulation of the convective 

energy equation with the bioheat transfer heat sink term added as a matter of 

convenience. The complete equation is then given by 

where, 

T = temperature, °C 
= time, sec 

u = velocity vector, m sec-l 

k = thermal conductivity, W mol °e1 

Cb = specific heat at constant pressure of blood, J kg -1 °el 

C t = specific heat at constant pressure of tissue, J kg -I °e l 

p = density, kg m-3 

W = perfusion of blood, kg m-3 sec- I 

p = density, kg m-3 

Ta = reference arterial temperature, °C 
Q = internal energy generation, Watts m-3 

Due to the spatial variance of all the properties in this application, the equation has been 

left in dimensional form with primitive variables. Since eq. (2.1) is not self-adjoint the 
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method of weighted residuals was used to develop the finite element equations. 

The method of weighted residuals has been used in many texts before to derive 

finite elements for differential equations (e.g., Cook [1984]). The derivation of the finite 

element formulation of eq. (2.1) is now given [or completeness and understanding of 

possible unique aspects of this equation. For finite elements in general, the problem 

domain is broken up into finite volumes, for each of which the following formulation is 

valid. First an assumed temperature field is constructed by interpolating certain nodal 

values defined over the element, 

j=m 

T(x) = L Nj(x)Ti 
(2.2) 

i=1 

where the Nj(x)'s are the standard linear interpolation functions (Cook [1981]), 

(2.3) 

and the T/s are the values of the temperature at the nodes that define the element, and 

x is the general coordinate vector. Substituting eqs. (2.2) and (2.3) into eq. (2.1) will 

result is a non-zero RHS, or residual, since (2.2) and (2.3) are not an exact solution of 

eq. (2.1). 

One interpretation of the concept of weighted residuals is that the residual is 
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minimized by forcing it to be orthogonal to a set of testing (or weighing) functions. If 

the testing functions are complete in the space of the solution, then the residual will be 

zero and the assumed temperature distribution will be an exact solution of the differential 

equation. The condition of orthogonality is obtained by forming the inner product of the 

residual with the testing functions, 'Pj(x), 

r {aT - 1 - WC T (Q wc l} 1. '¥.(x) - + u·W - -V·kVT + b - - + __ bT dQ = 0(2.4) 
a I at pCr pC

t 
pC

r 
pC

t 
a 

where Q defines the domain of an element. To simplify notation let, 

P(x) 
Q(x) + W(x)Cb(x)Ta(x) 

p(x)Ct(x) 
(2.5) 

Now, by using Green's theorem, the second order derivatives in eq. (2.4) reduce to first 

order derivatives plus a boundary term. Eq. (2.4) then becomes, 

r lJ.1.(X)(aT + u·VT + WCbT)dQ + 1 ("VlJ.1 i(x)·"·V1)dQ= 
1a I at pCt ) a (2.6) 

fa ('¥;(x) " ·v1)· do + fa '¥;(x)P(x)dQ 

where (J' is the surface that defines the element domain. Note at this point that eq. (2.6) 

defines the weak solution of the differential eq. (2.1) as opposed to the classical solution 

(Stakgold [1979]). At this point the formulation is kept consistent with the Galerkin 
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method in that the testing functions are set equal to the interpolation or shape functions, 

i.e. , 

(2.7) 

and eq (2.6) becomes: 

1: Nj(X)(ar + u·vr + WCbr)dQ + r (VN.(x)·«·v1)dQ 
c at pet Jc I (2.8) 

= !}Nj(x)«·vi). do + !cNj(x)P(x)dQ 

It is well documented (e.g., Brooks and Hughes [1982]) however, that when the 

clement Peelet number, defined as 

Pe= VAx; VAx=max(l(uAx)il) i=l, ... ndim 
2« 

(2.9) 

exceeds 1, the FEM solution (or finite difference solution for that matter) produces a 

characteristic unstable oscillation in the steady state solution. To remove this instability 

an 3D anisotropic balancing conductivity can be added to the physical conductivity 

coefficient (Brueckner and Heinrich [1991]): 
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K(1)C = ku 0 0 0 

o 0 0 ~!l' 

The optimal value of ku that guarantees stability is 

k = P(y)llvIIH 
u 2 

where 

and 

P (y) = co~ ~ ) - ~ , y 

29 

(2.10) 

(2.11) 

(2.12) 

H (2.13) 

The element mesh length vectors, h{, hl/' and h~, are shown in Fig. 2.1 and represent a 

straight forward extension of the 2-D mesh length vectors explained in detail by Heinrich 

and Yu [1988]. The addition of the anisotropic balancing diffusion results in a modified 
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Figure 2.1 Mesh length vectors used to characterize the upwind directions for the 3D 
hexahedral elements. The vector tips are centered on opposite faces of the element. 
The amount of "upwind differencing" is given by equation (2.12). 

weighting function on the advective term in eq. (2.8). This can be shown by rotating the 

anisotropic diffusion tensor (2.10) in line with the global coordinates. The advective 

weighting function then becomes: 

(2.14) 

This is consistent with a Petrov-Galerkin formulation (i. e., the testing or weighting 

functions are no longer equal to the interpolation functions) and therefore the solution 
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converges under those criterion. Finally, substituting (2.2), (2.3), and (2.14) into (2.8) 

and combining into matrix form yields, 

r [N(x)f[N(x)] dO ~{T} + r [Nconv(x)fu'V[N(x)] dO {T} Ja ~ Ja 
we 

+ r [N(x)f-b[N(x)] dD. {T} + r VN(x)'(lV[N(x)] dD. tn 
J a pc J n 

(2.15) 

;:: fa ([N(X)]T (l VI)' da + fa [N(x)] Tp(x)dD. 

where [N(x)] is the row vector of shape functions and {T} is the column vector of 

temperature at the nodal values (see eq. (2.2» of the element. 

When eq. (2.15) is assembled for all elements careful attention should be paid to 

the surface integral on the RHS. For all interelement boundaries (i. e., element 

boundaries which lie interior to the domain) the sum total of these integrals should be 

zero. This must be so since the integrand represents energy flux across the element 

boundary and conservation of energy at a boundary requires the sum of the fluxes from 

adjoined elements be zero. 1 Therefore in typical FE implementations this integral is not 

evaluated at interelement boundaries. This also provides the FEM with a 'built-in' 

mechanism to handle jumps in thermal diffusivity inside a problem domain. If the 

1 Note that the final numerical results for temperature may still not exactly conserve energy 
at the interclement boundaries since linear elements were used here. 
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regions of differing diffusivity are modeled with their own elements (i. e., nodes are 

placed along the interface) and elements containing these nodes have their thermal 

diffusivities specified clement wise and not node wise, then continuity of flux at the 

material interface is implicitly accounted for in the FEM. Mathematically what happens 

is that the surface integration in eq. (2.15) is performed for each element in the model. 

But for adjacent elements the integration along any common surface is done in opposite 

directions and so they sum to zero. Therefore the net sum of all the boundary 

integrations done on an element by element basis using eq. (2.15) results in an 

integration over the entire problem domain boundary which define the total diffusive flux 

boundary condition (as opposed to the total flux boundary condition, e.g., Hughes and 

Brooks [1982]). As in the typical FE assembly process, equations corresponding to 

nodes where the temperature is specified are eliminated and the corresponding surface 

integral (which contributes to the RHS of that equation) does not need to be evaluated. 

Since only prescribed temperature boundary conditions are going to be encountered in 

this work, the surface integral is never evaluated. 

Eq. (2.15) was integrated for each element using an eight point gaussian 

quadrature (Cook [1981]) on general hexahedral elements leading to a matrix relation of, 

(2.16) 

The mass matrix was defined as, 
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[M] :; fa[N(x)f[N(x)] dO (2.17) 

The thermal stiffness was defined as, 

(2.18) 

The perfusion stiffness was defined as, 

[Kw] = f [N(x)f W(x)Cb(x) [N(x)] dO 
a p(x)Ct(x) 

(2.19) 

The convective stiffness was defined as, 

(2.20) 

The flux boundary conditions are on the RHS of eq. (2.15) and are evaluated as, 

{q} = fa ([N(x)f a (x)"\l1) ·do (2.21) 

but were not implemented in the FEM program. The applied power term is also on the 

RHS of eq. (2.15) and was evaluated as, 
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(2.22) 

The power deposition, P(x) was assumed to be modelled by linear interpolation 

of the nodal values, i. e. , 

m 

P(x)='ENj(x)Pj 
i=l 

(2.23) 

where the Ni(x)'s are shape functions defined by eq. (2.3) and P/s are the values of the 

power at discrete locations over the volume. Eq. (2.22) then becomes 

(2.24) 

which can be recognized as the consistent load vector. 

2.2.1 Steady State Solution 

The steady state solution of eq. (2.1) can be found by solving eq. (2.16) without 

the transient mass term. Note that the resulting stiffness matrix is asymmetric due to the 

advective term. This fact along with the large number of anticipated nodes (well over 

250,00) makes it currently impossible to store the stiffness matrix in core. This 

mandates an iterative method to solve the linear system. The method of choice for a 

symmetric system is the conjugate gradient method (e.g., Coutinho et al. [1990]). 
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However, since including the advective velocity term makes the system asymmetric, the 

NSPCG programs (Oppe et al. [1988]) available in ITPACK were incorporated to use 

a Generalized Conjugate Gradient Residual method that also converges for asymmetric 

systems. The specific subroutine used was OMIN which uses a truncated/restarted 

method for non-symmetric systems (Young and Jea [1980]). While the package is 

capable of left and right preconditioning, this feature was not employed in order to 

simplify the use of the code. This is desirable since the amount of and form of 

preconditioning is highly problem dependent and in order for the code to be used on 

multiple problems by a lay user (as would be done in the clinical environment) this 

feature has been left out. Actual solutions were done on a CRA Y Y-MP, Stardent Titan, 

and Convex minisupercomputer system. 

2.2.2 Transient Solution 

Now consider the time discretization of the problem. Several time marching 

schemes were programmed. Fully explicit time integration of the following form of eq. 

(2.16), 

(2.25) 

by a second or fourth order Runge-Kutta (Press et al. [1989]) algorithm proved to be 

unstable due to the inherent large "stiffness" of FE equations. This instability was even 
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more pronounced as the cell Peelet number grew. The next method employed an 

iterative splitting method which treated the convective terms explicitly and kept the 

thermal and perfusion terms implicit. Specifically, consider the time derivative of {T} 

represented by the finite difference equation, 

aT 
at 

Tn+l _ Tn 

I1t 
(2.26) 

The idea here was to be able to treat the convective term explicitly, just like a known 

quantity, so it can be moved to the RHS of eq. (2.16). This can be done if the {T} in 

the convective matrix is interpolated over a time step (to ~ t ~:;t0+ 1) by the explicit Euler 

forward scheme (T=Tn) and the {T} in the thermal stiffness and perfusion stiffness is 

interpolated by the backwards implicit method (T=To+ 1
). Eq. (2.16) then becomes, 

(2.27) 

For stable time integration, the diffusive and advective stability requirements from finite 

difference were used (Roache [1972]) to determine a stable ilt for a given ilx. For 

diffusive stability the diffusion number must be less than or equal to 1, 

AX2 
d=- !S: 1.0 

a 
(2.28) 
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and for advective stability the Courant number must be less than or equal to 1, 

(2.29) 

The stiffness on the LHS of eq. (2.27) is symmetric and constant through time 

but the RHS is a function of the temperature at the previous time step. Therefore the 

LHS matrix is only decomposed (LV was used in this program) once and time marching 

is accomplished by forming a new RHS with the updated temperatures. This method has 

been used successfully in the past, and did produce accurate steady state results for all 

cases, but gave unrealistic oscillatory behavior in the transient solution. Since accurate 

transient results are desired for future applications of the MRA/CEE tissue heat transfer 

system, this method was not employed in favor of a more time accurate method. 

Finally, a Newmark like method was programmed based upon the details given 

by Cook [1981]. Begin with eq. (2.16) rewritten below at two times, t and t + ~t: 

[K]{Tl t + [M]{T}, = {R}t 

[K]{Tl t + tot + [M]{T}t + tot = {R}t + tot 
(2.30) 

Now add the two equations given above and use the following standard Newmark 

equation based upon a Taylor series with remainder 
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(2.31) 

to arrive at the following result 

(~/M] + ~[K]){T}t + At = (~/M]-(l-~)[K]){T}t + (2.32) 

(l-~){R}t+~{R}t + Ilt 

This result has the advantage of an implicit method, but the disadvantage of having to 

invert a large asymmetric system. The code verification results given in Appendix C 

were obtained with using eq. (2.32) and a banded LV decomposition algorithm from 

Golub and Van Loan [1989]. For larger systems that require accuracy, the frontal 

gaussian elimination code of Hood [1976] was also programmed. 

To summarize, the FE codes developed for this research were modifications of 

the code of Heinrich and Dyne [1992] for solving incompressible flow in 2D. This code 

was modified to 1) solve eq. (2.1) in 3D, 2) allow spatially variable properties, 3) 

include spatially variable applied power, 4) employ the Newmark method for transient 

calculations, and 5) use the NSPCG package for steady state calculations of large 

systems. 

2.3 Mesh Generation 
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For the computer package developed in this work to be useful in a clinical 

environment it must be able to operate with as little input from the user as possible. 

With regard for the FE solver, this means automatic 3D mesh generation for an arbitrary 

volume. There are currently many automatic 3D mesh generation schemes available, but 

most use tetrahedral elements. The single exception to date is a code recently developed 

by Das et al. [1993] which does use hexahedral elements. There are 2D automatic mesh 

generators available based on quadrilateral element (e.g., Blackner and Stephenson 

[1991]), but the extension to 3D of these algorithms is not an easy task and is at least one 

year away (Meyers [1992]). There are many numerical considerations in laying out an 

FE mesh (e.g., Cook [1981]) but for this application the primary concern is that the 

mesh be based upon boundary information obtained from traces done over 2D images. 

The next concern is that the mesh resolution be capable of capturing the expected 

temperature trends, but not be excessively refined. Excessive resolution is inefficient and 

contributes to roundoff error. 

2.3.1 Voxel Based Mesh Generation 

The most straightforward manner to generate a mesh based upon an image is to 

make each image voxel an element. The model is therefore built up with small regularly 

shaped hexahedrons. An added advantage of this method is that future applications can 

use the image grey scale value to infer properties such as thermal conductivity. In a 

medical image the resolution (i. e., the dimension of the brick) in the image plane is 

determined by the field of view (say 300 mm for the MRI liver scan discussed in Chapter 

-- ~ --------
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3) and the lines per image and points per line. The lines per image and points per line 

are machine dependent but are usually selected among 192, 256, 512, and 1024. (In the 

liver scan for example, this gives ~x = ~y = 1.171875 mm with a slice thickness of 

~z= 1.5 mm.) In the final package of programs, however, the grid spacing can be 

controlled independently of the image voxel size. 

2.3.2 Program Modules and Data Files 

Base Image While this research makes special use of the MR images, the 

technique explained below can be used on any digital medical image. All current 

medical imaging, except for projection X-ray, are at some point actually stored as digital 

images. This fact makes their incorporation into computer based methods 

straightforward. 

MRX2: an Xii based image display and manipulation research program. For 

image display and editing a research version of MRX was used on a SUN SPARC II 

workstation. This software was modified by Contractor [1992] to enable the user to trace 

regions of interest directly on the displayed MR image. The user traces the outer 

boundary on each MR slice to define the 3D volume for the analysis. These traces 

(stored as ob.### files) are then smoothed by pdlc (Dutton [1990]) (output stored 

bnd.### files) to remove backtracking and other errors introduced by hand tracing. 

ACM625.F: a program for identifying points on a regular 2D mesh interior to an 

arbitralY contour. The model is built up by laying a regularly spaced user defined 

2 General Electric © 1987 
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square mesh over the image. Each 2D trace is then processed to determine which 

elements (as defined by the underlying mesh) are inside the trace and should be added 

to the model. The code of Rice [1984a, 1984b] was used by a driver program 

(625DRIVER.F) to read the sequential bnd.### files and write the corresponding 

voxid.### files which contain the boundary code for each voxel (i. e., in or out of the 

model). 

genmod2. c: a program to write input files for the FE solver. This program reads 

the voxid.### files and generates elements, determines boundary nodes and finally writes 

the actual data input files (all but the velocity and power files) for the FE solver (these 

are CONTROL.FEM, NODES, ALPHAF, PERFF, BOUNDF, slice.con, and ELEMS). 

decvel. c: a code to interpret the MRA data. This program reads the binary 

velocity data files from the MR machine, smooths and filters them, and writes them to 

an ASCII file called VELBASE. The filter and average process is diagrammed in Fig. 

2.2. For this initial study, the voxcl values were first filtered with a certain allowable 

MR signal magnitude mask (e.g., mag > 100 in Fig. 2.2). This filter allows only 

signals above a specified minimum strength to be included in the averaging. Next each 

voxel velocity component was screened against a maximum allowable velocity component 

mask (e.g., vel < 50 in Fig. 2.3). This was done to remove data that was erroneously 

generated as a result of roundoff error inside the MR computer. Finally the remaining 

data were averaged to assign a single value for each velocity component to the node that 

is common to all eight voxels. Figure 2.3 shows this process in 2D using the magnitude 
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Figure 2.2 The filter process done by decvel. c to the raw MRA data. The magnitude 
filter removes low signal voxels and the velocity mask filter removes phase aliasing 
and round off errors. 
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value and one component of the velocity. 

LI3D.F: a program to map values between meshes. This module reads the x,y,z 

location of a node from the NODES file and assigns the three velocity components by 

tri-linearly interpolating (see eqs. (2.2) and (2.3» values from the VELBASE file. This 

is consistent with the linear hexahedral finite clements used and is similar to the process 

used to assign power described in § 2.5. The output file is VELOCITY. 

At this point all data files but the applied power ( § 2.5 explains how the applied 

power was calculated) are constructed to run the FE solver. Fig. 2.3 is a summary flow 

chart of all the programs used and data files generated by the above mesh generation 

scheme while Table 2.1 lists the programs with their purpose and origins. Together, 

these programs provide a flexible robust system for hexahedral based finite element 

discretization using any set of sequential parallel 2D images. 

2.4 Parameter Estimation 

It must be remembered that any time MR angiography is used to measure the 

blood velocities, these velocities are a baseline distribution from a patient at rest. During 

a hyperthermia treatment however, the magnitude of the velocity distribution can be 

expected to change as the body adjusts blood flow in attempts to maintain a nominal 

temperature of 37°C. The implication in solving eq. (2.1) for a clinical situation is that 

the velocity magnitudes will be unknown. In actuality the body can also modify the path 

of flow through arterio-veinous (A V) shunting but that effect will not be dealt with here. 

Therefore some mechanism to estimate the blood velocities must be devised. In a 
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Summary of Mesh Generation Programs 

Program Description Source 

MRX.C Image Display and Trace GE and 
Contractor 

[1992] 

pdf.c filter traces Dutton [1990] 

ACM625.F* identify finite elements interior to trace Rice [1984a, 
1984b] 

625DRIVER. sets up grid size and writes voxid.### Dutton 
F* files 

genmod2.c writes final FE files Dutton 

decvel.c decodes MRA data and writes node based Dutton 
velocity file 

LI3D.F Matches data from different meshes by Dutton 
linear interpolation 

wrscripLc writes shell script to drive acm625 Dutton 
program 

* These programs form the executable file acm625 

Table 2.1 List of the program functions and origins for the image based automatic 
mesh generation scheme used for the FE program. 

clinical situation a limited number of temperature measurements are made and these 

measurements have been used by previous researchers to implement a Gauss like method 

to estimate unknown perfusions (e.g., Liauh [1992], and Clegg and Roemer [1993]). 

This same method can be used to estimate velocities. 

Several methods exist for the estimation of non-linear parameters in systems (e.g., 
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o = program module D = data file 

PHASE CONTRAST Vx 
GE 1.5 T ANGIOGRAPHY Vy mrx.c 

SIGNAMR Vz DISPLAY IMAGES 

SCANNER Speed ~ AND TRACE 

Mag BOUNDARIES 

• 
decvel.c ob.123 

DECODE MRA DATA boundary files 
AND WRITE 

NODAL VELOCITIES , 
pdf.c 

FILTER RAW 
wrscript.c TRACES 

SCRIPT TO 
RUN 625.F , 

bndx.123 

NODAL smoothed 

VELOCITIES boundary files 

• 
run625 625driver.f, 625.1 

script FIND INTERIOR 
ELEMENTS 

-, 
1i3d.f voxidx.123 

INTERPLOLATE REGION ID FILES 

VELOCITES TO 
f+- 'f 

NODES MESH NODES 
ELEMS genmod3.c 

BOUNDF ~ WRITES ALL 

• ALPHAF FE DATA FILES 

I I 
CONTROL.FEM 

VELOCITY 

Figure 2.3 Summary flow chart of the programs used and data files generated during 
the mesh generation procedure for the FE code. See the text for details of each 
module. 
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Bard, 1974]). However, most of the standard methods give little weight to the time 

involved with solving the "forward problem" since they are developed for small systems 

or analytical equations. The method used in this research is a variation of the Gauss 

method that has been explained in detail by Liauh [1992]. As is the case in most 

approaches to non-linear estimation, an objective function is created and a method to 

minimize this function is derived. The objective function here is based on the error 

between the measured temperature at a location and the model estimated temperature at 

the same location: 

N 

«J»(e) = :E e2(i) , e(i) = T(i)meas - 1(i)est 
i=1 

(2.33) 

Here i is an index into space and or time. The idea is to adjust the unknown velocities 

iteratively assuming a linear relation between changes in the unknown velocities and the 

known measured temperatures. This iterative relation is given by: 

[J] {Av}={e} ,e=ilT 

where J is the Jacobian given by: 

(2.34) 
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aT! aT! aT! 

<WI <W2 <WNv 

aT2 

<WI 

J= (2.35) 

<WI <WNv 

In previous work, eq. (2.34) was solved by using a pseudoinverse, J#, defined by: 

J# = (JTJ)-lJT if NT> Nv 

J# = JT(JJ1)-1 if NT < Nv 

J# = J-! if NT = Nv 

(2.36) 

Here NT is the number of known temperatures, and Nv is the number of unknown 

velocities. If NT > Nv then the system was overspecified and (2.36) gave the least 

squares solution. If NT < Nv then the system was purely underdetermined and (2.36) 

gave the solution with the least vector length in the L2 norm. To actually solve (2.36) 

requires the use of a regularization parameter in order to make the solution numerically 

stable. This parameter is highly problem dependent, must be se!ectcd a priori, and can 

have an unknown intlucnce on the results. In order to make the MRA/CEE tissue heat 

transfer system less dependent upon uscr input Singular Value Decomposition (SVD) was 

implemented to solve (2.34). 

SVD is the method of choice (e.g., Press et al. [1989], and Golub and Van Loan 

[1989]) for linear least squares problems that are singular or numerically singular and can 
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be extended to deal with overposed and underposed systems quite easily. The algorithm 

given by Press et al. [1989] was implemented directly to solve eq. (2.34). For the most 

part, eq. (2.34) will be overposed. SVD works by decomposing the Jacobian into three 

matrices: 

[ J] = [ U] [diag(wi)] [ VT] 

MxN MxN NxN NxN 
,M>N (2.37) 

with the solution of eq. (2.34) can be written as: 

IAv} = [ V 1 [dia~ ~Jlr uT He} (2.38) 

The singular nature of the solution was controlled by finding the maximum singular value 

and setting all singular values < 10-6 (where 10-6 is actually some fraction of the machine 

accuracy) times the maximum singular value equal to zero. 

2.4.1 Velocity Modification 

The elements of the Jacobian matrix defined by eq. (2.35) are obtained in practice 

by using a finite difference approximation to the first order derivative. This means 

constructing a perturbed velocity field and then solving the forward problem. This 

perturbed velocity field must conserve mass, an additional constraint not imposed on 

previous thermal models for tissue heat transfer. In general, the velocity field 
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perturbations will be introduced by specifying a region of the model where all velocities 

change together by the same amount (e.g., all velocities up 10%). It then remains to 

determine how the velocity components outside this region must be changed in order to 

conserve mass. One method of solution can be derived in a manner analogous to FE. 

Recall that in order to conserve mass flux, each element must satisfy the following 

integral constraint: 

(2.39) 

where the integration is done over the surface area, A, of the element. This integral can 

be evaluated over each element by breaking it up over the surface regions that define that 

element. Then eq. (2.39) can be written as: 

(2.40) 

where 1, m, and n are the direction cosines of the surface at the point of integration. 

Note that the density, p, has been assumed constant and removed from the equation. As 

in FE, the integration can be carried out by first mapping the irregular element surfaces 

to a regular "parent" surface where integration is easier. Then any numerical integration 

scheme can be used (in FE it is almost always Gauss quadrature) to evaluate the integral. 
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Details of this mapping follow standard FE techniques and result in the following 

expression for, say, the ;=1 surface (e.g., Cook [1981]): 

(2.41) 

where the Jacobian elements are defined from the usual FE conformal mapping 

transformation. 

At this point it is advantageous to look ahead and realize that we actually want 

to impose some additional constraints on the velocity modifications to make the problem 

more manegable. As a first approximation, a reasonalble would be to assume that the 

direction of flow does not change. This is clearly not reasonable for living tissue, but 

seems appropriate for the fixed liver used in this work since the vessel network which 

directs the flow is assumed to be unchanged3
• The easiest way to incorporate this 

constraint is to work with the velocity magnitudes directly. Hence, the degree of 

freedom at each node now becomes bV, a change in the magnitude only. However, in 

order to evaluate eq. (2.40) the velocity component at each Gauss point must be known. 

This is not a problem since the velocity components can be written in terms of the 

magnitude and the direction cosine as 

3Recall from the previous section that effects such as AV shunting are not being dealt with here. 



where, 
V 
bV 
1 

= original velocity vector at a node 
= change in original velocity vector at a node 
= direction cosine of V with the x axis 

m = direction cosine of V with the y axis 
n = direction cosine of V with the z axis. 
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(2.42) 

It should be noted here that 1, m, and n dictate the direction of the flow. These values 

could be based upon some additional information that does account for a change in 

direction, say it was known in advance that a certain region of tissue had its blood supply 

cut off. Therefore, setting the direction cosines sets direction of the flow, and these 

cosines can be set from whatever information is available. Now in keeping in line with 

the FE method, the trilinear interpolation functions given in cq. (2.3) can be used to 

evaluate the integrand at the Gauss points. Hence, the velocity magnitude change at 

some Gauss point on the parent surface in a given axial direction (say the x axis) can be 

written in terms of bV as follows: 

i=NODES 

a Vx(ng) = L N(i,ng) li a Vi 
;=1 

(2.43) 

where Ii is the direction cosine with the x axis of the velocity vector at the jib node. 

Substituting eqs. (2.41),(2.42), and (2.43) into (2.40) yields: 
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where the D(~.".~).ng'S are the Jacobian transformation values as shown in eq. (2.41). Eq. 

(2.44) can be rearranged to be written in the form 

&V1 

ov2 

melement = [k1 k2 k3 ... ks] 0 V3 = 0 

where oV j have been "brought out" as the unknowns, and the k/s are given by: 

(2.45) 

(2.46) 

This relation can be written for every element that has some undetermined oV and results 

in the following system of equations 

[KJ {o V} ={O} (2.47) 
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where {bY} is the column of velocity magnitudes and [Kv] is a velY sparse matrix of 

NELEMS (the total number of elements that contain a least one unknown velocity) rows 

with each row having at most NNODES (number of nodes that define an element, here 

NNODES=8) non-zero entries. The system is made non-singular by applying IIboundary 

conditions. II These are the prescribed values of bV at a given node which when 

multiplied by the corresponding element of [Kv] are moved the right hand side. These 

equations can then be solved for the unknown bVs using the same SVD algorithm 

described above for the Gauss estimation inverse. Finally, appendix C presents a 

verification study of this algorithm. In this test a pipe was set up inside a hexahedron 

and all velocity values on the pipe entry face were doubled. The code correctly doubled 

all non-zero velocity components. 

In summary, a new method was developed to conserve mass in a perturbed fluid 

flowing system by discretizing the system into finite elements and conserving mass over 

each finite element. The specified regions of changed magnitudes in velocities serve as 

boundary conditions and the resulting system of linear equations (most probably over 

specified) were readily developed using techniques from the finite clement method and 

solved for the changes in velocity magnitude over the remaining field using SVD. 

2.5 Ultrasound Power Deposition Calculations 

In a clinical setting, heating modalities are usually categorized as non-invasive or 

invasive, and either whole body, regional, or interstitial. A wide variety of methods 

have been developed (e.g. , radio frequency , microwave, ultrasound, ferromagnetic seeds, 
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and hot sources) and reviews can be found in the literature (e.g., Field and Hand 

[1990]). For this research, scanned focussed ultrasound (SFU) was used to deposit 

power inside the flow phantom. SFU was used here because proven and accurate 

methods exist for calculating the absorbed power deposition (Moros and Hynynen 

[1992]). A series of three programs previously developed and integrated by other 

researchers was used to calculate the absorbed power from a scanned focussed ultrasound 

transducer. 

The first program, USL YR. F, was developed by Fan and Hynynen [1992] and 

was used to calculate the absorbed power field from a spherical transducer. In their 

approach, the transducer is modeled as an aperture with the resulting velocity potential 

given by the Rayleigh-Sommerfeld diffraction integral, 

where, 

'¥(r) 

W(r) = velocity potential 

1 J e
ikr 

- v-ds 
21t s S r 

r = distance from source on transducer surface to field point, m 
Vs = normal particle velocity on ds, m sec-l 

k = wave number, mol. 

(2.48) 

The pressure at a point is found hy differentiating the velocity potential with respect to 

time, 



where, 

per) 

P = density, kg m-3 

Vs = Va eirut
, m sec-l in eq. (2.48) 

a'l' 
p-

at 

(J) = angular frequency, rad sec- l in VS' 
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(2.49) 

Now, there are two mechanisms by which the energy of the ultrasound pressure wave 

is absorbed into a substance: 1) absorption due to viscosity, and 2) absorption due to 

relaxation (Bhatia [1967]). However, Hynynen [1990] discusses that for tissues, the 

relaxation losses are the most significant. These relaxations loses can be equivalently 

expressed as a time averaged applied power density, < Q >, (Nyborg [1981]) given by 

where, 

<Q> 
2 

Pa 
!labs PoC 

/-lab, = absorption coefficient, Nepers m- l 

Po = ambient density, kg m-3 

Pa = acoustic pressure amplitude, N m-2 

c = speed of sound, m sec-l. 

(2.50) 

The effect of attenuation of the pressure field by transmission through a weakly 

attenuating medium can be approximated by p = Poe-a;, and equation (2.50) then 

becomes 
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Q(r) 1.1 Ip(r) 12 e -21l~ 
abs Z (2.51) 

where, 

flabs = absorption coefficient, Np m'l 
g = distance into attenuating medium, m 
a = linear amplitued attenuation coefficient, Np m'l 
Z = acoustic impedance (=Poc), kg m,2 sec'l. 

For the work presented in this study, the absorption coefficient, flabs> was set equal to the 

linear attenuation coefficient, a. This assumes that all attenuated energy was absorbed. 

This neglects effects such as scattering which are assumed to occur on a small spatial 

scale relative to the resulting power field and are therefore lumped in with absorption. 

The center line of the transducer axis was assumed to be orthogonal to the water-phantom 

interface (see Fig. 3.2), making the field symmetric with respect to rotation about the 

center line. The output of this program was therefore the absorbed power in W m,3 at 

discrete (r,z) locations. 

These data were then fed to the second program, POWCON.F, written by Moros 

[1987], which determined the equivalent stationary power field in (x,y,z) cartesian 

coordinates. For the experiments done in this research, the power field was scanned in 

an octagon (see § 3.3.2). 

The stationary cartesian power field was then "scanned" in an equivalent circle 

by the third program, SFUAP.F, written by Moros [1987], which calculated the time 
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USLYR INPUT 
USLYR.F f number 

CALCULATES frequency 
(r,z) POWER FIELD attenuation 

dimensions 

~ 
(r,z) POWER FIELD 

~ 
POWCON.F 0 = DATA FILE 

CALCULATES (x,y,z) 0 = PROGRAM 
POWER FROM (r.z) FILE 

MODULE 

• (x,y,z) POWER 
FIELD 

• SFUAP.F SFUAP INPUT 
SCANS (x,y,z) POWER IN 

A CIRCLE AND TIME AVERAGES 
'..- scan size 

+ 
3D SCANNED 
POWER FIELD 

Figure 2.4 Summary flow chart of the programs and data input used to calculate the 
ultrasound power deposition for a scanned focussed transducer. 
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averaged steady state values of the absorbed power for a circular scan of prescribed size. 



CHAPTER 3 

3. EXPERIMENTAL METHODS: MRA AND HYPERTHERMIA 

3.1 Fixed Liver Phantoms 

59 

The experimental platform used to evaluate the MRA/CEE tissue heat transfer 

system detailed in Chapter 2 must 1) provide results for verification of the MRA/CEE 

tissue heat transfer system under 2) conditions representation of the velocity and applied 

power that can be expected in a clinical treatment. In addition the verification results 

should provide insight into 1) the performance (i. e., how accurately do measured and 

predicted temperatures agree) of various thermal models such as the BHTE, ETCE and 

CEE along with 2) the relative imporlance of each thermal model's parameters and 3) 

the importance of any experimentally controlled conditions. In order to realistically 

model the flow conditions expected in tissue the platform must accurately capture the 

complex and intricate vessel networks that are present in real tissue. This includes the 

microcirculation, or capillaries, which are the connection between the arteries and veins 

and are therefore necessary to initiate the counter-current flow patterns seen in vivo. 

While the effects of this counter current flow have been numerically studied for certain 

geometries (see Chapter 1) there exists no experimental evidence documenting the 

thermal effects of the intricate and complex network found in tissue. Fixed organs and 

glands with an accessible number of supplying vessels meet all of desired criterion of 

controllable and measurable now with a realistic vessel network and were therefore 

selected as the experimental media. Several other options are available, most notably 
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simple flow phantoms such as a tube inside a block, but these can only serve to verify 

an experimental setup since they do not possess a realistic vessel network. Additionally, 

since the platform is to be used for model comparison and purposes, the flow must be 

controllable and measurable. This requirement eliminated the potential and preferable 

use of live animals in which a variety of uncontrollable mechanisms determine the flow 

rates. 

Livers and kidneys are the most popular selections for flow phantoms because 

they are essentially independent organs with inflow and outflow through a limited number 

of relatively easily accessible vessels (portal vein and hepatic artery for the liver and 

renal artery for the kidney). Livers were selected for this study because of their larger 

size and variety of vessel dimensions. In this research a canine (greyhound) liver was 

preserved in alcohol according to the methods detailed by Holmes et al. [1984]. 

Immediately after euthanasia, the livers were excised from the animal and the portal vein 

was cannulated and the fixation fluids were introduced through the cannulas. The 

structure of the liver is such that the two vessels that supply blood to the liver (the portal 

vein and the hepatic artery) join together just inside the liver to form the sinusoids, the 

"vessels" of the liver. Therefore it makes no difference whether fluids are introduced 

through the portal vein or hepatic artery. In practice, the portal vein was used due to its 

larger size and relative ease of access. While being perfused, the fluid and blood drained 

only from the hepatic vein. It should also be noted that there was no reason to expect 

the bile ducts, and their capillary equivalent canaliculi, to be preserved by this technique 



61 

since the liver cells (hepatocytes) were not functioning at the time of fixation. 

Figure 3.1 Digital Subtraction Angiogram of the alcohol fixed liver. Radio-opaque 
die is injected through the portal vein. 

The goal of any fixation technique designed to generate a flow phantom 

representative of real tissue is to fix the microvascular in place, thereby capturing the 

complicated flow situation manifested in living tissues. In general, the success of the 

method in fixing the microvasculature can be inferred from the pressure drop across the 

organ during the fixation process. What should be seen is a marked reduction in the 
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pressure drop across the organ once the blood has been flushed out and the fixation has 

taken place. This occurs because the pliability of the vessel walls has been essentially 

eliminated since the tissue is now "fixed" in an open position. If this reduction does not 

occur it means the majority of the microvasculature has collapsed. For the liver fixed 

in this research, this reduction in pressure drop was seen between five and ten minutes 

into the administration of the fixation agents. It can therefore be concluded that a 

majority of the microvascular was fixed in place. Fig. 3.1 is a Digital Subtraction 

Angiogram (DSA) of the liver used for the experiments in this research. The radio

opaque iodine dye was introduced through the same cannulas the fixation fluids were 

introduced through at a rate of 7 ml sec· i
. This type of image produces a projection of 

only the arterial vasculature but clearly demonstrates the complexity and number of 

vessels present in the fixed liver. Finally, the fixed liver was incorporated into the 

experimental setup diagrammed in Fig. 3.2 and explained in the following sections. 

3.2 Measuring Blood Flow Non-Invasively in vitro by Nuclear Magnetic Resonance 

In the early days of tissue heat transfer, the huge number of vessels and their 

complex arrangement inside the tissue led researchers to develop the approximate models 

mentioned in Chapter 1. It has always been known that blood flow dominates the heat 

transfer mechanisms in tissue, but it was inconceivable to think of obtaining a complete 

knowledge of the blood flow pattern in vivo. However, recent advances in Magnetic 

Resonance Imaging (MRI) now make it feasible to measure blood velocity non-invasively 

in vivo in a clinical environment [O'Donnell 1985]. Furthermore, the truly remarkable 
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Figure 3.2 Experimental setup for the fixed liver flow phantom hyperthermia 
experiments, 
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feature of this measurement technology is that it provides a complete three dimensional 

velocity vector field at the same resolution of the medical image itself (e.g. , 512 voxels 

over a 200 mm field of view). This is a major advance in quantifying flow fields in vivo 

over previous methods such as Digital Subtraction Angiography (DSA). DSA only 

provides geometrical information about arterial or venous flow in a limited region and 

at the expense of an invasive procedure. MRA, however, presents the potential to non-

invasively quantify blood flow in vivo as part of a regular clinical treatment protocol. 

3.2.1 Nuclear Magnetic Resonance Angiogl'aphy 

Nuclear Magnetic Resonance (NMR) is a complicated science based in part on 

quantum mechanics and in part on electro-magnetic theory. Several good references are 

available (e.g., Wehrli [1992]; and Longmore [1989]) that explain the technique and no 

attempt to fully explain the process will be made here. However, in order to fully 

appreciate the origin of errors associated with MRA a brief description is provided for 

completeness. To put it simply, MR measures signals generated from atomic nuclei, 

specifically those that possess a net angular momentum or spin. These are any nuclei 

with an odd numher of protons and neutrons~. In the medical field the hydrogen nucleus 

(one proton) is always the nucleus used for imaging. These spinning nuclei can be 

thought of as small magnets that will line up (in a quantum mechanical sense) when 

exposed to a static external magnetic field (see Fig. 3.3 (a». This quantum mechanical 

4 This definition is a general guideline since the isotope 2H does possess some MR 
sensitivity. 
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line up actually results in the nuclei precessing about the external field at the Larmor 

frequency given by: 

where: 

w 
f= 

21t 

f = resonance frequency, Hz 
w = angular frequency, radians sec'! 
y = gyromagnetic ratio, MHz Tesla·1 

Bo = static magnetic field strength, Tesla 

(3.1) 

Therefore, for a given field strength, each atomic nucleus will precess at a different 

frequency given by its gyromagnetic ratio. Furthermore, the precession will occur either 

parallel or anti-parallel to the external magnetic field, with slightly more nuclei in the 

lower energy parallel state than in the higher energy anti-parallel state. Once the nuclei 

are lined up as shown in Fig. 3.3 (a) radio frequency (RF) energy is supplied at the 

Larmor frequency having the following two effects. The first is that enough nuclei are 

moved into the high energy anti-parallel state such that this state now has more nuclei 

(see Fig. 3.3 (b». The second is that all nuclei now precess at the same phase (see Fig. 

3.3 (c». Since all the magnetic vectors are now precessing at the same phase, the 

component of the net magnetic vector perpendicular to the external magnetic field (i.e., 

the component rotating in the x-z plane) is now non-zero. This rotating magnetic vector 

induces a RF voltage in a receiver coil. The RF signal contains the frequency and phase 
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information which encode the location (determined by the frequency) and quantity 

(determined by the magnitude of a frequency component) of the precessing nuclei. 

Furthermore, these signals will decay away as time goes on. The speed with which this 

component perpendicular to the main external field decays is referred to as T2 time and 

the speed with which the in line component (along the y axis) returns to its natural 

strength is referred to as T1 time. An actual MR image is an arbitrarily weighted sum 

of the T1 and T2 signals 

At this point the complete details of reconstructing a medical image become 

cumbersome, but a simplified explanation of phase contrast angiography is given to 

provide a basic understanding and appreciation of the method. Of the many methods in 

which NMR can be used to detect motion within a scan volume, most methods can be 

categorized as either time of flight or phase contrast. In a time of flight technique 

particles are "tagged" and their motion tracked within the MR scan volume. This 

method does not provide velocity measurements however. Phase Contrast (PC), on the 

other hand, does measure velocity directly and was used in this research. All MR scans 

were done a commercial General Electric Signa 1.5 Tesla scanner running in research 

mode. 

PC angiography works in the following manner. A nuclei inside a static 

homogenous magnetic field has its precessing frequency determined by eq. (3.1). Next, 

a gradient is added to the static magnetic field along a selected axis. As the nuclei 

moves along the gradient axis, the accumulated phase of the precessing nuclei is given 
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Figure 3.3 Alignment of nuclei during magnetic resonance (a) inside a static homogenous 
magnetic field and (b) and (c) after RF energy is added. Adapted from Longmore [1989]. 
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G = gradient of the magnetic field, mT m- l 

r = position of nuclei in magnetic field, m. 
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(3.2) 

Next, the stationary particles are forced to attain a zero net phase change over the scan 

cycle. The result is that only moving nuclei will have a net phase change, making the 

RF signal due solely to moving particles. Several techniques can be used to accomplish 

this. In what is termed "applying a balanced gradient" the nuclear precession is forced 

to change direction half way through the integration in eq. (3.2). This can be achieved 

in many ways, for example by reversing the magnetic field. Equation (3.2) now 

becomes 

(3.3) 

Now, to a first order approximation r(t) can be assumed to be given by r(t) = vt, where 

v is the speed in the direction of the axis on which the gradient was applied and t is time. 
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Substituting this into eq. (3.3), evaluating the integral, and solving for the speed along 

the gradient, one finds, 

where: 

4>(x,y,z) 

yG't2 

v = the speed in direction i, mm sec- l 

'r = time of gradient application, sec. 

(3.4) 

This entire technique is applied in three spatially orthogonal directions to measure the 

Magnetic Resonance Angiography Scans 

Parameter Pre-Heat Post-Heat I 

VENC' (cm sec-I) 40 10 

Field of View 200 300 
(mm) 

Pixels 256 x 192 256 x 256 

Flip Angle 30° 30° 

TRt (msec) 26 26 

flow (1 min-I) 0.33 0.15 

Notes: 
· = Velocity ENCoding i.e. ±.7l' phase = ± VENC speed 
t = Time to Repeat a measurement 

Post-Heat II 

15 

300 

256 X 256 

30° 

26 

0.15 

Table 3.1 Table of the parameters used for the three magnetic resonance angiography 
scans done on the fixed liver. 
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velocity vector at each point. 

Table 3.1 lists the MRA scans, along with the relevant parameters used during 

scans, done on the fixed liver used for the hyperthermia experiments discussed later. 

Figs. 3.4, 3.5 and 3.6 are "filtered" (see § 2.3.2 decvel.c) MRA images of the liver. 

These images are in the x-y plane (see Fig. 3.7) of the liver at a z depth of 15 mm 

(approximately the depth of probe 9). All the grey scale images are set so black = -150 

mm sec- l and white = 150 mm sec-I. Fig. 3.4 is an image of the x component of the 

blood flow velocity, Fig. 3.5 is an image of the y component of velocity and Fig. 3.6 

is an image of the z component of velocity. 

3.3 Hyperthermia Experiments 

There are many methods currently available in a clinical environment for inducing 

hyperthermia in tumors. Currently, the most popular are electro-magnetic (e.g., 

microwaves) and ultrasound. Ultrasound has many advantages as a heating modality. 

The two main ones being the ability to focus the energy, and the other being the ability 

to accurately calculate the deposited power from an applicator. 

Fig. 3.7 shows the thermocouple placement relative to the scan position for 

experiment 1 and experiment 2. The only intentional difference in thermocouple 

placement between experiment 1 and experiment 2 was the location of probe 9. In 

experiment 2 it entered at the same point as it did in experiment 1 but was directed more 

towards the interior of the liver than it was in experiment 1. 

3.3.1 Ultrasound Tl'3nsducer Calibration and Attenuation Measurements 

--------
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Figure 3.4 Grey scale image of filtered MRA x component of blood flow in the fixed 
liver. Black = -150 mm sec'! white = 150 mm sec'!, 
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0.10 

Figure 3.5 Grey scale image of filtered MRA y component of blood flow in the fixed 
liver. Black = -150 mm sec· t white = 150 mm sec· t

• 
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Table 3.2 summarizes the operational characteristics of the two transducers used 

in the two experiments. The transducers were driven by the electronics diagrammed in 

Fig. 3.2. The sine wave from the signal generator (Stanford Research Model DS345 30 

MHZ synthesized function generator) was amplified (EN 1 model AlSO RF power 

amplifier, 55 dB) and fed through a high power directional coupler (Werlatone model 

C2625 serial number 1917) into a power matching circuit and finally into the transducer. 

The forward and reflected power were measured off the directional coupler with a 

Hewlett Packard 438A power meter utilizing two Hewlett Packard Power Sensors (model 

8482H). The transducers' electrical to acoustical efficiencies were determined with a 

radiation force balance technique as explained by Hynynen [1993]. The ultrasonic 

absorption coefficient was calculated according to the following definition from Beer's 

Law using the method explained by Moros and Hynynen [1992] 

where 

I = I e -2o:x 
o 

10 = intensity at the emitting transducer, W m-l 

I = intensity at a distance x into the attenuating medium, W mol 
x = distance into attenuating medium, m 
a = attenuation coefficient, Nepers mol. 

(3.5) 

The attenuation coefficient, a, was determined experimentally using the T2 transducer 

with the results yielding a value of an = 12.11 ± 0.07 Np m-l at 1.945 MHz. The 

value for T1 was estimated by assuming the attenuation coefficient varies linearly with 
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Ultrasound Transducer Operating Characteristics 

Xducer Radius (mm) Diameter (mm) f (MHz) 1](%) 

T1 200 100 1.757 82.98 ± 1.41 

T2 200 100 1.945 58.80 ± 0.21 

Notes 
17 = Electrical to Acoustical Efficiency 
± = standard deviation over a number of measurements 

Table 3.2 Summary of operating characteristics for the two transducers used in the 
experiments. 

frequency between 1.945 MHz and 1.757 MHz giving aT! = 10.94. The actual variation 

goes as a F where 1 :5 m :5 1.3 (Hynynen [1990]), but m = 1 is a good assumption 

over the small bandwidth between Tl and T2. Figure 3.7 is a contour plot of the 

absorbed ultrasound power for experiment 1 run 1 in the radial and axial plane. The 

power is symmetric in the radial direction about the r=O axis. 

3.3.2 Scanned Focussed Ultrasound Hyperthermia 

In this study, a clinical scanned focussed ultrasound system was used to induce 

hyperthermia in the fixed greyhound liver. The system was originally described by 

Hynynen et al. [1987J and recent modifications are described by Nathanson [1991] and 

Lim [1992]. The system has a gantry platform on which six permanent transducers and 

an imaging transducer were mounted. Optional transducers (including the one used for 

this research) are mounted on the edge of the platform. The platform has five motion 

axes but can only scan in the x-y plane. As shown in Fig. 3.4 the liver phantom was 
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Figure 3.7 Contours of equal magnitude in applied ultrasound power in the radial and 
axial plane for experiment 2 run 1 using the Tl transducer. 

sandwiched between two sheets ot thin (0.12. mm) mylar membrane placed inside a 

polycarbonate box. Degassed water was circulated through a closed system consisting 

of: 1) an inline pump (FMI Lab Pump model RPB, Fluid Metering, Inc.), 2) bubble trap 

(custom made), 3) flow meter (Omega Rotameter Model FL-114 serial # 06568), 4) 

portal vein of the liver, 5) exiting the liver through the hepatic vein into the 

polycarbonatc box, 5) from the box to the constant temperature bath (Brinkman MGW 
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Figure 3.8 Thermocouple probe placement inside the liver. Cross marks show the 
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Lauda RC3 model B-2). Flow was set by controlling the current to the pump motor via 

a DC power supply (Topward Electric Instruments TPS-4000D Series digital dual 

Tracking DC Power Supply). At the upper water surface a rubber sheet 6 mm thick 

served as an ultrasound absorber for any transmitted energy from the transducer. 

Temperatures were measured using multisensor thermocouple probes (seven 

Manganin/Constantan sensors 10 ± 1 mm apart on a single probe) that were custom 

manufactured as explained by Anhalt and Hynynen [1992]. Thermocouples inside the 

liver were placed as shown in Fig. 3.8 with two probes horizontal at the edge of the scan 

and a third one vertical at the center of tht:! scan. The thermocouple voltages were read 

and converted to temperature using a copper/Constantan calibration curve with a two 

point calibrated correction as explained by Lim (1992]. Probes inside the liver were 

encased in fused silica to reduce measurement artifact from the ultrasound (Hynynen 

[1989]), while four external probes encased in polyethylene were used to measure the 

boundary conditions. 

For each run of each experiment the following procedure was followed. First the 

flow rate in the liver phantom was set and allowed to stabilize. Next the temperature 

acquisition system was started and set to record all temperatures every 15 seconds. At 

this same time, the gantry began scanning the prescribed octagon (either 25 mm or 35 

mm on edge) at 40 mm sec· l
. After at least two temperature reading cycles (i. e., 30 

seconds) the power to the transducer was turned on. The temperatures were monitored 

and allowed to reach steady state. Finally, the power to the transducer was turned off 
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Liver Phantom Experiment Summary 

Setup Run f (MHz) Scan (mm) Flow (e min-l) Acoustical 
Power (W) 

1 1 1.757 25 x 25 0.06 64 

1 2 1.757 25 x 25 0.00 8. 

1 3 1.757 25 x 25 0.09 80 

1 4 1.757 25 x 25 0.02 64 

1 5 1.757 35 x 35 0.01 64 

1 6 1.757 25 x 25 0.02 64 

2 1 1.757 25 x 25 0.02 32 

2 2 1.945 25 x 25 0.00 7 

2 3 1.945 25 x 25 0.01 12 

2 4 1.945 25 x 25 0.02 12 

2 5 1.945 25 x 25 0.04 12 

2 6 1.945 25 x 25 0.07 12 

Table 3.3 Summary of the hyperthermia experiments done on the fixed liver phantom. 

and the liver was allowed to cool down. Temperatures were recorded until the liver 

returned to approximately within 1 °C of the initial conditions. Table 3.3 summarizes 

the scan sizes, flow rates, and applied acoustical power for the hyperthermia experiments 

done on the fixed liver. Figure 3.9 shows an example of the transient temperatures 

recorded by probes 8, 9, and 10 during a no flow hyperthermia experiment (experiment 

1 run 2). Figure 3.10 shows an example of the transient temperatures recorded by the 



e 
W a: 

~ 
W c.. 
~ 

~ 

EXPERIMENT 1 RUN 2 

4°r--:r--t---:--t---r--t~~~t 
i. , -.-P8-1 

:::::::::::~.i.:i.: .... ····t·········I······l···T = :::: 
.'t:;;~ ...... ;,;;;o;""!1"""~~:""i"""""!" -- P8-4 

! : i -e-PB-5 

; ............. ! ............. ~ ............. L ........... L .......... j .. -- P8-6 

38 

36 

34 
i ! -tr-!P8.7 

.. · ........ ·T .......... 32 

30 

28+----r---+----r---+---~---+----~--+ 

40 t----+----r---~--~----+_---r--~~--+ 

-'-P9·1 

38 

36 
-e-P9·5 

34 

32 

30 

:~ M • { ...... r ............ T ........ .. 

I/;d;;. ... .!...;._ .. ---'-a---i---;..-_'-.~.'\...... .. : ............. i .......... .. 

28 i 

40 

38 

36 

34 

32 

30 

......... , ............. , ............. , ............. ; ...... · .. i.; ........ · .... :,!··········· 

! Iii : .···· .... \.····· ...... ·\· .. ·.· ... ····,··· .. ········1 ............. , ......... j ............. j ••••••••••• 

! 1 ---+- P1 0-1 1 : ..... ",i .......... . 
........... j ............. j ... -Pl0.2 ............ j ............. . 

--Pl0·3 
l ~ j 

28 +----+----r---~--~----4---_+----~---+ 

o 1000 2000 3000 4000 5000 6000 7000 8000 
TIME (sec) 

80 

Figure 3.9 Experimentally recorded transient temperatures for internal probes 8, 9, 
and 10 in experiment 1 run 2, a no flow case. 



~ 
w a: 

~ 
w 

EXPERIMENT 1 RUN 4 

35 

34 
-e-P8-4 

33 -e-P8-5 

32 
-6-P8-7 

31 
':a::l:::~~='>*->' "",," .. , ...... : .. ::::[:::::::::::::: 

30 

29 ·········"]"·················,··················i 
28 +-----r-----r---~~---4-----+-----t 

36 t-----~-----r-----r-----+-----+-----+ 

35 

34 

33 

32 

~ 31 

~ 
30 

29 ................ ) .................. / ................. "1" ................. j .................. 1" .............. . 

28 

36 t-----r---~-----+----~----~---+ 

35 ················r·················+················· : ......... .. ······t··········· .. ····~················ 

[:11=::::: 34 

33 

32 

31 

30 "····",,·;·,,·········"·1····"··,,········(·····,,,,·····; "" ".:"";".,,"""" 

.. """"".y ..... " ..... ".j"." ........ " .. +" .. " ... " ... ".("" 29 

28 +-----+-----+-----+-----+-----+---~ 

o 500 1000 1500 2000 2500 3000 
TIME (sec) 

81 

Figure 3.10 Experimentally measured transient temperatures for internal probes 8, 9, 

and 10 in experiment 1 run 4. 
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same probes when the flow was on during a hyperthermia experiment (experiment 1 run 

4). Note how the addition of flow affected the steady state temperatures of probes 8 and 

10, particularly the order of hottest to coldest. Differences in applied power make any 

quantitative analysis based on temperatures impossible due to the nonlinear effects of 

blood flow. 

3.4 Discussion of Experimental Errors 

Recognizing that an understanding of errors associated with the experiments is 

important, the magnitude and nature of the various errors is discussed in this section. 

No attempt was made to cascade the errors through the entire MRA/CEE tissue heat 

transfer system since different uses of the system may have different desired end results 

and a flow chart of all possible combinations would be rather extensive. (Note: values 

listed as x±y are quantities repeatedly measured in which x was the average and y was 

the standard deviation.) 

3.4.1 ThermometI·y 

As discussed in § 3.3.2 the manufacture error in thermocouple junction location 

along the probe is ± 1 mm. However, the actual error in thermocouple position is the 

error which occurs in locating the junction inside the tissue volume. During clinical 

treatments, the position of the junction can be found relative to the focus of the 

ultrasound transducer. This is done by pulsing the transducer and watching the 

temperature rise at the junction. As the focus is moved closer to the junction, the 

temperature rise reaches a maximum. However, this technique is limited in resolution 
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by the size of the focus which can be on the order of several centimeters. In order to 

obtain the junction locations used in the estimation procedure, thermocouple probe 

positions were measured relative to the scan center where the vertical probe was placed. 

Junction locations were then calculated by spacing them every 10 mm from the tip. 

Based upon previous and current observation and personal experience the spacing error 

was estimated to be ± 2.5 mm with this method. 

Temperature measurement errors can arise from many sources during scanned 

focussed ultrasound hyperthermia (e.g., Hynynen and Edwards [1989]; and Waterman 

[1990]). Among these are: 1) viscous heating from the ultrasound (e.g., Waterman and 

Leeper [1990]), 2) calibration of the voltage temperature response (e.g., Anhalt and 

Hynynen [1992]), 3) "conduction" errors due to different thermal conductivities (e.g., 

Dickinson [1985]), and 4) thermal response times. For the probes and data acquisition 

system used in this research, Lim [1992] demonstrated the measurement accuracy of the 

system at ± 0.05 °C while Anhalt and Hynynen [1992] have estimated the overall 

accuracy of the thermocouple probes during use in vivo to be ± 0.12 °C to ± 0.21 °C 

depending upon the probe type. 

3.4.2 Initial Temperatures and Boundaa'Y Conditions 

For all the simulations done in this research (results are presented in Chapter 4), 

the boundary conditions and the reference arterial temperature, Ta , needed in the BHTE 

were assumed uniform and equal. Recall that for each liver experiment two polyethylene 

probes (seven thermocouple sensors on each probe) were placed on the bottom surface 
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between the liver and mylar (see Fig. 3.2) and two were placed on the top surface, again 

between the liver and mylar. Table 3.4 list the time average temperature of these probes 

along with the standard deviations. Table 3.5 summarizes the initial conditions for each 

experiment by listing the average and standard deviation of all internal probes before 

power was turned on. The minimum temperature of these internal probes is also listed. 

Boundary Condition Summary CC) 

Setup Run Top Bottom Ambient 

1 1 30.15 ± 1.05 29.76 ± 0.46 29.42 ± 0.08 

1 2 30.21 ± 1.22 29.66 ± 0.28 29.31 ± 0.08 

1 3 29.72 ± 0.63 29.56 ± 0.45 29.29 ± 0.08 

1 4 30.15 ± 1.05 29.81 ± 0.49 29.31 ± 0.08 

1 5 31.44 ± 2.43 29.91 ± 0.46 29.47 ± 0.08 

1 6 30.38 ± 1.38 29.77 ± 0.49 29.32 ± 0.09 

2 1 23.60 ± 0.28 24.49 ± 1.33 23.34 ± 0.03 

2 2 23.52 ± 0.08 24.60 ± 1.19 23.54 ± 0.04 

2 3 23.67 ± 0.04 24.84 ± 1.26 23.64 ± 0.04 

2 4 23.75 ± 0.10 25.02 ± 1.35 23.67 ± 0.04 

2 5 23.83 ± 0.15 25.18 ± 1.57 23.73 ± 0.04 

2 6 24.03 ± 0.30 25.31 ± 1.62 23.78 ± 0.03 

Table 3.4 Summary of the time averaged boundary condition measurements for each 
hyperthermia experiment done on the fixed liver. 

Experiment 1 had a slightly higher standard deviation because the tank water was 



85 

Average and Minimum Initial Conditions (OC) 

Setup Run Average Minimum 

1 1 29.01 ± 0.49 28.31 

1 2 29.03 ± 0.21 28.60 

1 3 28.66 ± 0.29 28.27 

1 4 28.88 ± 0.33 28.28 

1 5 29.29 ± 0.11 29.05 

1 6 29.02 ± 0.43 28.09 

2 1 23.83 ± 0.22 23.28 

2 2 24.22 ± 0.22 23.86 

2 3 24.37 ± 0.15 24.04 

2 4 24.66 ± 0.22 24.26 

2 5 24.56 ± 0.20 24.21 

2 6 24.57 ± 0.24 24.22 

Table 3.5 Average and minimum initial conditions for determining Ta in the BHTE 
models. 

approximately 5 °C warmer than the liver recirculation water for experiment 1, 

producing a slight gradient even without applied power. The large standard deviations 

present in the time average of the boundary conditions were due primarily to the high 

ultrasound absorption of the plastic tubing. This caused cyclic hot spikes as the 

ultrasound power was scanned. This is a transient artifact of the temperature sensor and 

does not reflect the unperturbed temperature of the boundary. 
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3.4.3 Applied Power 

In § 2.5 it was stated that the numerical methods used to calculate absorbed power 

were very accurate when compared to in vivo results for dog in muscle. In spite of this, 

substantial errors can still enter into the power calculations for these experiments. The 

primary source of error comes from the accuracy in locating the power deposition within 

Time Averaged Boundary and Ambient Water Temperature (0C) 

Sensor Top Bottom Ambient 

1 30.62 ± 0.60 29.40 ± 0.06 29.37 ± 0.06 

2 31.79 ± 1.09 29.58 ± 0.07 29.44 ± 0.06 

3 32.84 ± 1.55 29.88 ± 0.10 29.45 ± 0.05 

4 31.95 ± 1.17 30.18 ± 0.15 29.47 ± 0.05 

5 30.88 ± 0.67 30.09 ± 0.25 29.43 ± 0.04 

6 30.06 ± 0.34 29.97 ± 0.25 29.40 ± 0.05 

7 29.67 ± 0.19 29.98 ± 0.19 29.38 ± 0.05 

8 29.18 ± 0.05 29.46 ± 0.06 29.20 ± 0.05 

9 29.26 ± 0.05 29.55 ± 0.06 29.22 ± 0.05 

10 29.31 ± 0.05 29.57 ± 0.10 29.35 ± 0.05 

11 29.35 ± 0.05 29.50 ± 0.08 29.37 ± 0.05 

12 29.38 ± 0.05 29.44 ± 0.06 29.38 ± 0.05 

13 29.30 ± 0.05 29.40 ± 0.05 29.32 ± 0.05 

14 29.30 ± 0.05 29.32 ± 0.04 29.33 ± 0.05 

Table 3.6 Time averaged boundary conditions and ambient temperatures for all sensors 
in setup 1 run 2. 
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the liver phantom. This error came from measuring the axial distance of the transducer 

to the liver (done with a meter stick resulting in an error of ± .5 mm) and measuring 

the location of the scan center. This was done by visually aligning the transducer surface 

and the demarcated scan center in the liver with a fixed laser crosshair projected from 

a fixed position. In addition to this error, the actual position of the transducer along the 

scan path would oscillate approximately ± 2.5 mm from the nominal path due its 

cantilever mounting on the scanning gantry. 

The other source of error came from measuring the applied electrical power. The 

transducer's oscillations along the scan path affected the electrical impedance, producing 

oscillations in the measured forward and reflected powers. This was most notable at high 

powers. For example, in experiment 1 run 3, 80 acoustical watts was used as the power, 

but actual the power meter readings swung between 84 and 77 electrical watts. 

3.4.4 MRA Velocity Measurements 

The errors that arise in MRA can be placed into two categories: 1) those internal 

to the commercial data acquisition software, and 2) those external. An example of the 

first type of error was explained in § 2.3.2. There it was known a priori that no velocity 

measurement should exceed the VENC value, and as a result these raw data were 

"filtered" so that no value greater that VENC was allowed. These errors arise from the 

truncation and roundoff errors (and possible bugs) in the MR data acquisition software. 

At some point inside the data acquisition software, the real values are converted to 

integer values. In fact, the MRA velocity data files are stored as integer numbers with 
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the units of mm sec·!. These "internal" errors can also be seen by comparing the total 

speed of the flow as determined by the three independent velocity images (i. e., square 

root of the sum of squares V,,, Vy , and Vz) and the "speed" image which is internally 

generated by the MR software. To demonstrate this internal inconsistency 4 image slices 

were analyzed. Table 3.7 lists the average over all slice voxels of the difference 

between: 1) the internally calculated speed image and 2) that obtained using the three 

orthogonal speed measurements. Standard deviations of this difference are also given. 

Average Difference in Two Measures of Speed (mm sec·!) 

Image Average Difference Standard Deviation 

1 8.86 17.28 

2 8.50 18.61 

3 4.95 12.84 

4 5.80 13.29 

Table 3.7 Average of the difference between the internally calculated speed and the 
speed as calculated from the individual orthogonal components. Differences are the 
result of roundoff and internal programming errors. 

The second type of error is not entirely independent of the first and is a more 

complicated to explain. To begin with, Akata et al. [1993] performed verification tests 

using the same 1.5 Tcsla GE Signa MR commercial scanner as the one used for the liver 

in this study. They studied the effect of VENC, flip angle, and T1, by measuring the 

flow inside a 6.45 mm inside diameter polyethylene tube with 2D Phase Contrast 
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Angiography and a flow meter. Their results showed obliqueness and VENC play a 

major role in fixing the final accuracy of the MRA data. For example, using VENC 

value set to 400 cm sec·1 the 2D PC sequence returned a value of 34.5 cm sec·1 when the 

flow was actually 30.0 cm sec-1
, a 15% error. 
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CHAPTER 4 

4. RESULTS: TEMPERATURE AND PARAMETER ESTIMATION 

4.1 Performance of the Fixed Liver as a Flow Phantom Based on Raw Results 

Several aspects of the performance of the fixed liver as a flow phantom for use 

with the MRA/CEE tissue heat transfer system can actually be determined by direct 

examination of the experimentally measured steady state temperatures from the liver 

experiments. The first of these was presented in Chapter 3 in Figs. 3.9 and 3.10. These 

figures demonstrate the asymmetric response of the temperature patterns when flow was 

turned on, especially in probe 10. This is discussed further in Chapter 5. 

The steady state measured temperatures can also be used to judge repeatability 

between experiments and within experiments and to describe the relationship between the 

total flow through the fixed liver and the velocity in each vessel. The repeatability can 

be judged by comparing runs from the two runs done under similiar conditions. 

Specifically, in experiment 1 the 1. 757 MHz transducer was used in runs 4 and 6 at 0.02 

e minot total flow through the liver and 64 Watts total applied acoustical power, and in 

experiment 2 the 1.757 MHz transducer was again used in run 1 at the same total flow 

through the liver but at 32 Watts total applied acoustical power. Recall that probes 8 and 

10 were placed in the same locations for both experiments 1 and 2. Figure 4.1 shows 

the measured steady state temperatures versus total applied power [or these three runs. 

The two runs done at 64 Watts should produce the same temperatures and the run done 

at 32 Watts should produce temperatures 'h those of the 64 Watts experiment if there 
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were no changes in the experimental setups between experiment 1 and 2. 

To describe the relationship between total flow through the liver and the velocity 

inside each vessel the power normalized temperatures were compared to the total flow 

through the liver. Normalizing the temperatures by the applied power should remove the 

power dependence of the temperatures if the power is linear with the temperature. 

Figure 4.2 shows these data for experiment 1 and Fig. 4.3 shows these data for 

experiment 2. 

4.2 Parameter Estimation Methods fOl' the Liver Phantom during Hyperthermia 

The parameter estimation technique described in § 2.4 was used to estimate the 

value of the unknown parameter in each of the three heat transfer models used. 

Specifically, for the BHTE the unknown parameter was the perfusion which was assumed 

to be constant and homogeneous throughout the liver. For the ETCE, the unknown 

parameter was keff which was assumed constant, homogenous, and isotropic throughout 

the liver. For the CEE the velocity field was estimated. This was done by scaling the 

entire velocity field, as measured by the Post-Heat II MRA scan detailed in Table 3.1, 

by a single constant. This constant is therefore the single unknown quantity. These 

simple thermal models were used because one of the capabilities desired of the 

MRA/CEE system tissue heat transfer system is to provide evidence as to the accuracy 

of the simple approximate thermal models. This can best be judged by using the thermal 

models in their simpliest form since added complexities such as spatially variable 

properties and tensor conductivities may be able to turn inferior results into superior 
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Figure 4.1 Comparison of the measured steady state temperatures from probes 8 (top) 
and 10 (bottom) for experiment 1 runs 4 and 6 and experiment 2 run 1. 
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Figure 4.2 Comparison of power normalized steady state temperatures to the total flow 
through the liver for experiment 1. 
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Figure 4.3 Comparison of power normalized steady state temperatures to the total flow 
through the liver for experiment 2. 
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results by compensating for a basic underlying error in the physics of the simple 

approximate thermal model. 

As described in Chapter 2, in each run the value of the unknown parameter was 

adjusted to minimize E, the objective function given by 

N 

L (Tmj-Tsji (4.1) 
E = i = 1 

N 

which is essentially a measure of an rms error between the estimated temperatures and 

the measured temperatures. 

Grid Spacing Results For Block Model 

Mesh Resolution (N" Ny Nz) Temperature at Center of Block 
(OC) 

51 x 51 x 15 17.644632 

61 x 61 x 21 17.616032 

71 x 71 x 27 17.616461 

Table 4.1 Mesh resolution study of the block model. Results are not monotonically 
convergent because the power for each run was slightly different due to the 
interpolation process discussed in § 2.3.2. 

Two numerical geometries were used to describe the liver for the estimation 

problems. The first was a hexahedron of regular clements (referred to as the block 
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model) as shown in Fig. 4.4. These block models were useful because the number of 

elements used to make the model could be lIeasilyll changed. This made it possible to 

determine the clement size needed to obtain numerically accurate results, and to run 

small (in the sense of total degrees of freedom) models requiring less CPU time. The 

physical size of the block model was x = y = 110 mm and z = 35 mm. The required 

grid spacing was determined by running forward solutions for the case of experiment 1 

run 2. Table 4.1 lists three of the mesh densities tested along with the temperature at 

the center of the block. The final grid spacing selected was 61 x 61 x 21 which, as 

Table 4.1 shows, produces results that arc identical to within 0.01 °C which is acceptable 

for this study. The second geometry used was obtained from the mesh generation 

programs discussed in § 2.3 (referred to as the traced model) and provided a more 

geometrically accurate representation of the liver. These results are presented in § 4.4. 

In the numerical calculations, all temperatures were referenced to Ta , (i. e. , T = 

Tactual - Ta) and are reported as such in the tables and figures. The value for Ta was 

selected as the minimum of all internal thermocouple junctions just before the power was 

turned on. The other choise for defining Tawas to use the average of all internal probes 

but in some instances the junctions far away from the scan center had very little rise f 

any (see Figs. 3.9 and 3.10) and never exceeded (in some cases remained below) the 

average value. 

In order to determine the boundary conditions, the measurements listed in Table 

3.4 and the temperature profile along probe 10 were examined. For the two surfaces 

--------
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Figure 4.4 The outer envelope of the numerical block model used to numerically 
model the liver for the FE calculations. 

where the ultrasound entered and exited the liver, a gaussian temperature distribution was 

enforced on the surface. This distribution was centered on the surface with a maximum 

equal to the maximum of all sensors over that surface and a standard deviation equal to 

one third of the scan size. The other four surfaces had homogenous surfaces at O. 

Finally, the internal steady state temperature values were obtained from the transient 

profiles by averaging the last eight readings before power was turned off. 

There were two numerical stopping criterion used in the numerical estimation of 

the unknown parameter in each thermal model: 1) stopping if the maximum of all the 

relative errors between the measured temperature and the estimated temperature was less 
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than 1 %; or 2) if the relative change in the unknown parameter was less than 1 %. To 

examine the impact of these stopping criterion, a computer "experiment" was done to see 

how well the programs would work with "perfect" data. First a forward problem for the 

ETCE, BHTE, and CEE thermal models were run using the power data from experiment 

2 run 1. Next, 17 nodes were selected as measurement points and fed into the estimation 

program with digits down to the 1/100 °C precision, the same that is available from the 

actual experimental data. For the ETCE thermal model the forward thermal conductivity 

was 0.50 and the estimator returned 0.50. For the BHTE thermal model the forward 

value for perfusion times specific heat capacity was 20,000 and the estimator returned 

. For the CEE thermal model the forward value of V· (the ration of actual velocity field 

to the MRA measured velocity field) was 0.05 and the estimator returned. 

4.3 Steady State Estimation of Thermal Model Unknowns 

In each of the two liver experiments, one scan was done with the flow turned off. 

This simple experiment served to produce a baseline from which the impact of the flow 

could be judged and to provide data from which the intrinsic thermal conductivity of the 

liver could be estimated for use in the BHTE and CEE thermal models for all runs done 

in that experiment. This was possible since for these no flow runs, the only unknown 

parameter to be determined was the thermal conductivity of the fixed liver. The thermal 

conductivity was assumed to be a uniform homogeneous scaler quantity. These values 

are listed in Table 4.2. Figure 4.5 shows the estimated and measured temperatures for 

probes 8, 9, and 10 in experiment 1 run 2, the no flow case, and Fig. 4.6 shows the 

--- --- ------------
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Parameter and Objective Function Values for the Block Model 

Setup Run BHTE ETCE CEE 

W E kerr E V' E 

1 1 51.87 1.76 31.07 1.59 0.64 1.34 

1 2 - - 0.92 0.49 - -

1 3 65.39 1.57 37.07 1.32 0.84 1.15 

1 4 20.72 2.45 11.63 2.03 0.22 2.40 

1 5 6.95 2.87 3.85 1.78 0.06 4.07 

1 6 21.11 2.61 11.96 2.13 0.22 2.34 

2 1 2.95 2.48 1.93 1.94 .017 3.91 

2 2 - - 0.75 1.16 - -
2 3 2.01 2.76 1.52 2.83 .011 3.03 

2 4 2.79 2.90 1.83 2.98 .018 3.10 

2 5 4.67 2.57 2.52 2.33 .027 2.90 

2 6 4.85 1.89 2.84 1.82 .038 2.20 

Table 4.2 Steady state parameter estimation results of the liver hyperthermia 
experiment for the three thermal models studied. Results were obtained using the 
block model. 

estimated and measured temperatures for probes 8, 9, and 10, experiment 2 run 2, the 

no flow case. Results are shown for the simple block model and the traced model as 

described in § 4.4. 

For the runs with flow, the ETCE thermal model unknown parameter is k.,rr and 

was estimated directly. Results are listed in Table 4.2 and shown in Fig. 4.7. For the 

_. __ .. - -----
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Figure 4.5 Measured and estimated temperatures for experiment 1 run 2, a no flow 
experiment, along thermocouple probes 8 and 9. Results were obtained using the 
block model. 
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Figure 4.6 Measured and estimated temperatures for experiment 2 run 2, a no flow 
experiment, along thermocouple probes 8 and 9. Results were obtained using the 
block model. 
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Figure 4.7 Plot of estimated effective thermal conductivity against total flow through 
the liver. 

BHTE simulations the intrinsic thermal conductivity as estimated in run 2 of each 

experiment was used as the thermal conductivity for all BHTE simulations in the 

respective experiment. In order to back out the perfusion from the numerically estimated 

value of W*Cb, ~ was assumed to be 4186 J kg·1 °el
• In addition, it was also possible 

to measure perfusion since the total flow through the liver was known as well at the total 

volume of the liver (810 cm3
). By assuming the density of water to be 1 kg e·1 the 
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Figure 4.8 Plot of estimated and calculated perfusion (assuming homogenously 
perfused liver volume, eq. (4.2» against total flow through the liver. 

formula: 

w = _1_.1 kg .1 min. 1 
min 1 I 60 sec 0.00169 m 3 

(4.2) 

can be used to calculate a homogeneous liver perfusion. Results are listed in Table 4.2 

and shown in Fig. 4.8. For the eEE runs the thermal conductivity was set equal to that 
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Figure 4.9 Plot of the estimated velocity scale factor, V', and the assumed linear 
variation from the measured (Post-Heat II) velocity against the total flow through the 
liver. 

obtained from the respective no flow run, just as was done with the BHTE simulations. 

In order to back out the velocity from the pcv term in eq. (1.1) the density, p, was 

assumed to be 1000 kg m·3
, and the specific heat, c, was assumed to be 4186 J kg·1 m·3

• 

The MRA measured velocity field (filtered from the raw MRA data as explained in § 

2.3.2 (decvel.c)) was assumed to have a scaler multiple of 1.0 and the results listed in 

Table 4.2 are referenced to that value. However for each run the flow rate was different 

-------- -------- ------
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than that used to obtain the MRA data. Since all velocities change by the same scale 

factor, it was therefore assumed that the velocities inside the liver changed linearly with 

the overall !low rate through the liver. Results are listed in Table 4.2 and plotted in Fig. 

4.9. 

Figures 4.10 through 4.12 show the measured temperatures, along with the ones 

estimated from all three thermal models, for probes 8, 9, and 10 from three of the ten 

experiments. All results for the block model are given in Appendix F. Figure 4.10 

shows the results from experiment 1 run 4. Figure 4.11 shows the results from 

experiment 2 run 3. Figure 4.12 shows the results from experiment 2 run 4. 

4.4 Use of the MRI Traced Model 

The numerical model generation technique described in § 2.3.2 uses traces of the 

outer most boundary and builds up an FE model using regularly shaped hexahedral 

elements. Figure 4.13 shows the complete set of outline traces used to geometrically 

model the liver. The underlying grid spacing for the hexahedral mesh was 

~x=~y =~z= 1.5 mm, which Table 4.1 has shown to be sufficient for the problem under 

study. In order to register the probe and power fields inside the traces, the Post Heat 

II MRA scans were examined. Since this scan was done after the experiments (this was 

also the scan used to obtain the velocity fields for the estimation process) some puncture 

wounds from insertion of the probes were clearly visible and allowed for the registration 

of at thermocouple probe 10 inside the hand drawn traces. Since the power field was 

centered on thermocouple probe 10, it was also possible to register the applied power 

----_._--. 
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Figure 4.10 Measured and estimated temperatures for experiment 1 run 4 along 
thermocouple probes 8, 9, and 10. Results were obtained from the block model. 
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Figure 4.11 Measured and estimated temperatures for experiment 2 run 3 along 
thermocouple probes 8, 9, and 10. Results were obtained using the block model. 
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Figure 4.12 Measured and estimated temperatures for experiment 2 run 4 along probes 
8, 9, and 10. Results were obtained using the block model. 
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field inside the traces. 

Figure 4.13 The 2D hand drawn outline traces of the liver used to generated the 3D 
FE liver mesh. 

In order to see the influence of the more geometrically accurate model on the 

estimation results, the no flow runs were redone with the traced model. Recall that these 

runs were used to estimated the intrinsic thermal conductivity of the liver for all 

simulations done with that experiment. For the traced model all boundary conditions 

were homogeneous at 0, and the power was interpolated to nodes in the traced model as 

described in § 4.2. Figure 4.14 shows the hand drawn outline traces (solid line), 
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resulting boundary mesh (drawn by connecting all boundary nodes in the xy plane), and 

contours of constant applied power, for experiment 2 run 2, in the xy plane at a depth 

of 9 mm into the liver. Figure 4.15 shows the same slice outlines and meshes for 

experiment 2 run 2 as shown in Fig. 4.14, but the contours are for the resulting 

temperatures after the intrinsic thermal conductivity has been optimized. Table 4.3 lists 

the results for the liver estimations using the traced model. 

Parameter and Objective Function Values for Traced Model 

BHTE ETCE CEE 
Setup Run 

W E kefr E V· E 

1 2 - - 0.63 1.64 - -
2 2 - - 0.73 1.79 - -

2 3 1.05 2.90 1.02 2.66 3.30 2.79 

Table 4.3 Estimation results obtained using the traced model. See Table 4.2 for the 
corresponding block model results. 

4.5 Sensitivity Studies 

In order to gain some insight into the impact of the accuracy of model parameters 

on the estimation process, three sensitivity studies were carried out. The three 

parameters studied were thermocouple probe location, boundary conditions, and applied 

power deposition. All studies were done using the block model. In all cases results 

were first obtained for the two no flow experiments. This is due to the fact the error 

from these simulations cascades into the BHTE and CEE simulations through the intrinsic 



111 

'Cl r- eo 0'\ .--i M 
'Cl "I' N <:) 0'\ r- If) 'Cl eo 

If) M .--i 
'Cl .--i 'Cl .--i If) <:) 
If) 'Cl 'Cl r- r- eo If) <:) If) 
"I' 0'\ "I' 0'\ "I' 0'\ eo 0'\ 0'\ 
'Cl r- 0'\ <:) N M "I' 0'\ "I' 
If) N 0'\ r- "I' .--i If) 'Cl eo 
N N .--i rl .--i .--i eo If) N 'Cl 

N 

<:) 

"I' 
N 

0 

N 
N 

0 

0 
N 

0 

eo 
.--i 

0 

'Cl 
.--i 

+ 0 

"I' 
.--i 

0 

N 
.--i 

0 

0 
.--i 

0 

eo 
0 

0 

0 CO 'Cl "I' N 0 CO '" "I' 
N .--i .--i .--i .--i .--i 0 0 0 

0 0 0 0 0 0 0 0 0 

Figure 4.14 Contour plot of applied power for experiment 2 run 2, a no flow case. 
Also shown are the hand drawn outline traces, boundary mesh and thermocouple 
junctions projection onto this xy plane at z = 12.0 mm. 
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Figure 4.15 Contour plot of temperatures for experiment 2 run 2, a no flow case. 
Also shown are the hand drawn outline traces, boundary mesh, and thermocouple 
junction projections onto this xy plane at z = 12.0 mm. 
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Figure 4.16 Contour plot of applied power for experiment 2 run 3. Also shown are 
the hand drawn outline traces of the liver, the boundary mesh, and thermocouple 
junction projections onto this xy plane at z = 12.0 mm. 
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Figure 4.17 Contour plot of temperatures from the ETCE model for experiment 2 run 
3. Also shown are the hand drawn outline traces of the liver, the boundary mesh, and 
the thermocouple junctions projected onto this xy plane at z = 12.0 mm. 
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Figure 4.18 Contour plot of temperatures from the BHTE model for experiment 2 run 
3. Also shown are the hand drawn outline traces of the liver, the boundary mesh, and 
the thermocouple junctions projected onto this xy plane at z = 12.0 mm. 
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Figure 4.19 Contour plot of temperatures from the CEE model for experiment 2 run 
3. Also shown are the hand drawn outline traces of the liver, the boundary mesh, and 
the thermocouple junctions projected onto this xy plane at z = 12.0 mm. 
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thermal conductivity. This is not true for the ETCE models since the parameter to be 

determined is the effective thermal conductivity. Finally, with the perturbed intrinsic 

thermal conductivity values known the effect upon the BHTE and CEE models could be 

determined. In all cases the sensitivity study was done for experiment 2 run 3 which was 

typical of the results obtained and using the same run maintained consistency for 

comparison of the results. 

4.5.1 Thermocouple Probe Locations 

Sensitivity to probe location was studied by moving the entire probe a specified 

distance in x, y, and z. For study 1 the offsets from the baseline positions were I1x = 

+2 mm, l1y = -1 mm, and I1z = +2 mm for a total 11 = 2.24 mm. For study 2 the 

offsets from the baseline positions were I1x = +4 mm, l1y = -2 mm, and I1z = +4 mm 

for a total 11 = 6.93 mm. Finally, for study 3 the offsets from the baseline positions 

were I1x = -4 mm, l1y = -2 mm, and I1z = - 4 mm for a total 11 = -6.93 mm. These 

values cover the range of accuracy expected in most clinical situations. Boundary 

conditions were set to the gaussian distribution as described in § 4.2. As before the 

program findnds. c was used to locate the nearest numerical model nodes once the 

perturbed probe location was specified. With the perturbed thermocouple junction 

locations specified the estimation programs were run again. First the intrinsic thermal 

conductivity of the liver was estimated for each experiment using the perturbed 

thermocouple junction locations. Then the estimation process was run for the three 

thermal models using the perturbed intrinsic thermal conductivity and the perturbed 
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thermocouple junction locations for experiment 2 run 3. This was done for all but Study 

1 where the extremely small changes in the intrinsic thermal conductivity did not justify 

those runs. Table 4.4 lists the results for these sensitivity runs. 

Probe Placement Sensitivity Results for Intrinsic Thermal Conductivity 

Model Baseline Study 1 Study 2 Study 3 

Probe Offset (mm) A=O I':!. = 2.24 I':!. = 6.93 I':!. = -6.93 

kint 0.92 0.92 0.93 0.90 
ETCE* 

E 0.49 0.50 0.66 0.68 

kint 0.75 0.76 0.74 0.77 
ETCE" 

E 1.16 1.18 1.31 1.40 

Probe Placement Sensitivity Results for Setup 2 Run 3 

W 2.01 - 1.95 2.12 
BHTE 

E 2.76 - 2.75 2.32 

ETCE 
kcfc 1.52 - 1.57 1.51 

E 2.83 - 3.19 2.60 

V' 0.011 - 0.011 0.009 
CEE 

E 3.03 - 3.03 2.97 

*These results were obtained from setup 1 run 2, a no flow case. 
"These results were obtained from setup 2 run 2, a no flow case, and determined 
the intrinsic thermal conductivity for the BHTE and CEE runs given in the 
bottom half of the table. 

Table 4.4 Thermocouple probe placement sensitivity results for setup 2 run 3. See 
the text for details of probe placement perturbations for each study. 

4.5.2 Boundary Conditions 
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The influence of the boundary conditions was examined by adjusting the boundary 

conditions on the two block model surfaces where the ultrasound energy entered and then 

exited the liver. Three boundary condition configurations were examined. All 

configurations are plausible implementations of the experimentally measured boundary 

conditions in the numerical model. In the baseline study all surfaces were homogeneous 

at zero, the simplest approach. For study 1 the gaussian profiles specified as in § 4.2 

were used. The gaussian profile was an attempt to model the possible distribution that 

occurs when the focused ultrasound beam enters and exits the tissue surface over a small 

region of that surface. The maximum temperatures for these gaussian profiles ranged 

from 0.00 °e to 6.47 °e. This was the boundary condition profile used for the results 

listed in previous sections. For study 2 each of the two surfaces where the sound entered 

and exited had the boundary condition temperature set to the average of all probes over 

that surface. This was in an attempt to incorporate all surface temperature measurements 

in a simple manner. Table 4.5 lists the results for these studies. 

4.5.3 Power Deposition 

Since the applied power is a linear term in all three thermal models, any change 

in power produces a corresponding change in the calculated temperatures (i. e., if you 

double the power you double the temperature rise at each point). However, since the 

power field is inhomogeneous and we are interested in how the error propagates through 

two estimation processes and not just a single forward solution, it is necessary to perform 

numerical studies. This sensitivity is also necessary since this linearity was not verified 
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Boundary Condition Sensitivity Study for Intrinsic Thermal Conductivity 

Model Baseline BC Study 1 BC Study 2 

BCt 0.00/0.00 1.58/ 1.61 1.06/ 1.61 

ECTE:j: kint 0.89 0.92 1.14 

E 0.49 0.49 0.41 

BCt 0.00 ! 0.00 4.08/0.00 0.88! 0.00 

ETCE" kint 0.75 0.75 0.79 

E 1.16 1.16 1.23 

Boundary Condition Sensitivity Study for Setup 2 Run 3 

BCt 0.00/0.00 3.41 /0.00 0.81 /0.00 

W 1.90 2.01 1.86 
BHTE 

E 2.80 2.76 2.70 

keff 1.48 1.52 1.60 
ETCE 

E 2.87 2.83 2.73 

V· 0.010 0.011 0.012 
CEE 

E 3.11 3.03 2.91 

:j:Results for setup 1 run 2, the no flow case 
""Results for setup 2 run 2, the no flow case which provided the intrinsic thermal 
conductivity for the BHTE and CEE results given in the bottom half of the table. 
tBoundary conditions are given as bottom temperature / top temperature (OC). 
For BC Study 1 the value is the maximum of the gaussian profile, and for BC 
Study 2 it is the actual surface temperature. 

Table 4.5 Results from the boundary condition sensitivity study carried out on the 
block model. See the text for details of the variations in each study. 

experimentally. The influence of the power deposition on the estimation results can be 

examined by looking into the effect of the spatial registration of the power field (most 
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Power Deposition Sensitivity Study for Intrinsic Thermal Conductivity 

Model Baseline PD Study 1 PD Study 2 

Axial Dist. (mm) 210 200 220 

kint 0.92 0.92 0.93 
ETCH!: 

E 0.49 0.50 0.50 

kint 0.75 0.74 0.75 
ETCE" 

E 1.16 1.15 1.17 

Power Deposition Sensitivity Study for Setup 2 Run 3 

W 2.01 1.83 2.04 
BHTE 

E 2.76 2.73 2.79 

ETCE 
kerr 1.52 1.52 1.52 

E 2.83 2.81 2.81 

V' 0.011 0.009 0.009 
CEE 

E 3.03 3.03 3.03 

*Results for setup 1 run 2, the no flow case 
"Results for setup 2 run 2, the no flow case which provided the intrinsic thermal 
conductivity for the BHTE and CEE results given in the bottom half of the table. 

Table 4.6 Power deposition sensitivity studies for different axial distances from 
transducer to liver interface. See text for details of the variations that composed each 
study. 

important is the axial distance from the transducer surface to the liver), the value of the 

absorption coefficient, and the overall transducer power. The influence of the absorption 

coefficient can be determined from inspection of eqs. (2.50) and (2.51) and the values 

for the absorption coefficient listed in Table 3.2 which also lists the standard deviation 

present over several experimental measurements of the absorption coefficient. Table 3.2 
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Power Deposition Sensitivity Study for Intrinsic Thermal Conductivity 

Model Baseline Study 3 +20 % Study 4 -20% 

Total Power (W) 8.0 9.6 6.4 

kint 0.92 1.11 0.74 
ETCE:f: 

E 0.49 0.49 0.49 

Total Power (W) 7.0 8.4 5.6 

kint 0.75 0.90 0.60 
ETCE" 

E 1.16 1.16 1.16 

Power Deposition Sensitivity Study for Setup 2 Run 3 

Total Power (W) 12.0 14.4 9.6 

W 2.01 1.58 1.55 
BHTE 

E 2.76 2.77 2.75 

ETCE 
kerr 1.52 1.82 1.22 

E 2.83 2.81 2.82 

v· 0.011 0.013 0.008 
CEE 

E 3.03 3.03 3.03 

:f:Results for setup 1 run 2, the no flow case 
"Results for setup 2 run 2, the no flow case which provided the intrinsic thermal 
conductivity for the BHTE and CEE results given in the bottom half of the table. 

Table 4.7 Power deposition sensitivity studies for power magnitude. See text for 
details of the variations that composed each study. 

shows that the error (which was actually the standard deviation over repeated 

measurements) of the linear attenuation coefficient was less than 0.6%. Using eq. (2.50) 

and assuming the error propagates as two product errors the resulting standard deviation 
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in the power calculation (Dally et al. [1984]) is less than 2 W m-3
• While the power field 

is inhomogeneous, 5000 W m-3 can be used as a standard value for an order of magnitude 

analysis resulting in an error less than 0.1 %. 

While the power is linear in the thermal models the effect of changes in axial 

distance from the transducer face to the liver surface must be examined numerically. 

Three cases were studied. In the Baseline study the axial distance was set to the 

experimentally measured value of 210 mm. For study 1 the axial distance was shorted 

to 200 mm (which was also the radius of curvature of the transducer). For study 2 the 

axial distance was set to 220 mm. Table 4.6 summarizes the results. 

Table 4.7 lists the results for the sensitivity study based upon changes in total 

acoustical power output of the transducer. For study 3 the power was increased by 20% 

and for study 4 the power was decreased by 20%. Results are presented for the two no 

flow runs and for experiment 2 run 3. As before, the BHTE and eEE models used the 

intrinsic thermal conductivity as estimated in the no flow run. 



CHAPTER 5 

5. DISCUSSION AND CONCLUSIONS 

5.1 Discussion 
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There are three significant conclusions that can be drawn regarding the 

MRA/CEE tissue heat transfer system developed in this work and tested with the liver 

phantom. The first deals with the fixed liver flow phantom. Examination of the MRA 

images (not shown here due to lack of space) revealed that the counter current flow 

patterns were preseverd for nearly all vessels of prominence in the liver. An additional 

conclusion follows from this finding: some portion of the capillary bed must have been 

preserved since the venous return flow can only originate from the capillary bed. This 

excludes the possibility of any arterio-venous shunts, which must be investigated further, 

but can be considered unlikely for a variety of reasons including the fact that A V 

shunting is a dynamic property of the vasculature and would have to have been occuring 

during the fixation of the dead liver. 

The next two conclusions follow from the steady state temperature profiles. 

Figures 4.2 and 4.3 shows the second and unexpected result evidenced by the drop then 

rise then drop again (see probes 8 and 10) in the measured steady state temperatures as 

the flow in the liver was increased while the power was held constant. This oscillation 

contradicts with the monotonic decrease expected in a static phantom in which the flow 

geometry is fixed. Therefore this specific fixed liver could not be considered a static 

phantom. A possible explanation for the oscillation could be that some compliance in 
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the vessel network remained after the alcohol fixation took place which would allow the 

flow pattern inside the liver vascular network to remain a function of the pressure drop 

across the liver and the total flow through the liver. This conclusion invalidates the use 

of a linear relationship between the MRA velocities measured at one flow rate and 

subsequent experiments carried out at another flow rate. Recall that the calculation of 

V· in Chapter 4 assumed a linear relation between the velocities measured during the 

MRA scans and the velocities that were occurring during the hyperthermia experiments. 

The third and most interesting result can be seen from the spatial rearrangement 

of steady state temperatures between experiments with and without flow. For instance, 

in Fig. 3.9, the order of hottest to coldest sensors on probe 8 in experiment 1 run 2 was 

4-3-5-2-6-1-7 but when flow was turned on Fig. 3.10 shows the order of hottest to 

coldest probes became 4-5-3-6-7-1-2. The rearrangement is seen even more dramatically 

in probe 10 where junction 2 goes from being the hottest to the coldest. This 

rearrangment results from the inhomogeneous velocity pattern seen inside the liver. This 

reordering of the temperature field eliminates the applicability of any "homogeneous" 

model that would simply change all temperatures by the same relative amount as model 

parameters (e.g., thermal conductivity and perfusion) are adjusted. The simple 

homogeneous ETCE and BHTE thermal models are therefore unable to spatially 

rearrange the temperatures as seen in the experiment, leaving the CEE the only thermal 

model with the potential to make predictions similar to the experimentally measured 

temperatures. The fact that the CEE exactly models the basic phyics of heat transfer 
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reinforces this finding. 

As a first step in the estimation process, the MRA/CEE tissue heat transfer 

system was used to estimate the intrinsic thermal conductivity of the preserved liver. 

The geometrical block model was used for the majority of studies due to its simplicity. 

For the BHTE and the CEE thermal models the estimation process to determine the 

unknown perfusion W in the BHTE and the unknown velocity scale factor y* in the CEE 

model began with the estimation of the intrinsic thermal conductivity of the liver 

preparation perfused with degassed water from the no flow runs. The values estimated 

for intrinsic thermal conductivity were 0.92 and 0.75 W m'l eel for the geometric block 

models and 0.63 and 0.73 W m'l ec-l in the traced model, and are in line with 

previously reported values (e.g. , see the review of Bowman et al. [1975]) of 0.486 to 

0.901 W m'l eC- I for in vivo canine livers and 0.478 to 1.425 W m'l eC- I for in vitro 

canine livers. Since the measurement of tissue properties has been shown to depend 

upon the fixation technique (for the in vitro values) and the time after excision (for the 

in vivo values)S it is difficult to justify conclusions regarding the accuracy of the 

estimated value for intrinsic thermal conductivity by comparison to previous results. It 

therefore appears necessary to be able to measure the intrinsic thermal conductivity of 

the tissue or phantom material through a second independent process. 

In general all thermal models in the MRA/CEE tissue heat transfer system 

SPor example, the value of the absorption coefficient for ultrasound has been shown to 
change dramatically during the first hour after being excised (Zimmer [1993]). 
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performed poorly in the simulations with flow, and none proved able to meet the 

clinically useful accuracy of 0.5 °C as discussed in Chapter 1. However, since these are 

the first results with any system of this type, further reductions in the LSE error should 

still be possible with the further improvements proposed in § 5.3. This initially poor 

accuracy with the experimental results also makes any possible conclusions drawn from 

thermal model comparisons very weak and most likely suspect to future revisions as the 

accuracy of all models are equally likely to improve through development of the system. 

The estimation of thermal model parameters using the geometric block model are 

best summarized in Figs. 4.4 through 4.6, which show the expected increase in estimated 

perfusion for the BHTE, k.,cc for the ETCE, and velocity magnitude for the CEE as the 

total flow through the liver was increased. In experiment 1 the 0.02 e min- l flow rate 

was run twice to examine the repeatability of the entire experimental/numerical process. 

The corresponding data points in Figs. 4.4 through 4.6 show that there was good 

repeatability. In fact, Table 4.2 shows that for each thermal model, the two values for 

the estimated unknown quantity were within 2% of each other. However, the 

interexperiment consistency was not as good, as shown in Fig. 4.1. For the runs shown 

in Fig. 4.1 the same transducer was used in experiment 1 and 2 but in experiment 2 the 

power level was liz that of experiment 1. The expected drop by 112 in the temperatures 

was not seen indicating that the temperatures do not go linearly with the power as 

indicated by the thermal models or there was a dramatic difference between the setups 

for experiment 1 and 2. This inconsistency is also graphically demonstrated in Figs. 4.7 
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through 4.9 where the estimated thermal model unknowns for experiment 1 are 6 to 12 

times higher than in experiment 2. Table 3.3 shows that, from a numerical standpoint, 

this was the result of the higher power levels used in experiment 1 to obtain the same 

temperature elevations as in experiment 2. This is partially accounted by the higher 

frequency ultrasound transducer used in experiment 2, and the associated higher 

attenuation, which results in about a 15% increase in absorbed power for the same total 

acoustical power. This still leaves a large margin which may be explained by poor 

acoustical coupling in experiment 1 which would require more total electric power to 

achieve the same absorbed acoustical power. These results indicate that any experiment 

should contain a set of general checks, one of which should be a test for linearity of the 

power with temperature, e.g., double the power and look for a doubling of temperatures. 

For the BHTE thermal model a comparison can be made between the optimal 

perfusion estimated and a corresponding measured quantity. Equation (4.2) can be used 

to calculate the measured perfusion by assuming a homogeneous perfusion and density 

in the liver. Both liver experiments are then seen to produce estimated perfusions above 

the measured perfusions. The origins of this difference for the BHTE simulations most 

likely arose from the method of mechanically constraining the liver which was not 

consistent between the MR and hyperthermia experiments due to the need to instrument 

the liver differently for each experiment. This constraining may have 1) produced 

changes in the resistance of the flow network inside the liver giving rise to 

inhomogeneities in the internal flow of the liver and 2) therefore changed the flow pattern 
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between the MRA and hyperthermia experiments. The end result is, however, the same 

as that discussed in the second paragraph: the flow pattern inside the liver during the 

hyperthermia experiments may not have been a scalar multiple of the one that was 

occurring during the MR scan. 

The traced models were used to produce a more realistic description of the liver 

geometry. The mesh generation scheme used to generate the 3D traced models 

eventually proved very robust and computational efficient during execution, i. e., no 

bombs or inconsistent results occurred during execution, once debugged. This robustness 

is a result of constructing a relatively simple FE mesh from identically shaped hexahedral 

elements. The 3D mesh generated based upon the 2D outlines produced over 200,000 

nodes requiring the use of iterative solvers since an FE stiffness matrix of this size could 

not be stored on core. The generalized conjugate gradient method program in the 

ITP ACK library NSPCG proved able to solve a system of 179,243 unknowns for the 

CEE model (an asymmetric stiffness) in about 350 iterations. Use of a better initial 

guess (such as the previous results which are available during the gauss minimization 

process) reduced this to about 60 iterations, which is comparable with the iterations 

required by the conjugate gradient method for the symmetric runs (i. e., BHTE and 

ETCE). 

Results from the traced model were substantially different from those using the 

simple block model. For instance, comparing Table 4.2 for the block model to Table 

4.3 for the traced model, the intrinsic thermal conductivity for experiment 1 using the 
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traced model was 32.6% lower than the block model and the LSE was increased 232% 

from the block model. For experiment 2 the change in intrinsic thermal conductivity was 

not as great, 2.67%, but the LSE still increased by 54.3%. As Figs. 4.14 and 4.15 

show, the boundary geometry moves the temperature field dramatically from the purely 

symmetric results generated with the symmetric block model and simple thermal models. 

This was how the slight change in intrinsic thermal conductivity in experiment 2 was able 

to produce a large change in LSE between the block and traced model. 

One foreseen advantage of the traced models was that the velocity field from the 

MRA is incorporated in a consistent manner in the thermal model. For the block models 

of § 4.2 the velocities were linearly interpolated from the VELBASE data file as 

discussed in § 2.3.2 regardless of the location. If a node were located outside the actual 

liver volume the program still assigned a velocity value. These values were actually the 

noise measured in the ambient water (see Figs. 3.4,3.5, and 3.6). Since the temperature 

at these points was near zero the influence of any velocity however was negligible. 

The sensitivity studies provided evidence as to the importance of the accuracy of 

each aspect of the simulation. The estimated optimal thermal model parameters were in 

general rather insensitive to all changes but those in the magnitude of applied power. 

Table 4.4 shows that errors up to 7 mm in junction location did not change the results 

substantially. This conclusion comes forth with one caveat although: the simulation and 

experimental results were not well matched to begin with. So studying the effect of 

errors on initially poor results may be inconclusive. Still it is generally accepted that in 



131 

a clinical environment the junction locations will be known to within at least 7 mm so 

the system does not appear to be limited by these errors. The effect of changing the 

boundary condition had little effect also. The boundary conditions as modelled in BC 

Study 1 were chosen to be used in completing the baseline studies due to their perceived 

superior physical correctness when compared to the other methods. These results also 

show that except for a limited number of instances, the adjustments made on the 

boundary temperatures were usually less than 1.0 °C, implying that homogeneous 

boundary conditions would be a good assumption. Again these results fair well for the 

use of the system in a clinical environment where it is desirable to minimize the amount 

of information the user must supply. The results from the power sensitivity studies were 

for the most part predictable and matched well with these expectations, especially the 

ETCE model. It is interesting to note that the final estimated temperatures were always 

the same for (and hence the LSE value) for the ETCE model in power deposition studies 

3 and 4, as will be true for any power magnitude sensitivity study. This can be seen 

from the conduction equation, where the inhomogeneous term in the differential equation 

is actually Q/kcfc, a single quantity. 

5.2 Conclusions 

The MRA/CEE tissue heat transfer system developed in this research was able 

to: 1) model the problem geometry with a simple block model or use 2D hand drawn 

outlines from sequential parallel medical images, and 2) use any of three thermal models 

for heat transfer in tissue: the ETCE, the BHTE, and the CEE. The ability of the system 
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to use the theoretically correct CEE for describing heat transfer in tissue is a major 

theoretical advance from previous methods of thermal analysis based upon approximate 

equations like the BHTE and the ETCE. Use of the CEE was previously impossible 

because it required knowledge of the in vivo velocity field, which was made possible in 

the current rescarch through MRA. The MRA/CEE tissue heat transfer system therefore 

provides a comprehensive tool to explore heat transfer in tissue. 

The resolution of MRA is determined by the selected field of view and image 

resolution as discussed in Chapter 3, but spatial resolution can be as small as 0.2 mm 

with a velocity resolution no less than 1.0 mm sec·!. The measurement error associated 

with this technique, however, has been shown to approach 15%. In spite of this 

shortcoming, MRA still remains the only clinically viable method to non-invasively 

measure blood velocities in situ. The simple models that employ homogeneous isotropic 

properties represented the first logical modelling attempts for tissue heat transfer. 

However, a growing amount of detailed experimental evidence is demonstrating the 

dramatic influence of discrete blood flow in determining the temperature distribution in 

tissues. Furthermore, these discrete blood flow patterns vary from site to site, patient 

to patient, thereby mandating the need for non-invasive measurement of this flow. The 

MRA/CEE tissue heat transfer system developed meets all of these modelling needs. 

The system was also shown to be relatively insensitive to the type and magnitude of 

errors that are to be expected in clinical usc. 

Finally, a remark should be made regarding computer resources. Many computer 
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programs were used to implement the numerical procedures of the MRA/CEE tissue heat 

transfer system described in Chapter 2 and it should prove useful to future users of the 

MRA/CEE tissue heat transfer system to be aware of how they were integrated for this 

work and the resulting computer resources that were required. Towards that end the 

following two paragraphs detail the computer files used and their purpose along with 

some typical hardware configurations and CPU requirements 

After the FE geometric input files were written (i. e., NODES, ELEMS, 

CONTROL.FEM, BOUNDF, ALPHAF, and PERFF) the power and velocity fields had 

to be determined. Section 2.5 explains how the power field was generated. The final 

data file written by the power simulation programs was a *.sJu file which contained the 

power density (W m-3
) over a regular 3D mesh of 1 mm spacing. In order to find the 

power density at each node in the FE model, the program lisJu.Jwas used to interpolate 

the value, from the *_ sJit file values, based on the tri-linear interpolation defined by eqs_ 

(2_2) and (2_3). The output was written to the SARCF file. The same method was used 

to assign values of velocity at each node in the FE model by the program live!./. The 

baseline values were taken from the VELBASE file generated from decvel. c as described 

. §? 3? In . __ ._. The estimation code, estJem[bkvl.f, needs two files as input for the 

estimation, MEASURED and parameters. parameters provides an initial guess for the 

unknown parameters that are being estimated and MEASURED contains the mesh node 

and the measured temperature at that node that the estimation program tries to match. 

MEASURED was generated by findnds. c which read real space coordinates for the tip 
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of a thermocouple probe and one point along the line of the probe, calculated junctions 

at a 10 mm spacing, and then found the closest node in the numerical model to associate 

with that junction. At this point all the needed input files have been generated and the 

estimation program can be run. 

The results presented here were obtained on a variety of computer systems 

including CRAY Y-MP8I18128-2512 MW SSD Model-E running UNICOS 7.0.4 (64 bit 

word), CRAY M90/21024 Model-E running UNICOS 7.C.2 (64 bit word), Stardent 

Titan 3000 running TitanOS 4.2 (32 bit word), Silicon Graphics Inc., 4D 70G running 

4Dl-3.3 UNIX (32 bit word), a Convex C2-40 (32 bit word), and an IBM RISC 6000 

cluster. Use of many machines was necessary due to the large data set associated with 

just one run (usually about 100 MB) and the extremely long run time for that one run, 

between 24 and 100 cpu hours. For example, estimation runs using the CEE model with 

the 78,000 node block models took approximately 10000 cpu minutes (7 cpu days) on the 

Stardent. This was reduced to about 4 cpu days on the CRA Y YM-P. This was for one 

estimation run. This long execution time makes development time very long and 

expensive. The other limitation was in core memory. The FE method requires l.he 

storage of the stiffness matrix unless an iterative solver is used. However, calculations 

for transient solutions accumulate too much truncation error using iterative (indirect) 

solvers at each time step. That is why they were not studied in this research. Current 

memory capacities on the CRA Yare limited to 1 Giga word which allows about 200,000 

nodes for the generalized conjugate gradient solver. These capacities must be expanded 
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if the use of this method is be extended from the research stage to the clinically useful 

stage. 

5.3 Recommendations for Future Work 

Due to the relatively high LSE for the no flow runs, a very simple experiment 

should be performed to locate error sources in the system. A very simple flow 

arrangement such as a single tube with laminar flow, should be studied to quantify error 

associated with MRA. This was not possible in this study due to 1) a lack of availability 

of the MRA scanner, 2) the cost of MR time, and 3) the initial study of Akata et al. 

[1993], provided the some information on accuracy, although the raw experimental data 

were not available. Additionally, very simple inhomogeneities should be used to initiate 

heat transfer in the phantom, such as a boundary surface at a fixed temperature or a 

resistive heating element. Ideally these experiments should be designed to simultaneously 

heat, make velocity measurements, and read temperatures inside the MR scanner to 

remove any errors introduced in moving and setting up the system again. These type of 

experiments could provide insight into error origination in the system. Most tools 

necessary for these experiments to take place are currently available. However, an 

improved fiducial system to locate thermocouple probes within the MR scan must be 

established. This also means being able to image a metallic thermocouple inside the MR 

scanner, straightforward by tedious task. 

It would also be necessary to have a second independent method to measure the 

intrinsic thermal conductivity of the liver, or phantom being studied. This is important 
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since previously published results only provide a rough guideline for these values, 

especially where in vivo or in vitro measurements are concerned. 

While the fixed liver was invaluable in providing a realistic and controllable 

platform for the experiments, it was not large enough in the axial direction to envelop 

the entire sound field which resulted in inhomogeneous boundary conditions which added 

to the complexity of the thermal modelling and potentially introduced errors. This can 

easily be overcome simply by selecting a larger animal, such as a bovine, from which 

to obtain the liver. The repeatability of flow measurements inside this phantom should 

also be explored with detailed MRA experiments which were not feasible in this work. 

While the MRA technique must be used carefully or it will introduce unacceptable 

errors, MR is the imaging tool of the future. In addition to the currently available 

medical applications, imaging techniques are currently being developed to measure just 

about everything including temperature and tissue damage from ultrasound surgery. The 

most remarkable aspect of these developments is that they require little or no change in 

hardware and are implemented solely through software upgrades. This dramatically 

reduces the time and cost of development. While Akata et aI., [1993] have shown the 

current accuracy of the MRA non-invasive measurement technique is sensitive to various 

measurement factors, the accuracy will only continue to improve in the future and 

thereby improve the temperature estimations based upon its data. 

Recommendations regarding the numerical analysis system would be to 

incorporate commercial 3D FE mesh generators and do extensive comparison studies 
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between the block and traced models. Packages capable of meshing an arbitrary 3D 

volume similar to the ones expected in a clinical environment with hexahedral elements 

should be available in one year. It would also be beneficial to run a very detailed 

comparison study to explain the large differences present in the results for the block 

model and the traced model. The traced models should prove to be morc accurate, but 

an experiment specifically designed to demonstrate that would have to be performed. 

Such factors as the correct modelling of boundary conditions (e.g., fixed temperature or 

natural convection) and the ability of the 2D traces to accurately reconstruct the 3D 

geometry should be addressed. However, currently available computer power, even the 

eRA Y systems, do not possess the size and speed to efficiently do these studies. 
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APPENDIX A. DSA VESSEL TRACKING 

A.I Introduction 

An alternative approach to determining the velocity field inside tissue, still based 

upon clinically used medical instrumentation, is to use DIGITAL SUBTRACTION 

ANGIOGRAPHY (DSA). DSA utilizes an X-RAY projection to visualize blood vessels 

by producing two images, one serves as a base line image, while the other is obtained 

with a radio-opaque dye injected from a nearby artery at some predetermined flow rate. 

The base line image is digitally subtracted (early methods were able to do this with hard 

copy films also) from the dye enhanced image which leaves only the image of the dye 

inside the vessels. Several methods of II tracking II the vasculature of a two dimensional 

DIGITAL SUBTRACTION ANGIOGRAM (also DSA) have been developed (e.g., 

Hoffman et al. [1987]; and Sun [1989]). In fact, Hoffman et al. [1989] have 

incorporated their vessel tracker into a package to reproduce the 3D vascular tree from 

a set of stereoscopic images. These tracking algorithms can also be applied to the MRA 

data set which contains a magnitude image similar to a DSA. The methods presented 

here can theoretically be extended to the 3D MRA data set. The problem of 

reconstructing the 3D vasculature from 2D diagnostic images has two parts. One is to 

II track II the vessels in a 2D image to obtain a compressed data set that contains the vessel 

centerline coordinates and vessel widths. The second is to then reconstruct the 3D 

coordinates from the 2D data sets of centerlines and widths. 

A.2 Tracking Vessels 
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For this research the vessel tracking algorithms of Hayworth [1988] were used. 

The programs were extensively modified and this appendix details those modifications. 

The program of Hayworth "tracks" a DSA image by moving a small square box (the 

edge size is some arbitrary multiple of the width of the vessel which it is tracking) along 

the vessel tree in the image. The program has two main sections, visit.c and 

ANALYZE. F. visit. c is a "C' function which directs the tracker through the image and 

stores all the digital data in a dynamically allocated binary tree structure. ANALYZE. F 

is a FORTRAN function which at each box location obtains a histogram, determines the 

local background grey level, and then analyzes the grey scale values along the perimeter 

for "bumps" above the background grey level. These "bumps" are where the vessels 

have entered or exited the box. The bumps are analyzed in detail by the FORTRAN 

function GETW.F to determine the center and width of the vessel. The box is then 

moved "down" the vascular tree by visit. c which centers the box up on one of the 

"children" bumps. 

Several modifications and improvements were made to the software. The first of 

these was to modify it to run on a Silicon Graphics, Inc. IRIS 4D170G computer graphics 

workstation. This was done by writing a graphical "front end" (dsa512.c) for 

Hayworth's number crunching code. This front end provides a graphical interface which 

allows the user to see the program "track" the vessels in the DSA and interface with the 

code as described below through a series of popup menus. A self contained detailing of 

the remaining changes made would require too much background explanation of 
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Hayworth's work at this point. Therefore the discussions below will reference the 

appropriate section in Hayworth's dissertation which details the work and will use the 

same terminology as Hayworth. 

A.2.1 Determination of Background Intensity 

Hayworth ([1988] p. 156) proposed four methods of determining the mean 

background intensity, a manual and global method, and three locally automatic, adaptive 

methods. A variation of Method 2 was developed. Figure A.l (a) is histogram of a 

tracking box, whose perimeter values are shown in Fig. A.l (b), taken from a clinical 

DSA that was entered into the computer through a digitizing frame grabber (Dutton 

[1989]). The characteristic of the histogram is to have two peaks, one that corresponds 

to the mean background intensity, and another that corresponds the vessel intensity. The 

tracking algorithm must determine a single intensity that separates these two levels. For 

the studies conducted in this research, this cutoff intensity (termed the valley grey level) 

was most efficaciously set as the centroid (weighted average) of the entire histogram, 

i.e. , 

2SS 
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Figure A.1 Plots of the (a) histogram of a tracking box and (b) image grey scale value 
along the perimeter of a tracking box. 
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The mean background intensity (or the mode grey level) was then taken as the centroid 

(weighted average) of the histogram below this cutoff, i. e., 

valley gl 

E H(i)*i 
background grey level = ----0.

1=...;..0 __ _ 
valley gl 

(A. 2) 

:E H(i) 
;=0 

This simple idea has the advantage that the value it selects is totally insensitive 

to noise and the number of pixels that make up the histogram. The latter fact makes this 

method attractive because the box size will cover a wide range of values as it II tracks II 

the image (for practical purposes, the box was never allowed to be smaller that 3 pixels 

on edge). Previous attempts using methods that attempted to filter noise and/or match 

the histogram to a model were found to lack robustness in "tracking" clinical images. 

This method also required a change in the threshold value used by the continuity 

checker (doespathexist.c, see Hayworth [1988]; p.75). Using the background grey level 

resulted in the tracker connecting vessels that were not connected in a test image. 

However, if the valley grey level was used, the tracker recognized any gaps inside the 

box and reported the bumps as not connected. 

A.2.2 Minimum Contrast Requirement and Noise 

Hayworth ([1988J p.162) had the user supply a specific threshold intensity value 
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for the entire image. In order to automate the tracking, a value equal to the average of 

the background grey level and the valley grey level proved to be a good choice in 

tracking clinical images. 

The manner in which the linear array representing the image gray levels under 

the perimeter of the tracking window was scanned was also modified. Figure A.1 (b) 

shows the perimeter intensity values for the box which generated the histogram shown 

in Fig. A.1 (a). The array was scanned "forward" until it exceeded the threshold 

intensity. Then the array was scanned backwards from that point until either the intensity 

fell below or was equal to background grey level or noise was encountered. Noise was 

encountered when the intensity of the next pixel searched was above the current pixel 

intensity. The array was then scanned forward using the same guidelines. 

A.2.3 Prevention of Backtracking 

Hayworth ([1988] p.69) prevented backtracking by eliminating the vessel bump 

from among the children that corresponded to the parent node. This node was taken as 

the one closest to the parent node. In ihis way he prevented the tracker from moving 

back up where it came from. There are however more situations which can occur that 

will cause the tracker to move along previously tracked vessels. Figure A.2 shows an 

example of how the tracker may move along a previously tracked vessel. In this case 

the tracking box has come to a bifurcation and the box size and location are such that the 

perimeter of the box between points b 1 and b2 do not cross a vessel in the expected 

manner. This expected manner is such that the intensity profiles detected along the 
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perimeter are of the theoretical form of the intensity profile (an ellipse) (Hayworth [1988] 

p. 127) that was used to develop the parameter estimation model. In this case, the 

tracker may follow the upper branch which will have already been tracked from node B. 

In order to handle this occurrence, the tracker was modified to flag any bump that had 

a width greater than some threshold (this threshold was set to some percentage of the box 

side). The user was then notified that this bump exceeded the allowed threshold and was 

prompted to confirm the elimination of this bump. 

Figure A.2 An example of how backtracking may begin at a bifurcation with the box 
tracking method. 

A.2.4 User Interface Improvements 

Figure A.3 is a flow chart for the visit. c function and Fig. A.4 is a flow chart for 

the ANAL YZE.F subroutine. These flow charts illustrate the important processes and 

decisions made with the tracking program. They can by no means reflect the complete 
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operation of the code, but are complete as far as illustrating the locations of the added 

user interfaces in the code. These interfaces are shown with a double box element in the 

flow charts. Several instances as those described in § A.2 were noted where the actual 

input data to the tracker were not consistent with the expected data. The program then 

seeks to resolve this issue by eliminating the child responsible for these bad data, but as 

a double check approval is required from the user for the elimination of a prospective 

child node. 

In the visit. c function two checks were added to eliminate children which could 

lead to backtracking. One check ensures that the tracker does not literally move back 

on itself by disallowing any child nodes which bend back less than a pre-selected critical 

angle as shown in Fig. A. 7. The second check ensures the pixel selected as a child has 

not been previously tracked. Before the tracking box moves onto a child node the pixels 

in that box, above the background grey level, are marked as II tracked ". If the child node 

pixel is flagged as "tracked" the user is asked to approve the elimination of this child. 

Two checks were added to the ANALYZE. F function to eliminate possible "bad II 

children. The first check was detailed in § A.2.3 and prevents backtracking. The 

second check takes place at the end of the ANALYZE. F function after it has selected and 

analyzed all the bumps along the box perimeter. Only four bumps are allowed to be 

contained in a box. This allows the tracker to interpret the following situations based 

solely on the number of bumps it finds: 1) two bumps means a transiting vessel through 

the box; 2) three bumps means a bifurcation inside the box; and 3) four bumps means 
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Figure A.3 Flow chart for the VISIT function which examines the box perimeter and 
returns the number of vessels that cross the perimeter. 
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Figure A.4 Continuation of the How chart in Fig. A.3 for the VISIT function which 
analyzes the bumps along the box perimeter. 
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Figure A.S Flow chart for the ANALYZE subroutine which analyzes the box 
perimeter to find vessels and eliminates previous tracked or possible backtrack vessels. 
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Figure A.6 Continuation of the flow chart for ANALYZE subroutine to analyze the 
box perimeter for vessels. 
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Figure A.7 Depiction of the measurement of the critical angle for prevention of 
backtracking. 

two transiting vessels crossing inside the box. Since the tracker can only interpret the 

consequence of four bumps the user is asked to eliminate bumps until only four remain. 

A.3 3D Reconstruction 

The problem of reconstructing 3-D coordinates from two oblique projection views 

has been explained before in several reference and a good detailed explanation is given 

by MacKay et al. [1982]. 

A.4 Summary 

The many modifications detailed in this appendix did enable the tracking 

algorithm to successfully navigate many test images. However, the programs produced 

less than satisfactory results on clinical images obtained using the fixed liver and a live 

dog's thigh. The major contributor to this poor performance is the noise introduced to 

the image in the process of being digitized into the computer. Hayworth constructed a 

DSA machine and therefore had access to the original signals which resulted in the 
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Therefore, any successful 

implementation of this software will require access to the original digital signals which 

are usually stored in a custom computer under a proprietary format making access 

currently impossible on many commercial DSA machines. Since 1) this digital DSA 

information was not made available for this research, and 2) the superior MRA data 

were, the DSA based method was not persued in favor of the MRA technique. 



APPENDIX B. MODELLING BLOOD FLOW FOR HEAT TRANSFER 

B.1 Introduction 
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The end result of the work detailed in Appendix A was to produce a description 

of the vascular geometry in terms of vessel diameters and centerline locations. However, 

for a heat transfer analysis the actual problem is one of solving two coupled partial 

differential equations: (1) the Navier-Stokes equations which govern the fluid motion and 

(2) the convective energy equation which governs energy transfer. The equations are 

coupled through temperature dependent properties such as density, viscosity, and thermal 

conductivity. The question is then, "How to construct a velocity field given the known 

geometry?" As a first approximation, the velocity can be determined by assuming a fully 

developed steady state laminar flow which results in a parabolic velocity profile across 

the diameter of the blood vessel (Kays and Crawford [1980]). (Incidentally, as eq. (2.1) 

shows the steady state laminar flow assumptions were also made when using the MRA 

measured velocity field.) But how good of an approximation is this to the actual flow 

field? Furthermore, how does this approximation impact upon temperature calculations? 

This appendix reviews the assumptions made and presents some currently available data 

which can be used to judge the validity of the fully developed steady state laminar flow 

assumption and its impact on temperature calculations. 

B.2 The Development of Models for Blood Flow in Vessels 

Models for describing blood flow in vessels can be considered to fall into two 

categories. The first category is systemic models which attempt to model the entire 
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circulatory system including the effect of pulsatile pressure, branching, and capillary 

beds. The second category is discrete models which model individual vessels and single 

bifurcations. The discrete models are the ones of most use in a heat transfer analysis 

since they describe the velocity distribution inside the vessel lumen. Perhaps the most 

popular discrete model was put forth by Womersley (Womersley [1955]; Womersley 

[1957]) and included the effects of a periodic pressure variation and elastic vessel walls. 

He was not the first to account for these affects however (see the review in Milnor 

[1982]). Since then scores of papers have been presented with increasing sophistication 

on the subject of blood flow through a vessel (e.g. , Streeter et al. [1963]; Merrill et al. 

[1965]; Skalak et al. [1981]; and Schmid-Schonbein [1988].) Additionally, several texts 

are also available which provide a more complete history and detail of various blood flow 

models (e.g., Charm and Kurland [1974]; Hwang and Normann [1977]; Milnor [1982]; 

Fung [1984]; Lowe [1988]; and Nichols and O'Rourke [1990]). Since these blood now 

models were developed to solely account for the hemodynamics of blood and were not 

initially intended for use in a heat transfer analysis it is necessary to examine how the 

assumptions made in these models effect the solution of the energy equation. 

B.3 Validity of the Blood Flow Model Assumptions in the Energy Equation 

Milnor [1982] puts forth an excellent summary of the validity of the assumptions 

made by several of the blood flow models, most notably the Womersley model, and the 

following sections are based in a large part upon his findings. 

Laminar Flow This is assumed by every blood flow model including the 
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Womersley models. It is generally accepted that this condition holds throughout the 

entire circulation system with a few notable exceptions. The notable exceptions to this 

rule occur in the ascending aorta and the main pulmonary artery just beyond the valves 

of the heart. Otherwise the flow velocities are low enough to produce laminar flow. 

Crezee and Lagendijk [1992] compiled a table which summarizes vascular diameters, 

average velocities and average lengths. Some typical velocities for the circulation were 

also compiled and reported by Williams [1990]. All of the listed velocities correspond 

to Reynolds numbers that are well below the critical Reynolds number of about 2000, 

above which the onset of turbulence is likely. This remains true even when pulsatile 

affects are considered (see below). Since the two regions where turbulence may occur 

will not be contained in the anatomy to be studied, the assumption of laminar flow is 

therefore valid. 

Hydrodvnamic Entry Length Analysis of entry regions are commonly based upon 

the situation of laminar pipe flow problems (e.g., Kays and Crawford [1980]), in which 

fluid enters at a uniform temperature and velocity, and profiles develop along the axial 

length of the pipe into some fully developed radial profile. In the circulation of blood 

however, the actual "entry" condition is that of fluid entering from a bifurcation of an 

arbitrary angle. These flow configurations have been addressed numerically (e.g., Enden 

et at. [1985]) along with certain flow visualization studies (e.g., Stehbens [1975]; 

Liepsch et al. [1989]). These studies, which for the most part are concerned with larger 

vessels such as the aorta and pulmonary artery, show that the general characteristic of 



155 

this type of flow is to produce recirculation and/or stagnation regions down stream of the 

bifurcation. Recent numerical results by other investigators (e.g., Popel et al. [1992]; 

Henry and Collins, [1992]) have not changed this observation. In some regards this issue 

also deals with the laminar flow assumption in that bifurcations are a possible source of 

turbulence. Turbulence has only been demonstrated with flow visualization studies 

however, all numerical studies have dealt with laminar flow. The magnitude and location 

of the recirculation and/or stagnation of the flow depends on the inlet Reynolds number 

of the flow and the bifurcation angle and is difficult to generalize. In the circulatory 

system however, as the flow moves to the smaller vessels at ever increasing distances 

from the heart (the vessels of interest in the heat transfer analysis), the flow's average 

velocity and dynamic range of velocity are reduced (Fung [1984]), as is the possibility 

of a recirculation and stagnation regime. Since the heat transfer analysis will usually 

deal only with flow in smaller arteries (say those beyond the femoral artery) the 

recirculation and stagnation regions can be neglected. This is a rather qualitative 

justification for neglecting entrance effects in the smaller arteries, but appears justified 

in light of the fact that available data, either numerical or experimental, are only 

applicable to the aorta and the argument made in the following paragraph. 

The above paragraph justifies through a rather qualitative argument that the 

complex flow patterns seen in studies near the heart will not appear in the vasculature 

present in the tissue being analyzed for these studies. The issue of the hydrodynamic 

entry length in a heat transfer analysis can be quantitatively evaluated, however, by 
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considering the Prandtl number, Pr, which is the ratio of the kinematic viscosity, v, to 

the thermal diffusivity, a. The Prandtl number for blood is in the range 20 - 25 (e.g., 

Williams [1990]). It has been shown (Kays and Crawford [1980]) that for a Pr > 5 the 

velocity profile develops much faster than the temperature profile and that the assumption 

of a fully developed flow will introduce little error into the thermal results, even if both 

profiles are uniform at the entry of the vessel. This fact is also demonstrated by Crezze 

and Lagendijk [1992] whose tabulated results from the literature show that for vessels 

less than 3 mm in diameter, the hydrodynamic entry length was about 10% of the 

average vessel length. Additionally, as discussed above, the inlet condition to a vessel 

is not a uniform velocity profile since it actually results from a bifurcation of a previous 

vessel which could possibly already be hydrodynamically fully developed. In summary 

then, since the possible flow anomalies from a bifurcation are neglected, the Prandtl 

number is greater than 5, and the hydrodynamic entry length is on average less than 10% 

of the vessel length, the flow can be assumed to be fully developed everywhere. 

Newtonian Fluid Early work done in measuring the viscosity of blood resulted 

in a Casson Law for the viscosity over a range of shear rates from 0 to 100,000 S·l 

(Charm and Kurland (1965]). Later, however, measurements made by Merrill and 

Pelletier [1967] showed that at shear rates beyond 100 S·l blood actually behaved as a 

Newtonian fluid and that the Casson Law relations held only for the lower shear rates. 

This finding has been upheld in more recent studies (e.g., Lowe [1988]). Shear rates in 

vivo at the vessel wall were reported by Milnor [1989]: in the ascending aorta the shear 
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rate was about 50 S-1; in the femoral artery it was about 150 S-1; and finally at the 

arteriole level the shear rate had increased to about 400 S-1. Since vessels on the order 

of the femoral artery represent the largest vessels to be studied, the shear rates will 

always exceed 100 S-1 at the vessel wall, but will decrease to zero in the center of the 

lumen. However, Taylor [1959] theoretically demonstrated that the effect of very low 

shear rates (where the non-Newtonian nature of blood is evident) introduces errors of 

approximately 2% in the velocity calculation across the lumen. Therefore non

Newtonian effects can be neglected. Finally, the value of blood viscosity in the 

Newtonian range is between 0.03 and 0.04 poise (Merrill and Pelletier [1967]). 

Couplin£! of the Momentum and Energy Equations The coupling between the 

momentum and energy equations takes place through 1) changes in thermal conductivity 

with temperature, 2) density changes with temperature (buoyancy) and 3) viscosity 

changes with temperature. Since there are no good data available on the temperature 

dependence of thermal conductivity, it has been neglected. 

The impact of buoyancy effects, however, can be seen by comparing the Grashof 

number to the Reynolds number. The temperature differences seen in a typical 

hyperthermia treatment can be up to 10 °e. For a 5 mm vessel a typical value of the 

Grashof number is therefore about 2000 where the Reynolds number is about 250. Since 

the ratio Gr/Re2 < < 1 buoyancy effects can be neglected. 

Regarding the temperature affect on viscosity, a summary of measurements on the 

temperature dependence of plasma viscosity was reported in Lowe [1988]. The values 
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listed ranged from 1.70 - 1. 915 mPa at 20°C to 1.16 - 1.35 mPa at 37°C. 

Extrapolating these values to 45 °C gives a plasma viscosity of 0.995 mPa, a 20% 

change over the range encountered in a hyperthermia treatment. The temperature 

behavior of viscosity is a moot point however since from the above discussions a fully 

developed velocity profile is being assumed, which produces a velocity profile 

independent of viscosity. This can be shown since once the size of a pipe is known, and 

a fully developed laminar velocity profile is assumed, the shape must be parabolic (see 

eq. (B.l)). With this velocity profile either the pressure drop and viscosity or the total 

mass flow rate can then be used to determine the exact magnitude of the velocity profile. 

Since the pressure drop is not provided by any non-invasive measurement technique, total 

mass flow rate will be the quantity used to determine the velocity profile making the 

actual value of viscosity irrelevant to the calculation. 

Steady State The pulsatile nature of the pressure in the circulation system is the 

source of greatest concern when assessing the appropriateness of each of assumptions 

dealt with in this appendix. The oscillatory pressure inside the vessel has two impacts 

upon the modelling. The first is that the problem geometry changes with time. These 

changes in diameter have been measured and range from 6% in the ascending aorta to 

1 % in the iliac artery (Patel and Vaishnav [1977]). Analytical predictions from the 

Womersley models predict about 2-3% changes in diameter. Due to the small magnitude 

of these changes in diameter, the effect of changing blood vessel diameters can be 

neglected. 
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The second and most important modelling impact of the pulsatile nature of the 

pressure is its influence on the velocity distribution. This assumption is best dealt with 

by examining the affect of pulsatile flow on the heat transfer in a tube. While it is 

generally believed that the pulsation of the pressure will enhance heat transfer to a fluid 

(by continuously recreating a developing boundary layer which has a higher heat transfer 

coefficient than the corresponding steady state flow configuration), experimental and 

numerical results in the literature are indeterminant for laminar flow of a liquid. For 

example, Faghri et al. [1979] analytically solved the problem of a viscous pulsating 

Newtonian fluid flowing in a laminar regime through a tube under the condition of 

constant wall flux ,®, and concluded there to be an increase in the Nusselt number. 

Edwards et al. [1973] however, performed experiments and numerical analysis on 

Newtonian and non-Newtonian (in this case power-law) fluids in fully developed laminar 

pipe flow with constant wall temperature ,CD, and found no increase in the Nusselt 

number for the Newtonian fluid and an average increase of 10% for the power-law 

fluids. However, all theories in the literature show that the enhancement to heat transfer 

increases with the frequency of the pressure wave (e.g., AI-Haddad and Al-Binally 

[1989]). In light of these conflicting results and the fact that the amplitude of the 

pulsation is damped out with increasing distance from the heart (Nichols and O'Rourke 

[1990]), pulsation can be neglected. 

B.4 Summary of the Governing Equations and Assumptions 

The above assumptions result in the following momentum equation that can be 



used to model blood flow in the vessel 

where 

r = radial coordinate, m 

!!!..(rt ) _ 1. dP 
rdr rz pdz 

Trz = shear stress, Newtons m-2 

p = density, kg m-3 

P = pressure, Newtons m-2 

z = axial coordinate, m 

with the assumptions 

where 

1. constant properties with temperature 
2. Newtonian fluid 
3. steady state flow 
4. no body forces 
5. fully developed laminar parallel flow. 

The corresponding form of the convective energy equation is 

aT Q 
- + u ·'VT = 'V·(i'VT + -
at pCt 

a = thermal diffusivity, m2 sec- l 

p = density, kg m-3 

u = blood velocity, m sec- l 

C1 = specific heat, J kg- l °C l 

Q = applied power density in W m-3 

with the following assumptions 
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(B.1) 

(B.2) 
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1. steady state flow 
2. no viscous dissipation 
3. properties constant with temperature 
4. incompressible liquid 
5. no potential energy from external fields 
6. no mass concentration gradients 
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APPENDIX C. CODE VERIFICATION 

C.I Finite Element Code 

The following three sections of this appendix discuss the manner in which the FE 

code used to solve eq. (2.1) was verified. One way to do this for a 3D code is to 

insulate two directions and thereby generate a 1D solution for which an analytical 

solution can be found. By checking all three directions each part of the code can be 

individually verified. 

C.l.I Conduction Solution 

As a first check, the code was run to solve a pure conduction problem with a 

uniform internal heat generation term (eq. (1.1) with u=O; also eq. (1.4». The 

governing equation can then be written in the form: 

cPT 1 aT A --=- T(x=-I,t)=O T(x=l,t)=O 
T(x,t=O) =0 

with the solution given by Carslaw and Jaeger [1959] as: 

(C.l) 

Fig. C.1 shows the normalized temperatures at different times obtained with y=0.85 and 

..1t=0.0025 seconds, and ..1x=O.Ol. 
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1 D TRANSIENT CONDUCTION SOLUTION 

o 0.2 0.4 0.6 0.8 
NON DIMENSIONAL LENGTH 

Figure C.I ID verification of the transient conduction solution at selected points in 
time. Solid line = analytical; dashed line = numerical. 

C.l.2 Perfusion Solution 

The next verification study was done using the bio-heat transfer equation (1.2). 

The governing equation can be given as 

aT cPT 
-=a--HT+Q 
at ax2 

T(x=O,r)=O T(x=l,t)=O 
T(x,t=O) =0 

(C.3) 

One way to obtain the solution is to split it up into a transient solution, TTR' and a steady 

state solution, Tss. Using standard separation methods the solution is then given as: 
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.. 
T = CePx + De-Px + Tp + EAne-

A2
'sin(PnX) 

n=l 

(C.4) 

where 

10 TRANSIENT BHTE SOLUTION 

t = 0.3 

W 
a: 0.8 

t = 0.2 

~ t = 0.15 
a: 
w 
a. 
~ 0.6 t = 0.1 
w 
l-
e 
w 

~ 0.4 
t = 0.05 

::2 a: 
a z 0.2 

t = 0.01 

0 

0 0.2 0.4 0.6 0.8 
NON DIMENSIONAL LENGTH 

Figure C.2 1D verification for the transient perfusion problem at selected points in 

time. 
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8t=0.0001 seconds and y=0.85. 

C.l.3 Convection Solution for Uniform Velocity 

Two cases were considered for the convective equation (eq. (1.1», Pe=20 and 

Pe=2000. For both problems the governing equation can be given by 

aT aT -+Pe- ;:: \flT 
at ax 

T(O,t);::l,T(X;::l,t) =0 
T(x,O);::O 

(C.6)" 

The analytical results for these two cases have been given by Lim et al. [1993]. For the 

Pe =20 case, the following solution is valid for x >::::: 0.1 

.. Pex 
'" mt -i. t 2-' T(x,t);::2 L" - {l-e '}e sm(nltx) 
n=l An 

(C.?) 

where 

(C.S) 

Fig. C.3 (a) gives the results for 8x=0.01, y=0.85, and 8t=0.01. The oscillations in 

the analytical solution are a result of the series requiring a large number of terms to 

converge to within computer accuracy which is difficult to achieve in a computer 

implementation subject to accumulated roundoff error. 

For the Pe=2000 number case, the solution is given by the following asymptotic 



166 

10 TRANSIENT CONVECTIVE SOLUTION, PE = 20 
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Figure C.3 ID verification of transient convective solution for (a) Pe=20 and (b) 
Pe=2000. 



solution obtained by the method of perturbations (Lim et al. [1993]), 

~[2-erfC(- (X-t){Pe)] , x~t 
1tx t):::; 2ft 

, lerfJ (X-t){Pe) , x>t 
2 -l 2ft 
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(C.9) 

Fig. C.3 (b) shows how the FE code compares with the above analytical solution for 

8.x=0.001, 8t=0.00001, and y=0.8S. The error shown in Fig. C.3 (b) is due to the 

"artificial diffusion" [Roache, 1982] introduced by the fact that the Petrov-Galerkin 

formulation is effectively using an upwind difference on the convective terms. This same 

type of error is present in finite differe3ce formulations using upwind differencing for 

the convective term. 

C.2 Gauss Estimation Code 

Two simple test cases were run to verify that the estimation code worked 

properly. For the first test, the code was used to estimate the PecIet number in the test 

case defined in Appendix C.l.3 for which the Pe = 20. First the analytical solution was 

used to find the temperatures at x = O. S and x = 0.7S as a function of time. Then the 

analytical solution was used in conjunction with the Gauss estimation scheme to 

determine the PecIet number. Table C.1 lists the PecIet number at each iteration. Only 

3 iterations were required when the initial guess was set at Pe = S. 
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Gauss Verification Gauss Verification 
1 Measurement 2 Measurements 

Iteration Peclet # Iteration Peelet # 

Initial Guess 15 Initial Guess 5 

1 19.69 1 20.23 

2 19.99 2 20.01 

3 19.99 3 20.00 

Table C.2 Results for the verification Table C.I Results for the verification runs 
runs done on the 3D estimation code. done on the estimation programs. 

For the next case the FE code was used to run the 3D version of the previous Pe 

= 20 test case. The FE code was first run to generate the solution for Pe = 20 at 

(x,y,z) = (0.5,0.5,0.5). Then the Gauss estimation scheme was run to determine the 

PecIet number using the same FE code and the previously determined "measured" 

quantities. Table C.2 list the values of the PecIet number at each iteration. Starting 

from an initial guess of 15 the code converged after 4 iterations. 

C.3 Velocity Modifier Code 

A simple 3D test case was run to verify the velocity modifier algorithm and code 

explained in § 2.4.1. The test case is illustrated in Fig. C.4. It consisted of a solid 

block with a "pipe" down the middle. A parabolic velocity profile was fitted onto the 

grid with a maximum velocity of 100. Then, all the nodes on the z = 0 plane had their 

velocities doubled and the code was used to determine how this increased flow should 
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be distributed to conserve mass. The code produced the expected results of doubling the 

flow in the z direction only at each node with a prescribed velocity. Fig. C.S shows the 

before and after velocities across the diameter of the pipe. 
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Figure C.4 A 3D Test case for the velocity modifier code where all flow is along the 
z axis. 
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Figure C.S The velocity profile across the diameter of the vessel in the test case 
before and after a 100% change in the boundary velocities. 



APPENDIX D. EXPERIMENTAL MICROSPHERE MEASUREMENTS 

D.I Introduction 
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The research presented so far has been based upon non-invasive methods to 

measure blood flow for use in the thermal models. As part of an inital study carried out 

at the onset of this research, however, colored mircrospheres were used to invasively 

measure regional blood flow in the thigh muscle of anesthetized greyhound dogs (Moros 

et aI., [1993]). These experiments were designed to compare the simple BHTE and the 

simple ETCE thermal models under in vivo conditions. As part of the study, the 

estimated perfusions from the simple BHTE thermal model were shown to compare well 

with the perfusions as measured by colored mircrospheres. Roemer [1993] presents a 

detailed derivation in which the Pennes' perfusion coeffiecent which accounts for blood 

flow involved with tissue cooling is related to the true perfusion which accounts for total 

blood flow. Recently, the simple thermal models initally used by Moros et al. to 

analyize the dog data have been enhanced to include discrete blood vessels (Rawnsley et 

al. [1993]). This appendix presents the complete set of microsphere measurement results 

obtained during these earlier experiments, of which only some was used in the analyses 

of Moros et al. and Rawnsley et al. 

Invasive Blood Flow Measurement Using Colored Microspheres 

There are many invasive methods, however, that can be used to measure blood 

flow. Among these the most common and well tested technique is the injection of 

microspheres which are sized on the order of red blood cells. Indeed radioactive 
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microspheres are considered the gold standard for measuring total blood perfusion. 

These microspheres become trapped inside smaller capillaries and the amount that gets 

trapped is proportional to blood flow. In order to actually count the microspheres the 

tissue must be resected and processed. The microspheres can be either radioactive and 

counted with a Geiger counter or colored and counted under a microscope by hand. 

In these studies, the procedure of Hale el al. [1988] for measuring myocardial 

blood flow was modified to measure regional blood flow (RBF) in the thigh muscle of 

anesthetized greyhound dogs using colored microspheres6
• The RBF in ml of blood per 

minute per gram of tissue is calculated as, 

where 

REF;::: CT·R 
CR·WT 

CT = total number of spheres in the tissue sample 

(0.1) 

R = the measured reference blood flow rate, ml of blood per minute 
CR = the total number of spheres in the reference blood 
WT = the mass of the tissue sample, gm. 

Table D.1 assumes that the blood and tissue densities are both equal to 1 gm/ml and uses 

the following conversion from RBF to perfusion, Wb, 

RE~ ml blOOd]. . ;::: w:~ kg blood 1 . P tissue P blood gm tzssue-sec m 3 tissue sec 
(0.2) 

6E-Z Trae, Los Angeles, nominal diameter of 15 pm. 



174 

Finally, the total cardiac output (CO) of the dog is given by, 

co = Total Spheres Injected x (Withdrawl rate of) (0.3) 
Spheres in Reference Blood Reference Blood 

Preparing the dog for microsphere measurements involved placing two catheters 

into the circulatory system. One catheter was placed into the left atrium of the dog's 

heart via a Cordis® introducer sheath placed in the carotid artery. The other catheter was 

placed in the abdominal aorta via a Cordis® introducer sheath in the femoral artery. Both 

the carotid artery and the femoral artery were occluded downstream of the Cordis® 

sheaths. 

For each blood flow measurement, approximately 20,000,000 microspheres of a 

given color were injected into the left atrium. Just before these spheres were injected, 

blood from the abdominal aorta was withdrawn through the catheter at a known flow rate 

(R) using a Harvard syringe pump. This withdrawal was continued until at least one 

minute after all the spheres were injected. Injection of the spheres and retrieval of the 

reference blood from the abdominal aorta took approximately three to five minutes. This 

procedure was begun at the same time the pullback temperature profiles were being 

recorded. The pullbacks took approximately 10 minutes to record. Once trapped in the 

capillaries these spheres do not move, which enabled up to four different colors to be 

used in sequential experiments on a single dog. 

After euthanasia the dog's thigh was dissected to provide between ten and twenty-
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Perfusions (kg m-3 sec -I) and Cardiac Output (CO, liter min-I) Summary 

# S Thigh Muscle Right Left CO CO 
Kidney Kidney ,usphere TDP 

1 B 0.64 ± 0.32 - - 2.65 5.92 ± 0.28 

H 1.54 ± 1.03 - - 5.33 6.49 ± 1.38 

B 0.40 ± 0.25 - - 28.8 5.62 ± 1.22 

2 H 0.72 ± 0.89 - - - -
3 B 0.65 ± 0.70 0.52 0.32 - -

H 0.55 ± 1.16 0.49 0.31 - -
H 1.37 ± 1.96 0.65 0.43 - -

4 B 0.42 ± 0.37 - - - -

H 0.65 ± 0.57 - - - -
H 1.16 ± 0.92 - - - -
B 0.41 ± 0.62 - - - -

5 B 1.42 ± 1.25 0.45 0.40 - -
H 3.30 ± 4.27 1.17 1.25 - -

B 0.60 ± 0.34 0.54 0.45 - -
H 0.80 ± 0.54 0.48 0.49 - -

notes: 
1. # = experiment number 
2. S = State of Dog's Thigh muscle: B = Basal, H = Steady State Hyperthermia 
3. When given, ± implies standard deviation over repeated measurements 

Table D.I Summary of all the colored rrticrosphere experiments done in vivo in canine 
thighs. 

nine tissue samples of approximately 9 gm each for microsphere counting. These 9 gm 

samples were taken from a section of thigh muscle approximately 50 mm in thickness 

along the length of the leg. These tissue samples were processed to digest the tissue and 
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the spheres remaining in solution were counted (by averaging over 4 aloquants) to give 

the number of spheres present (CT) in a given mass (WT) of tissue. The reference blood 

was digested to count the total number of spheres (CR) (again by averaging 4 aloquants) 

found for a given flow rate (R). 

Microshpere measurements were taken on five dogs undergoing the scanned 

focussed ultrasound hyperthermia experiments done by Moros et al. [1993]. In the first 

experiment a Baxter Swanze Ganze® Thermal Dilution Catheter was used to measure 

total cardiac output for comparison with the same quantity calculated from microspheres. 

For each experiment, three to four perfusion measurements were taken, with each 

measurement occurring either during either basal or steady state hyperthermia. Table 

D.1 summarizes the microsphere measurements. The thermal simulations of Moros et 

al. [1993] done using the BHTE showed remarkable agreement between the measured 

perfusion and the numerically estimated perfusion. 
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APPENDIX E. BHTE: A PERFECT COOLER? 

E.1 Background 

It has been hypothesized by Roemer et al. [1992] that the Pennes' BHTE 

represents the ideal model with respect to the flow acting as a cooling agent. 

Specifically, given a fixed mass flow rate through a heated control volume, without any 

restriction on the arrangement of this flow, it is postulated that the BHTE provides the 

maximum cooling available from the fixed mass flow rate. This was felt to be true since 

the BHTE possessed the following three aspects necessary for a perfect cooler (Roemer 

[1993]). First the cooling fluid directly affects every point in the control volume. The 

BHTE is able to do this because it actually allows the cooling fluid and the heated control 

volume to occupy the same physical space. Remember that the BHTE is an 

approximate/idealized model for heat transfer in tissue. Second, the cooling fluid must 

be brought into contact with every point at the coldest possible temperature, the inlet 

temperature. Finally, the fluid must exchange the maximum amount of energy possible 

with the solid. If these are necessary and sufficient conditions for maximum cooling, and 

since the BHTE provides for all three of these mechanisms, it should be the best cooler. 

E.2 One Dimensional Steady State Constant Coefficient 

In order to test the hypothesis put forward in § E.1, the simplest of flow 

configurations, the Convective Energy Equation (CEE), was compared to the BHTE. 

Both the BHTE and the CEE were studied in their simplest form: one dimensional, 

steady state, with constant coefficients, and homogenous boundary conditions. The 



BHTE can be expressed in a nondimensional form given by: 

where, 

d2e o - - - Pee + 8 ,9(0) = e(l) = 0 
d'l1 2 

e = non-dimensional temperature = (T - Ta) T m· l 

Tm = maximum temperature with no flow = 0.125 Q U k· l
, °e 

T = Temperature, °e 
T. = Reference arterial temperature, °e 
Pe = Peclet Number = W U C k· l 

P 
1] = nondimensional length = x L· l 

W = perfusion, kg m·3 S·l 

Q = applied power, Watts m·3 

k = thermal conductivity, W m· l °e l 

cp = specific heat, J kg· l °e l 

L = length of domain, m. 

The solution to BHTE is then given by: 

9 = 8 (-ev"hTl-ev"h(1 - TI») 
Peel + e,fPe) 

8 
+-

Pe 

The eEE can be expressed in a nondimensional form given by: 

d2e de 
o - - - Ped" + 8, 9(0) = e(l) = 0 

d'l1 2 
'1 

where the variable definitions are the same as for eq. (E.1) except that, 
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(E.!) 

(E.2) 

(E.3) 



e = non-dimensional temperature = T Tm'l 
Pe = Peelet Number = u L cp P kl 
U = velocity, m sec'l 

The solution to the eEE is given by: 

8 
+ -'1 

Pe 
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(E.4) 

To study the hypothesis, the average and the maximum temperature for each 

model were compared. This first required that Ta =0 in the BHTE and the understanding 

that the Pe numbers in each equation are identical through conservation of mass, i. e. , 

WL 2c 
Pe BHTE = -_..!-P 

k 

Lc Lc Lc 
= (WL)-2 = 1h-2 = (up)-2 

k k k 

The average temperature, defined as, 

is 

eave 

1 

eave = f 9(x) dx 
o 

= 16JPe (1 + e .;Pi) + 8 

Pe 2 (1 - e.fPi) 

uLcpp = Pe (E.5) 
k CEE 

(E.6) 

(E.7) 
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for the BI-ITE and 

8 {e pe 
_ 1 _ ~} 

Pe(1 - e Pe) Pe Pe 

4 
+-

Pe 
(E.8) 

for the eEE. The maximum was found from setting the first derivative of eqs. (E.2) and 

(E.4) equal to zero, solving for rJ, and then substituting that rJ into the appropriate 

equation, either (E.2) or (E.4). For the BHTE the maximum occurs at, 

de = 0 ... " dT} max 

1 
2 

and for the eEE the maximum occurs at, 

de = 0 ... " 
d" max 

_11J e Pe 
- 1] 

Pe ll, Pe 

(E.9) 

(E.lO) 

Figure E.l shows how the maximum and average temperature of the BHTE and the eEE 

vary as a function of the PecIet number. 

E.3 Statement of the Optimization of Pel'fusion Distribution Problem 

The results presented in § E.2 are counter examples to the hypothesis detailed in 

§ E.l and show that the BHTE may not always be the better model when simple 

comparisons are done. However, the BHTE as in theory at least, the ability to spatially 
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Figure E.1 Average and maximum temperatures for the CEE and BHTE one 
dimensional, steady state, constant coefficient models. 

redistribute the perfusion in an arbitrary manner. It may therefore be possible to 

optimize the perfusion distribution to truly arrive at a "best cooling" model for a fixed 

mass flow through a volume, i. e., the perfusion be redistributed but in a 1D case the 

velocity can not. If the perfusion is thought of as a control input to a "dynamic" system, 

eq. (E. 1) may be rewriuen as: 

Xl = x2 ; xl(O)=x1(1)=O 

x2 = uxl-Q 

--_.----

(E.ll) 
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subject to the two constraints, 

1 

fPe(x)dx (E.12) 
o 

o ~ Pe(x) ~ Pemax 

where the first equation forces equality of total mass flow rate with the eEE model and 

Pernax is some arbitrary maximum Pec1et number to enforce some practical limitations. 

There are many approaches to developing a solution for the optimal Pe(x) distribution. 

The solution developed here follows standard control theory approaches for optimization 

(e.g. , Kirk [1970]; Bryson and Ho [1968]) First, a cost function is defined which is to 

be minimized, 

(E. 13) 

Eq. (E.13) is nothing more than the average temperature as given by eqs. (E.7) and 

(E.8). Therefore, these results are minimizing the average temperature only, with no 

weight given to the maximum temperature. Next the system defined by Eq. (E.13) is 

augmented with an additional state which enforces the integral constraint in (E.14) 



Xl = X2 ; XI(O)=xl(l)=O 
X2 = UX1-Q 

X3 = U ; X3(0) =0, x3(1) =C1 

Next the pseudo-Hamiltonian of the system is formed, 
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(E. 14) 

(E.15) 

The inequality constraint on the "control" u can be dealt with by lagrange multipliers ( 

Bryson and Ho [1975]) by augmenting the Hamiltonian with the constraints: 

(E.16) 

The necessary conditions for the minimization of the objective function are then given 

by system dynamics: 



and 

Xl ::: X2; X1(O)=O, x1(1)=O 
X2 = UX1-Q 
X3 = U; X3(0)=0, x3(1)=c1 

i = -I-AU 1 2 

i2 = -AI; A2(0) =0, A2(0)=0 

i3 = 0 

The control law can be inferred from (E.18) as: 

{

o < 0 U = Pe } 
U = 0 = 0 05.U5.P;:: 

0>0 u=O 

where 

a = switching arc = aH/au. 
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(E. 17) 

(E.18) 

(E.19) 
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Singular Control Special attention must be paid to the condition u = o. If u == 

0, then the control law is given by a singular solution. The conditions for the switching 

curve, a, to be identically zero are given by: 

o = A2X1 + A3 == 0 
iJ = -A1X1 + A:zX2 == 0 
(j = U(2A 2X I + X2X I) + Xl + Xz - A1XZ - QAZ == 0 

from which the singular control can be found to be: 

u = 
QA2 + 2A 1X2 + Xl + x2 

2AzXl + X2A1 

(E.20) 

(E.21) 

It can also be shown (Kopp and Moyer [1965]) that an additional necessary condition for 

singular control to be part of the optimal control solution is given by: 

a [d
2k 

1 (-l)k_ --0 ~ 0 
au dt2k 

(E.22) 

where u first appears in the 2kth time derivative of u. This provides an additional 

necessary condition 

(E.23) 
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The numerical solution of eq. (E.17) was not sought due to the complexity involved with 

determining the singular arc solutions and the need to meet the initial and final boundary 

conditions which are overspecified. 

E.4 Summary 

The problem with the hypothesis is that the three characteristics of a perfect 

cooler set forth in § E.1 did not address the boundary conditions. The reason that the 

eEE results are better at the higher Peelet number is the elevation in the fluid 

temperature is forced to the edge where the artifically low boundary condition 

temperature creates a large gradient by which energy can be removed through 

conduction, evidently enough to effectively cool the fluid so that the average and 

maximum temperatures are below those of the BHTE. The effect is a result of the 

physical boundary conditions which were not addressed in § E.1. 
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APPENDIX F. SUMMARY OF RESULTS 

The following figures present the results for all 6 runs from experiments 1 and 

2. Figures F.1 and F.2 summarize the experimentally measured steady state 

temperatures. Figures F.3 through F.B summarize the results obtained using the block 

model geometry, the gauss optimization procedure and the BHTE, ETCE, and CEE 

thermal models for experiment 1. Figures F.9 through F.14 summarize the results 

obtained using the block model geometry, the gauss optimization procedure and the 

BHTE, ETCE, and CEE thermal models for experiment 2. See Chapter 3 and 4 for 

more details. 
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Figul"e F.l Steady state t~ml)erature distribution for the .hre!! probes in experiment 1 
runs 1-6 and experiment 2 run 1. 
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Figure F.2 Steady state temperature distribution for the three probes in experiment 2 
runs 1-6. 
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Figure F.3 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 1 run 1. 
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Figure FA Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 1 run 2. 
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Figure F.S Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 1 run 3. 
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Figure F.6 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 1 run 4. 
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Figure F.7 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the gcometical block model for liver experiment 1 run 5. 
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Figure F.8 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 1 run 6. 
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Figure F.9 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical bloek model iur liver experiment 2 run 1. 
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7 

Figure F.10 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 2 run 2 . 
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Figure F.ll Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 2 run 3. 
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Figure F.12 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the g(~umctical bk)ck model for liver experiment 2 run 4. 
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Figure F.13 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 2 run 5. 
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Figure F.14 Optimal temperature results from the BHTE, ETCE, and CEE thermal 
models using the geometical block model for liver experiment 2 run 6. 
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