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 Heat shock proteins (HSP) are critical components of a complex defense 

mechanism essential for preserving cell survival under adverse environmental 

conditions.  The presence of sub-lethal stressful stimuli, such as hyperthermia can 

induce HSP expression, thereby protecting cells from otherwise lethal insults. 

Thermally induced HSP expression in the heart can provide cardiac protection against 

ischemia reperfusion injury associated with cardiac surgery.   However, thermally 

induced HSP expression during hyperthermia prostate cancer therapies can enhance 

tumor cell viability and resistance to subsequent chemotherapy and radiation treatments.  

Characterization of the thermally induced HSP kinetics is crucial for designing 
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hyperthermia therapies that produce the desired HSP expression pattern most 

appropriate for the intended therapy outcome. This research focused on characterization 

of the thermally induced HSP kinetics in both cardiac cells and prostate cells and tissues 

to permit dosimetry guideline development and optimization models for controlling 

HSP expression induced during laser therapy.  

 Although the initial design of thermal preconditioning protocols for inducing 

cardiac protection were explored, the majority of the dissertation will focus on cellular 

and tissue analysis methods and computational modeling strategies utilized in the 

development of a novel therapy planning tool for prostate cancer laser therapy.  This 

work has focused on characterizing the thermally induced HSP27 and 70 expression 

kinetics for the prostate at the cellular and tissue level.  Through the use of Magnetic 

Resonance Temperature Imaging which provided the spatiotemporal temperature 

distribution data and confocal microscopy, the HSP27 and 70 distributions were 

accurately determined throughout laser irradiated prostate tumors.  The measured HSP 

expression data was employed to create the first HSP predictive computational model.  

A highly accurate, adaptive, finite element model was developed which is capable of 

predicting and optimizing the temperature, HSP expression, and damage distributions 

associated with laser heating in prostate tissue and tumors.  Application of the treatment 

planning model in the design of prostate cancer thermal therapies can enable 

optimization of the treatment outcome by controlling the tissue response to therapy 

based on accurate prediction of the HSP expression and damage distributions. 
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Chapter 1: Introduction of Heat Shock Proteins 
 

 Heat Shock Proteins (HSP) are molecular chaperones that are expressed in 

higher concentrations in both prokaryotes and eukaryotes due to the presence of stress.  

Since their discovery in 1962 as chromosomal puffs in heat-shocked Drosophila 

salivary gland cells [SW], these proteins have been identified as critical components of 

a complex defense mechanism for preserving cell survival under adverse environmental 

and pathological conditions.  The presence of sub-lethal stressful stimuli induces HSP 

production and can protect cells exposed to future lethal insults.  Initiating insults 

include elevated temperature [1], ischaemia [2], hypoxia [3], depletion of ATP [4], free 

radicals [5] and hypothermia [6]. In unstressed conditions, HSP exist at low levels and 

play a critical role in protein synthesis by functioning as molecular chaperones to inhibit 

improper protein aggregation and to direct newly formed proteins to target organelles 

for final packaging, degradation or repair [7].    HSP are active in protein translocation 

across numerous membranes within the cell such as the nucleus, endoplasmic reticulum, 

and the mitochondria. In the presence of stress HSP assist in refolding and repair of 

denatured proteins as well as facilitate synthesis of new proteins in response to damage 

[8,9]. 

1.1 Classification and Function  

 HSP exist in the endoplasmic reticulum, mitochondria, cytosol, and nucleus.  

Typically HSP-78, -75, -60, and -10 are found in the organelles and HSP-110, -90, -73, 

-72, and –20 are present in the nucleus and cytosol.  Table 1.1 lists known HSP and 

their locations and functions [7]. 
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Table 1.1 HSP Locations and Specific Functions. 

Family 
Chaperone 
Members 

Cellular 
Compartment Function 

HSP100 
 

HSP104 
 

Cytoplasm 
 

Thermotolerance 
 

HSP90 
 
 
 
 
 
 

HSP90 
 
 
 
 
 

Grp94 
 
 
 

Cytoplasm 
 
 
 
 
 

Endoplasmic 
Reticulum 

 
 

Stabilize inactive forms of certain hormone 
receptors until hormone is present; 

interaction with certain protein kinases to 
help their transit to plasma membranes; 

prevent aggregation 
of denatured proteins; and interact with 

immunophilins 
 

HSP70 
 
 
 
 
 
 
 

 
 
 

HSC70 
 

HSP70 
 

Bip/GRP78 
 

GRP75 
 
 
 
 
 

Cytoplasm/Nucleus
 

Cytoplasm/Nucleus
 

ER 
 

Mitochondria 
 
 
 
 
 

Stabilize prefolded/unfolded structures 
towards translocation/ folding; assembly of 

Immunoglobins; target old protens to 
lysosomes for degradation; protein 

secretion; antigen presentation; 
thermotolerance; interaction with certain 

immunosuppressants 

HSP60 
 
 

HSP60 
 
 

Mitochondria 
 
 

Stabilize prefolded structures towards 
folding/assembly; 

 re-export of precursors to membrane space 

HSP40 
 

HSP40 
 

Cytoplasm/Nucleus
 

Chaperone activity; 
essential co-chaperon 
activity with HSP70 to 
enhance ATPase rate 
and substrate release 

 
Small 
HSP 

 
 
 

 
HSP27 

 
 

αA and 
αB- 

crystallins 
 

Cytoplasm 
 
 

Cytoplasm 
 
 

Prevents polypeptide 
aggregation; thermotolerance through 

stabilization of microfilaments; possible roles 
in cell growth and differentiation 
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1.2 HSP Induction Stimuli 

  HSP can be stimulated as a result of normal physiological processes such as 

development and differentiation.  The production of HSP can also be triggered by a 

variety of stressful stimuli including elevated temperature, ischemia, hypoxia, pressure 

overload, heavy metals, free oxygen radicals, protein kinase C, calcium increasing 

agents, ethanol, amino acid and glucose analogues, inflammation, sodium arsenite, 

hormones, antibiotics, cytokines, and infection [7].  Figure 1.1 shows various stimuli 

that can lead to HSP induction.  Specifically HSP70 and 27 have been shown to be 

induced by elevated temperature, ischemia, oxidative stress, and anticancer drugs [9].   

 

    Figure 1.1 Stimuli that induce heat shock protein expression [10]. 
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1.3 Gene Regulation  

 Figure 1.2 illustrates a proposed mechanism of stress-induced HSP induction. 

Transcription of the heat shock response is controlled by a heat shock factor (HSF).  

Under normal conditions HSF are bound to HSP and are inactive. This HSF is 

responsible for recognizing a target sequence known as the heat shock element (HSE).  

HSE consists of a chain of five repeats of the NGAAN sequences.   In the presence of 

stress such as heat shock, the HSFs separate from the HSP.  Protein kinase or other 

serine/threonine kinases phosphorylate the HSFs which cause them to form trimers in 

the cytosol. The HSF trimers enter the nucleus and bind to the HSE of the HSP gene. 

Following binding, the HSFs are further phosphorylated and HSP mRNA is transcribed 

and exits the nucleus for the destination of the cytoplasm. Upon entering the cytoplasm 

new HSP are synthesized.  The HSFs then return to the cytoplasm and bind the HSP in 

the original orientation before exposure to the stress. Multiple HSE exist on the 

promoter region of the HSP gene [7,11].  In addition to the HSE a serum response 

element resides on the HSP promoter region. The SRE responds to serum stimulation 

and is responsible for the presence of a basal level of HSP expression in cells. [12]. 

Humans possess multiple copies of the HSP gene.  A special feature of HSP DNA 

coding is that it lacks introns.  The HSP mRNA and HSP can be produced extremely 

rapidly under stressful stimuli because no RNA splicing is required for HSP mRNA 

transcription [11]. 
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Figure 1.2 Schematic of a proposed mechanism of stress-induced HSP gene 
transcription [10]. 
 

1.4 HSP70 Molecular Structure  

 The molecular structure of the HSP70 family consists of three domains: 44 kDa, 

18 kDa, and 10 kDa domains. The 44 kDa domain consists of amino acid residues 1-

386 at the N-terminus and contains four domains forming two lobes with a deep cleft 

between. It is the 44 kDa domain that contains an ATPase domain.  The 18 kDa 

peptide-binding domain consists of amino acid residues 384-543 and is composed of 

two four-stranded anti-parallel β sheets and a single α helix.  This domain contains the 

peptide-binding domain responsible for binding folded and unfolded peptides [13].  The 

10 kDa domain contains the amino acid residues 542-646 at the C terminus.  This 

segment of the protein is predominately an α helix followed by a glycine/proline rich 
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aperiodic segment next to a highly conserved EEVD terminal sequence [14].  The 

molecular structure of HSP70 and its three domains are shown below  

 Figure 1.3 Molecular structure of HSP70 kDa family [14]. 
 
 
1.5 HSP60 Molecular Structure 
 
 The structure of the chaperonin GroEL (HSP60) is shown in figure 1.4.  The 

image on the left depicts the 14-mer, from the X-ray crystal structure filtered to 25 A 

resolution. There are 2 contacts (numbered) between the two back-to-back heptameric 

rings. The single subunit (60 kDa) is shown as an alpha-carbon trace is shown on at the 

right of the image. There are three domains, separated by hinge regions (marked H1 and 

H2). Bound ATP is shown in space filling form, and the yellow residues are 

hydrophobic sites of substrate (non-native polypeptide) binding. The charged residues 

in the inter-ring contacts are shown in red and blue [15]. 
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Figure 1.4 The molecular structure of the chaperonin HSP60 Left, a low resolution 
view of the 14-mer, from the X-ray crystal structure and. Right, a single subunit 
(60 kDa) shown as an alpha-carbon trace [15]. 
 

1.6 HSP27 Molecular Structure 

HSP27 (also known as HSP25, and HSP28) is the smallest molecular mass protein 

that is induced by heat shock. At present there is limited knowledge about the structure 

of HSP27 however, it is known that this protein possesses two homotypic interacting 

domains located at the N-terminal and C-terminal regions.  The C-terminal domain 

extends from residue 88-183 where the last 10 residues form a flexible peptide 

composed of αA- and αB crystallins [16].  Through the interaction of two binding 

domains HSP27 oligermerization is possible.  One of the binding domains occurs 

between residue 94 and 178 which corresponds to the α-crystallin domain. In several 

studies this domain has been shown to have a role as the building block of the 

quaternary structure of other members of this family and has been suggested as the 

region where major intermolecular interactions occur.  It has been suggested that the N-
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terminal and C-terminal domains are essential in the stable formation of dimers and 

high molecular weight multimers [17]..  Figure 1.5 shows the molecular structure of 

HSP27. 

 

 

Figure 1.5 Molecular structure of the HSP27 kDa family [17]. 

The overall structure of HSP27 consists of a large central cavity where the 

hydrophobic N terminus is hidden to provide it protection from the environment. The 

interactions of the N-terminal domain in the central cavity act to stabilize the 

supramolecular organization of the dimers formed by the α-crystallin domain [17].  

 

1.7 HSP Functions  

 Elevated concentrations of HSP due to high levels of stress have been shown to 

provide protection for both cultured cells and animal tissues.  The protection HSP 

provides is based on their ability to act as molecular chaperones to inhibit improper 

protein aggregation and their capacity to direct newly formed proteins to target 

organelles for final packaging, degradation, or repair [7].  Figure 1.6 depicts the 

activities of HSP as molecular chaperones. 
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Figure 1.6 Stress induced chaperone functions of HSP [7]. 

 Several common inducers of HSP and the effects of elevated levels of heat 

shock proteins are shown in the Figure 1.7. Specifically HSP70 and 27 have been 

shown to inhibit apoptosis and thereby increase the survival of cells exposed to a wide 

range of lethal stimuli [18].  Over-expresion of HSP70 elevates nitric oxide production 

as a result of cytokine stimulation.  Nitric oxide serves to protect cultured cells from 

TNF-α-induced cell death by inducing HSP70.  Over-expression of HSP27 can protect 

microtubules and actin cytoskeleton in cardiac myocytes and endothelial cells after 

exposure to ischemia [18].  HSP27, 60, and 70 are important in the progression of 

cancer both through angiogenesis and their role in apoptosis.  Due to the extensive array 

of functions attributed to HSP 27, 60, and 70, characterization of the thermally induced 

kinetics of these three HSP will be the major focus of this dissertation. 
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 Figure 1.7 Activation of HSP by specific stimuli and their protective effect [19]. 

 
1.8 HSP70 and 27 Chaperone Mechanisms 
 
 More specifically HSP70 exerts its chaperone folding functions according to the 

framework shown in figure 1.8. HSP70 almost immediately detects improperly folded 

proteins by recognizing a small stretch of hydrophobic amino acids on a protein's 

surface. Aided by a set of smaller HSP40 proteins, an HSP70 monomer binds to its 

target protein and then hydrolyzes a molecule of ATP to ADP, undergoing a 

conformational change that causes the HSP70 to clamp tightly on the target. After the 

hsp40 dissociates, the dissociation of the HSP70 protein is induced by the rapid re-

binding of ATP after ADP release. Repeated cycles of HSP protein binding and release 

help the target protein to refold. HSP27 chaperon functions behave similarly to HSP70 

protein folding [20]. 
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Figure 1.8 Protein folding mechanism for HSP70 [20]. 

 

1.9 HSP60 Chaperone Mechanism 

 HSP60 has a different mechanism of folding due to its unique barrel shape as 

shown in figure 1.9. The catalysis of HSP60 protein refolding is depicted in part A of 

figure 1.9. As indicated, a misfolded protein is initially captured by hydrophobic 

interactions along one rim of the barrel. The subsequent binding of ATP plus a protein 

cap increases the diameter of the barrel rim, which may transiently stretch (partly 

unfold) the client protein. This also confines the protein in an enclosed space, where it 

has a new opportunity to fold. After about 15 seconds, ATP hydrolysis ejects the protein, 

whether folded or not, and the cycle repeats. This type of molecular chaperone is also 

known as a chaperonin; it is designated as hsp60 in mitochondria, TCP-1 in the cytosol 

of vertebrate cells, and GroEL in bacteria. As indicated, only half of the symmetrical 

barrel operates on a client protein at any one time. The structure of HSP60 (GroEL) 

bound to its GroES cap, as determined by x-ray crystallography is shown in part B of 
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the figure 1.9, with the outside barrel-like structure on the left and a cross section 

through the center of the barrel on the right [21]. 

 

Figure 1.9 Protein mechanism of HSP60 depicting the catalysis of protein refolding (A) 
and  the structure of HSP60 (GroEL) bound to its GroES cap (B), with the outside barrel-
like structure on the left and a cross section through the center of the barrel on the right 
[21]. 
 

1.10 HSP and Cancer 

 Although HSP expression has a myriad of documented protective functions, this 

dissertation will focus on two primary areas: cardiac protection and tumor destruction 

with much greater focus on the latter.  Elevated HSP27, 60, 70 have been shown to 

enhance tumor cell viability by preventing apoptosis and impart resistance to radiation 

and chemotherapy following thermal therapy.  HSP promote cancer progression through 

two major pathways: apoptosis and angiogenesis.  The mechanisms of HSP interaction 

will be discussed briefly and further revisited in subsequent chapters. 
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1.10.1 Apoptosis 

 Over-expression of HSP27, 70, and 90 have been attributed to prohibiting the 

process of apoptosis (programmed cell death) by which the cell permits removal of 

unwanted, damaged, or supernumerary cells during both development and homeostasis.  

In addition to the stimuli mentioned, thermal, radiation and chemotherapeutic therapies 

can induce DNA damage and protein denaturation which triggers elevated HSP 

expression leading to inhibition of apoptotic pathways.  One of the primary pathways of 

apoptosis relies on the release of cytochrome c from the mitochondria.  Cytochrome c 

binds to the protein Apaf-1 causing its oligomerisation.  The new complex recruits the 

unprocessed pro-form of a proteolytic enzyme called caspase-9.  Cleavage of this 

enzyme converts it to its active state and initiates the process of apoptosis.  Various 

HSP have been evidenced to act as inhibitors at different stages in the initiation phase of 

apoptosis.  HSP 27 has been shown to bind to cytochrom c and prevents its binding to 

Apaf-1 whereas HSP 90 binds to Apaf-1 and prevents it from binding to cytochrom c.  

On the other hand HSP 70 prevents oligomerised apaf-1 from attracting pro-caspase-9 

[22].  Figure 1.10 illustrates the interactions of HSP in the apoptotic pathway [19]. 
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Figure 1.10. HSP involvement with caspase-9 pathway of apoptosis [19]. 

  

 There is also evidence that HSP70 and 27 can inhibit apoptosis in a caspase 

dependent manners.  This occurs by means of HSP70 ability to inhibit the c-Jun N-

terminal kinase which has a large part in inducing apoptotic cell death response as a 

result of certain stimuli [23].   
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1.10.2 Angiogenesis 

 HSP27 has been attributed to promoting angiogenesis by two methods: 

increasing endothelial cell motility by enhancing lamellipodial extensions and by 

increasing the secretion of estrogen-induced basic fibroblast growth factor (bFGF) from 

endothelial cells. Specifically HSP27 has been likened to the barbed-end microfilament 

capping protein which is capable of affecting the generation of F-actin involved in 

lamellipodial extension and cell motility. HSP27 expression has also been shown to 

affect the level of basic fibroblast growth factor secretion.  Basic fibroblast growth 

factor (bFGF) is an important mitogenic and angiogenic factor that stimulates 

endothelial cell growth and migration which in turn enables tumor angiogenesis [24].  

The actual mechanism by which bFGF is released from the cell is a mystery.    

Following release of bFGF, growth factor binding with specific receptors on the surface 

of the endothelial cell activates a series of relay proteins which transmit the signal into 

the nucleus.  The nuclear signals ultimately prompt a group of genes to make cell 

adhesion proteins like integrins and cadherens which are necessary for attachment of 

migrating endothelial cell to their new target sites (tumor) [25]. Figure 1.11 illustrates 

the role of bFGF in the angiogenic pathway. 
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Figure 1.11 Angiogenesis pathway and bFGF interaction [25]. 
 
1.11 HSP and Cardiac Protection 

 HSP70 induction has been shown to enhance cardiac recovery by reducing 

injury due to ischemia/reperfusion associated with cardiac surgery and minimizing 

apoptosis brought on by this injury.  Increased HSP70 levels have been shown to 

increase the post-ischemic functional recovery in vitro [26-28] or in vivo by reduced 

infarct size [29-31].  Reduction of infarct size is directly proportional to the level of 

HSP expression [32].  HSP promote preservation of cardiac tissue by numerous 

protective roles which are still being uncovered presently.  Inhibition of apoptosis as 

previously discussed is a major role of HSP in cardiac protection.  Elevation of HSP 

enhanced preservation of post-ischemic mitochondrial ultrastructure, rate of ATP 
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depletion, and lactate accumulation is significantly slower following metabolic 

inhibition than in previously unstressed cells.  HSP have been shown to increase 

membrane stability after stress pretreatment by reducing the release of arachidonic acid.  

HSP have also been shown to increase electrical stability by creating more homogenous 

perfusion during ischemia, leading to reduction in postischemic arrhythmias and 

ventricular fibrillations [33].   

 
1.12 Current Status of HSP Kinetics Understanding 

 Previous studies have made attempts at qualitatively characterizing the HSP 

expression in both cardiac and prostate cells and tissues.  At present there exists no 

correlation between HSP expression level and degree of protection. Quantitative 

characterization of the HSP kinetics is essential for development of dosimetry 

guidelines for optimal control of HSP expression to achieve the desired tissue response.  

The current status associated with HSP kinetics characterization for cardiac and prostate 

will be discussed in further detail in Chapter 2 and 3 respectively. 

1.13 Dissertation Direction 

 Figure 1.12 provides an outline of the research described in the dissertation for 

chapters 3-6 focused on prostate tumor destruction in pictorial form.  This diagram 

enables an understanding of the connection between all the measured and simulated 

information and the desired therapy outcome. Initially HSP expression and damage 

characterization at the cellular and tissue level will be discussed.  The utilization of this 

information in the creation of computational models for HSP expression and damage 
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following laser heating and their integration into a finite element model will then be 

covered. The use of MRTI in verification of the model will also be described. The final 

portion of the dissertation will focus on the use of optimization methods to determine 

the most appropriate laser parameters for maximizing tumor destruction and minimizing 

HSP expression and how this can be integrated into laser therapy design. 
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In vitro and In vivo HSP expression and damage data  
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Chapter 2: Correlation of HSP70 Expression and Cell Viability 
Following Thermal Stimulation of Bovine Aortic Endothelial Cells 

 
 Preconditioning of tissue to provide protection by means of elevating HSP has 

been demonstrated in response to elevated temperature, ischemia, oxidative stress, and 

many chemicals. The induction of HSP through stress preconditioning of tissues to 

elicit protection against ischemia has been of great interest in cardiac research. Within 

the heat shock protein family, HSP70, with a molecular weight of 70 kDa, is a primary 

molecular chaperon and can play a prominent role in cardiac protection [1,7]. 

Local heating of the heart [1] or whole body hyperthermia [34] increases the 

myocardial HSP70 level and provides protection against ischemia-reperfusion injury in 

cardiac surgery.   Despite extensive work throughout the last 30 years in cardioplegia 

and hypothermia, the current safe ischemic time remains at 4 hr and is a profound 

limitation in cardiac surgery and transplantation.  Hyperthermia prior to an ischemic 

episode has been shown to increase HSP70 levels and increase the post-ischemic 

functional recovery in vitro [34-36] or in vivo by reduced infarct size [37-39].  

Reduction of infarct size is directly proportional to the level of HSP expression [40].  

These results suggest that optimal HSP70 expression is critical to attaining the 

maximum level of myocardial protection.  Determining a method of optimizing HSP 

expression through thermal stress while maintaining high tissue viability is vital to 

producing maximum cardiac protection during surgery.   

Although the cytoprotective mechanism, structure, and potential applications of 

HSP70 have been studied since the 1960s, little is known quantitatively about the 
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kinetics of HSP expression.  Previous investigations have addressed HSP70 mRNA 

kinetics in a transfected cell line and in Hela cells where maximum transcription of 

HSP70 mRNA occurred from 12-18 hr following serum stimulation [41].  HSP70 

kinetics has also been described in bovine aortic endothelial cells heated in an incubator 

at 42oC and exposed to various heating and post-heating durations [42].  A maximum 

10-fold increase in HSP70 expression occurred at 90-120 min heating at 16 hr post-

stress.  Thermal stimulation of HSP70 in a surgical setting will require induction times 

of seconds or minutes.  The incubator heating source employed in [42] requires a long 

thermal equilibration time of approximately 80 min with heating durations of 1 to 5 hr 

to elevate HSP70 significantly.  Such a lengthy heating protocol is not feasible in a 

clinical setting. Our study circumvents this limitation by utilizing a water bath for 

heating, with a time constant of 4 s. 

  Several studies have investigated cell viability following heat shock prior to 

exposure to an injurious stimulus.  Rat cardiomyocyets subjected to T=42oC for 15 min 

prior to hypoxia and reoxygenation demonstrated a 1.5-2 fold increase in cell survival 

with an HSP70 increase of 1.8-3.6 fold increase as compared to controls [35].   Cardiac 

muscle cells heated in an incubator at 42oC for 30 min experienced increased HSP 

expression and were protected against apoptosis brought on by a subsequent treatment 

with doxorubicin [43].  

Recent studies have focused on achieving a more mechanistic understanding of 

HSP70 transcription and translation as well as processes that contribute to the 

phenomenon of cardiac protection.  Protein kinase C, mitogen-activated protein kinases, 

 23



nitric oxide, ATP-sensitive potassium channels, and neural peptides in the signal 

transduction pathways have been investigated for their role in the HSP70 elevation and 

cardiac protection [44-50].  The involvement of HSP70 in a signaling cascade resulting 

in the inflammatory response following open-heart surgery [51-53] and inflammation 

involved in atherosclerosis [54-57] has been evaluated in the context of interaction with 

other chemical mediators and receptors.  Further studies have addressed the 

involvement of the heat shock factors in the transcription of HSP70 in normal and 

diseased hearts and the hypothesis that HSF1-dependent regulation of HSP is required 

to maintain redox-state and attenuate oxidative damage in the normal heart [58-61].  

The role of intracellular signaling molecules such as tyrosine kinase and its 

phosphorylation in the nuclear accumulation of HSP72 with heat stress have also been 

identified [62].   

 The current research measures HSP70 expression kinetics and cell viability in 

response to elevated temperatures with short heating durations to provide a basis for 

design of thermal preconditioning protocols.  Bovine aortic endothelial cells were used 

as a model for the HSP induction and cell viability within cardiac tissue following 

thermal preconditioning.  Preliminary studies in our laboratory with chicken embryo 

myocytes exhibited minimal HSP70 increase after heat shock as verified by other 

researchers [63,64].  It has been observed that the increase in HSP70 expression is 

greater in cardiac blood vessels than in cardiac muscles, and that the HSP70 induced in 

vessels contributes more substantially to cardiac recovery. 

2.1 Methods 
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2.1.1 Cell Culture   

 Bovine aortic endothelial cells (BAECs) (Gmo7372A) from Coriell Cell 

Repositories (Camden, NJ) were cultured with Eagle’s MEM (Sigma, M-0643) with 

10% FBS, 1XMEM vitamins (Gibco, 1120-052) and 1X penicillin-streptomycin (Gibco, 

15140-122).  Cultures were maintained in a 5% CO2 incubator in 25 cm2 phenolic 

culture flasks which were passaged once a week into 12 flasks. Following 6 days, the 

cells reached 90% confluence and were ready for experimentation. Culture in phenolic-

capped flasks was necessary to prevent leakage and contamination to cells during 

submersion in the water bath during the heating process. 

2.1.2 Thermal Preconditioning Protocol.   

A constant temperature circulating water bath (NESLAB RTE-100) was 

employed as the thermal stimulation source to achieve a relatively short time constant 

of 4 s. The process was calibrated as discussed in the next section. The water bath, 

temperature monitoring devices, and all other accessories remained in a sterile hood 

throughout the experiment to prevent contamination of the cells.  Sterilized medium 

containing MEM without L-glutamite was added to a polyethlylene bottle and placed in 

the same bath used for cell heating. A sterilized thermal probe was inserted into the 

bottle to monitor the medium temperature and a thermocouple measured water bath 

temperature.  Water within the bath and the heating medium were warmed until they 

equilibrated to within 0.1oC of the target temperature. The cells were rinsed with PBS to 

prevent cell damage caused by the degradation of L-glutamite at high temperatures.  

The flask was filled with 70 ml of heating medium with the bottle held in the bath and 
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the flask was submerged in the water bath for times ranging from 1 to 30 min.   

Subsequent to the thermal stimulation protocol, the medium was removed, the samples 

were washed with PBS, culture medium was replenished, and the flasks were returned 

to the 37oC incubator to allow HSP70 expression and damage manifestation to occur. 

Experiments were performed at temperatures of 44, 46, 48, and 50oC with six samples 

for each time increment, three each of which were used for cell viability analysis and 

three for HSP70 measurements.  

 

2.1.3 Heating Protocol Calibration    

Calibration experiments were conducted to measure the temperature-time course 

experienced by the cells during the heating process.  The calibration determined how 

closely the protocol could be manipulated to approximate a step change to a constant 

temperature.  Two type K thermocouples were mounted on a phenolic flask identical to 

the type used for cell culture and heating: one in the bottom wall and one suspended in 

the liquid medium 4 mm above the bottom surface on which cells were cultured.  

Thermocouple outputs were monitored with Labview software and a National 

Instruments 4350 acquisition interface. The thermal preconditioning protocol was 

simulated at 50oC (the highest temperature studied) for a duration of 120 s.  Figure 2.1 

displays the measured temperature data. Time was counted from the pouring of medium 

into the flask.  The wall and medium temperatures initially rose at similar rates, and 

beyond 17 s the wall temperature was slightly higher than the medium temperature.  

The time constant for this process was approximately 4 s to reach 63.2% of ∆T.  The 
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cell temperature was estimated as the average of wall and medium values and reached 

within 0.5oC of the target value within 12 s and within 0.2oC in 60 s.  
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Figure 2.1. Temperature measured within medium and flask wall. 
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2.1.4 HSP70 Expression Determination   

 After an incubation time of 16-18 hr post-heating (shown to be an effective 

evaluation period for measuring maximum HSP70 expression [42]), cells were lysed in 

buffer solution containing protease inhibitors and 10% SDS.  The supernatant solutions 

were stored at –20oC until needed for analysis of HSP70 expression kinetics via western 

blot analysis. The total protein concentration was evaluated using a spectrophotometer 

at 595 nm (Beckman, DU 530) and a protein dye assay (Bio-Rad, 500-0002).   All wells 

of Criterion Precast Gels (Bio-Rad, 345-0009) were loaded with equal amounts of 

protein for gel-electrophoresis.  The separated proteins were transferred from gels to 

PVDF (polyvinylidene difluoride) membranes (Bio-Rad, 162-0175) by immunoblot.  
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Following blocking in 3% nonfat dry milk blotto for 1 hr at room temperature (RT) to 

remove non-specific proteins, membranes were incubated with 200 µg/ml of primary 

antibodies: anti-HSP70 and anti-actin (Santa Cruz, sc-1060 and sc-1616) for 1.5 hrs at 

RT and then 1 hr at RT with 200µg/ml of the secondary antibody anti-goat IgG-HRP 

(Santa Cruz, sc-2020).  Protein bands were visualized by incubating with a chromogenic 

substrate TMB (tetramethylbenzidine, Vector Laboratories, SK-4400).  Membranes 

were dried and scanned digitally.  The protein bands were analyzed quantitatively with 

the program Image Pro Plus (Media Cybernetics) in terms of size and mean density.  

The amount of protein for each sample was represented as the area under the intensity 

histogram of the corresponding band. Protein concentration was calculated as the 

product of the band area and mean density.  The ratio of HSP70 was normalized to actin 

concentration to account for possible variations in total protein measured for each 

sample and different background effects among membranes. 

 

2.1.5 Cell Viability Analysis   

 Three flasks of cultured cells were prepared for each experimental trial.  In 

series, each specimen was washed with PBS, trypsinized, pelleted, and resuspended in 

medium.  Then 1.1x106±100 cells were seeded into each flask to ensure uniformity in 

numbers among samples and to enable consistent measurement of cell proliferation. 

Following thermal stress, the kinetics of cell damage and death were determined by 

measuring the number of cells attached and growing. Samples were rinsed with PBS to 

remove detached cells representing the dead population.  Experimental specimens and 
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unstressed controls were trypsinized, pelleted, and resuspended in medium.  The 

remaining attached cells were counted with a hemocytometer at 1, 24, 48, and 72 hr 

post-heating.   The cell number of each heated sample was normalized with the 

unheated control to determine the percent viability.  The calculated cell viability 

percentages from the three parallel experiments for each set of experimental conditions 

were averaged.  Alternatively, viability was assessed via ethidium bromide/calcein and 

propidium iodide staining, which consistently underestimated the damage magnitude 

indicated by cell adhesion assay.  Trypan blue staining gave results comparable to cell 

adhesion. 

2.1.6 Damage Determination and Theory.    

The availability of both thermal history and cell injury data enabled 

determination of the constitutive parameter values for an Arrhenius damage model.  

Thermal damage was calculated from the Arrhenius integral formulation [65]: 
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where Ω is defined as the logarithm of the ratio of the initial concentration of healthy 

cells, Co, to the concentration of healthy cells remaining after thermal stimulation, Cτ,  

for a stimulation duration of τ (sec). A (1/sec) is a scaling factor, Ea (J/mol) is the 

activation energy of the injury process, ℜ (J/mol-K) is the universal gas constant, and T 
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(K) is the instantaneous absolute temperature of the cells during stress, which is a 

function of time, t (sec).  Equation 2.1 can be used to directly calculate damage from 

measured data and equation two can enable prediction of damage data based on known 

Ea amd A parameters. The values of Ea and A are determined by inverse solution in 

matching the model to the data for cell injury and temperature-time history of exposure. 

 

2.2 Results 

 2.2.1 HSP70 Expression Kinetics 

 Figure 2.2 presents the HSP70 expression kinetics data for the stress 

temperatures and stimulation durations considered.  In all subsequent plots n is the 

number of flasks employed in the measurement with each flask containing 1x106±100 

cells. Among the protocols evaluated, the maximum HSP70 expression occurs for 50ºC 

and peaks earliest at 3 min with a level 5.2 times the control.  At lower temperatures the 

rate of expression and maximum value decrease progressively: 5.1 times the control for 

48ºC at 6 min, 3.3 times the control for 46ºC at 12 min, and 3 times the control for 44ºC 

at 24 min. Although there is considerable variation in expression magnitude over the 

entire matrix of experiments, the data are uniformly consistent, with small standard 

deviations on the order of only a few percent at each measurement point.  The range of 

standard deviations was .06-.19 mg/ml with an average error of ±.13 mg/ml. 
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Figure  2.2  Normalized HSP70/actin as a function of heating time and 
temperature evaluated at 16-18 hr post-heating with an average error of ±.13 
mg/ml, n=3. 

 

2.2.2 Cell Viability   

 Figure 2.3 presents cell viability (CV) data for heating at temperatures of 44ºC, 

46ºC, 48ºC and 50ºC.  Four curves are shown at each temperature for the manifestation 

of injury at 1, 24, 48 and 72 hr following thermal stress for the indicated heating times.  

With increasing thermal stimulation temperature, injury to cells increases and occurs 

more rapidly.   Cell injury was maximum at 72 hr so this was the most stringent 

standard for cell viability measurements and was employed in subsequent protocol 

design. Cell proliferation continued for cells heated at sub-lethal temperatures and 

heating durations and is evidenced by the cell viability values greater than 100%.  Due 
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to the large range in cell viability values, the error bars are not apparent. The range of 

standard deviation was 1-6 % with an average error of 3%. 

 

Figure 2.3  Cell viability following variable duration of thermal stress for T=44(a), 
46(b), 48(c), 50(d) degrees Celsius measured at t=1, 24, 48, 72 hr post-heating with 
an average error of ±3%, n=3. 

 

2.2.3 Cell Viability and HSP70 Expression Correlation   

Figure 2.4 compares the HSP70/Actin level evaluated at 16-18 hr with cell 

viability measured at 72 hr post-heating as a function of stress time and temperature.  

The peak in HSP expression follows a large decline in cell viability for all temperatures. 

The cell viability values initially and for sub-lethal heating durations are greater than 

100% to reflect the cell proliferation that has occurred during 72 hours for the sub-lethal 

heating protocols. 
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Figure 2.4  Cell viability measured 72 hr post-heating and HSP70/actin 
concentration determined 16 hr post-heating as a function of thermal stimulation 
duration for T=44-50oC, n=3. 

 
2.2.4 Damage Analysis 

Damage was determined from the Arrhenius integral formulation and steadily 

increases for higher thermal stimulation temperature and duration.  A damage value of 

Ω=1 (equation 2.1) denotes a cell viability of 35%.   At each temperature the threshold 

time was defined for Ω=1 or Cτ=1/e of Co.  The threshold temperature for a given 

thermal stimulation period is defined as the temperature at which Ω=1 for a given 

exposure time. Assuming isothermal conditions when Ω=1, the Arrhenius equation 

simplifies to the logarithmic form, 
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Figure 2.5 presents the relationship between ln(τ) and 1/T for data for 72 hr post-

heating.  The thermal damage kinetic coefficients of A and Ea are determined from the 

intercept and slope respectively of the best-fit line to the data as A= 1.4x1066 s-1 and Ea= 

4.1x105 J/mole.   
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Figure  2.5   Best linear fit to natural logarithms of threshold times of thermal 
damage versus 1/T for 72 hr post-heating, n=3. 
 

The Ea and A parameters were calculated for all the post-heating durations 

evaluated in the study as shown in Table 2.1. The variation in damage parameters 

illustrates the impact selecting different post-heating durations has on determining the 
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cell viability and ultimately the damage.  The most significant variation was reflected in 

the A values with little difference in the Ea parameters. 

 

Table 2.1 Arrhenius damage parameters for all post-heating durations. 

Post-Heating Time (hr) Ea (J/mole) A (s-1) 

1 2.4x105 5.2x1035

24 3.2x105 6.3x1048

48 3.7x105 5.9x1058

72 4.1x105 1.3x1066

 

 The measured damage values were determined using equation 1 based on the 

cell viability data for 72 hr.  The A and Ea values for a post-heating duration of 72 hr 

were applied to calculate the predicted damage using equation 2.2 assuming isothermal 

conditions. The measured and calculated damage were compared as shown in Figure 2.6 

for only the exponential region of the damage curve for each temperature.   
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Figure 2.6  Comparison between measured and Arrhenius model-predicted 
damage for 72 hr post-heating, n=3.  

 
 The norm of the residuals was calculated for each temperature in order to 

determine the goodness of the fit between the measured and model predicted damage 

values.  The smaller the value, the more precise the fit between the measured and 

model- predicted damage.  The norm of the residuals for each of the temperatures is 

shown in Table 2.2.  

 

Table 2.2 Norm of residuals for fit between measured and predicted damage. 
Temperature (oC) Norm of Residuals 

44 0.118 
46 0.047 
48 0.234 
50 0.308 
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 The predicted values corresponded closely to the measured values confirming 

the validity of the damage model for predicting damage in the temperature range 

considered.  The most accurate fit occurred between the measured and model predicted 

damage at T=46oC.  The error between the measured and the model-predicted damage 

ranged from .002-.731.  

 

2.3 Discussion and Conclusion 

The design of preconditioning protocols should reflect acceptable values for 

both cell viability and HSP70 expression.  However, the conditions which maximize 

HSP70 expression and cell viability cannot be achieved within a single protocol.  

Therefore, we have defined a figure of merit (FOM) to be applied to individual 

protocols to quantify the combined outcome of cell viability and HSP expression.  The 

FOM provides a basis for quantitative comparison of the effectiveness of candidate 

preconditioning protocols,  
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where the HSP70/actin ratio describes the HSP70 expression level for each sample 

normalized to a control measure of expression for each heating protocol.  A minimum 

acceptable survival (MAS) of 90% cell viability was established as a requirement for 

candidate heating protocols. The MAS criterion was based on the cell viability 
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measured 72 hr post-heating. The most favorable protocols fulfilled the MAS 

requirement and yielded the highest FOM for each temperature.  The highest ranked 

protocol for each temperature is presented in Table 2.3.  

 

Table 2.3  Thermal stimulation protocols for each temperature with MAS>90% 
and maximum FOM for 72 hr post-heating. 

Water Bath 
Temperature 

(C) 

Heating 
Time 
(min) 

Cell 
Viability 

(%) 
⎟⎟
⎟
⎟
⎟
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⎝
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control
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actin
HSP
actin

HSP

70

70

 
FOM 

44 22 91 2.6 23.7 
46 10 98.1 2.3 22.6 
48 2 94.1 3.6 33.9 
50 1 94.8 3.6 34.1 

 

The FOM is proportional to cell viability since preserving the integrity of the 

tissue is paramount to protocol design.  The highest FOM achieved at 34.1 with a 

HSP70 expression 3.6 times control was observed for T=50C and t=1 min (the highest 

temperature and shortest time combination tested).  An obvious implication of this 

result is that future studies should be designed to facilitate investigation of higher stress 

temperatures for shorter heating durations by employing a source with a shorter 

equilibration constant. 

The rate of decline in cell viability is more rapid as the stress temperature is 

increased.   The extent of injury was manifested progressively throughout the 72 hr 

period of observation following stress. Therefore, the data at 72 hr post-heating was 

taken as the most stringent measure of cell viability and the benchmark for evaluation of 
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stimulation protocols. The level of cell necrosis was dependent on the severity of the 

damage caused by hyperthermia exposure. Cells that experienced significant injury 

displayed a decrease in cell viability immediately following thermal stress, whereas for 

more moderate damage the decline was delayed until 24-72 hr post-heating. Very few 

specimens that experienced significant injury were able to recover and continue 

proliferating.   

Damage was quantified in terms of the Arrhenius injury parameter, Ώ, and 

increased progressively with both thermal stress temperature and duration.  Isothermal 

conditions were assumed for the damage calculations. For most of the calculations this 

was an acceptable assumption, but for heating durations on the order of 1-3 minutes this 

may be inaccurate due to the time constant of 1 min which creates a non-isothermal 

heating process. A non-isothermal method of analysis might provide a more accurate 

calculation of the damage for heating durations on the order of 1-3 minutes. However, 

this study determined similar injury parameters as reported for breast, brain, and liver 

following microwave hyperthermia treatment [66]. The current damage model values of 

A= 1.4x1066 s-1 and Ea= 4.1x105 J/mole compare well with data from the literature for 

chondrocytes (A= 1.2x1070
 s-1 and Ea = 4.5x105

 J/mole)[67], retina (A= 4.3x1064
 s-1 and Ea 

= 4.2x105
 J/mole) [68], and aorta (A= 5.6x1063

 s-1 and Ea = 4.3x105
 J/mole) [69].  The 

calculated model parameters accurately predicted the damage experienced by cells for 

the temperature range considered in the study. 

 HSP70 expression in response to stimulation at higher temperatures coupled 

with shorter stimulation durations was lower than achieved in the same cell line at 
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T=42oC for durations of 0.5-5 hr [42].  In that study a peak HSP70 level 10 times the 

control was observed at 12 to 16 hr post-stress for a thermal stimulation duration of 90 

min.  In the current study a maximum expression level of 5.8 times greater than the 

control was reached at T=50oC for t=3 min. Although the protocol used in [42] 

produced higher increases in HSP70, a stress protocol of 90 min is not clinically 

practical for most applications.  Thus, one objective of the current study was to explore 

HSP expression for shorter stress durations more conducive to the time constraints of a 

clinical setting.  The current data indicate that even shorter stress periods at higher 

temperatures should be evaluated.  Such studies would require a different heating 

source with a higher intensity energy deposition and shorter time constant. 

A water bath heating source is suitable for thermal stimulation in the laboratory, 

but is not adaptable for clinical applications since it requires submersion of the tissue.  

Non-invasive sources which heat by means of mechanisms of energy dissipation such as 

ultrasound, microwaves, RF, and lasers have a thermal time constant shorter than the 

water bath and would enable in vivo heating of the tissue.  The initial temperature of the 

cells was 37oC. Following immersion into the 50oC water bath, cell temperature was 

elevated to 49.5oC in 12 s and 49.8oC in 60 s. The specimen temperature was easily 

maintained in the water bath for 1-30 min.  The thermal equilibration time of 1 min is 

acceptable for the longer heating durations, but  may affect the validity of the results for 

the shorter heating durations (for eg. 1-2 min).  As a result, heating sources with a 

shorter time constant should be employed to give more accurate measurement of the 

HSP70 expression and cell viability for heating durations shorter than several minutes. 
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Traditional hyperthermia therapies involve heating the targeted region to 43oC 

for approximately one hour while not excessively elevating the temperature of the 

surrounding tissues.  Focused ultrasound is frequently used in the treatment of benign 

prostatic hyperplasia, elevating tissue temperature within the focal zone to 70-90oC in 

1-4 s with a duty cycle of 16 s (4 s high energy/12 s low energy) and a total treatment 

time of 45-50 min [70-72].  Similarly, Nd-YAG laser therapy for oral cavity carcinomas 

involves irradiating the tissue for periods of 5-7 s repeatedly for 50 min [73].   Other 

thermal treatments utilizing high energy intensity temperatures of 60oC or greater for 

(2-10 s) include high-temperature hyperthermia [74], coagulation necrosis [75], and 

thermal ablation therapy [76].  In comparison to sources that achieve the desired 

temperature and enable treatment within several seconds at elevated temperatures, water 

bath immersion has a much longer time constant, but provides a very tightly controlled 

environment.  Nonetheless, its use for laboratory investigation enables an understanding 

of the HSP70 and cell viability kinetics for relatively brief thermal stress protocols. 

 Targeted combinations of stress temperatures in the range of 44-50oC coupled 

with exposure durations of 1-30 min can produce significant levels of HSP70 

expression while still maintaining acceptable cell viability.  For a given stimulation 

temperature, the cell viability will begin to diminish before achieving peak HSP 

expression.  The practical design of acceptable thermal preconditioning protocols will 

require a tradeoff between maintaining cell viability and increasing HSP70 expression. 

The thermal damage process can be represented by a first order rate equation with the 

coefficients of A and Ea determined by fitting an Arrhenius injury model to data 
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obtained for constant-temperature heating. The injury model in conjunction with HSP70 

expression data should be a useful predictive tool for development of dosimetry 

guidelines for applications involving thermal stimulation of HSP expression in target 

tissue.  
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Chapter 3:  HSP27, 60, and 70 expression kinetics and cell viability 
following hyperthermia in normal and cancerous prostate cells 

 

Prostate cancer is the second leading cause of cancer death for males in the 

United States exceeded only by lung cancer with one out of six men expected to 

contract the disease during their lifetime [77].   Minimally invasive energy-based 

treatments such as thermal ablation, local hyperthermia sensitization for use in 

conjunction with radiotherapy, chemotherapy or brachytherapy, and thermally mediated 

drug or gene therapy deliveries are important treatment options. Critical to the success 

of any of these therapies is the ability to provide a reasonable prediction of the outcome 

at the time of treatment delivery.  Knowledge of the temperature and time history 

during hyperthermia treatment can be used to predict thermal necrosis in regions where 

damage is severe, but in regions where temperatures are insufficient to coagulate 

proteins, the results and subsequent effects are difficult to predict.  An applied thermal 

stress tends to elicit offsetting effects of protection by overexpressed heat shock 

proteins (HSP) and hyperthermia mediated cell necrosis. The effectiveness of 

chemotherapy and radiation can be substantially hindered due primarily to HSP 

expression when hyperthermia is applied prior to these procedures.  Consequently, 

knowledge of the thermal dose necessary to activate or de-activate HSP expression in 

the prostate can be critical in planning and implementing an effective thermal treatment 

for hyperthermia alone or as an adjuvant to radiotherapy or chemotherapy. 

HSP have been implicated in many roles of therapeutic resistance for a broad 

range of neoplastic tissues including multi-drug resistance [78] regulation of apoptosis 

 43



[79], and modulation of p53 functions [80].  The present study focuses on 

characterizing the thermally stimulated kinetics of three dominant HSP often associated 

with prostate cancer progression: HSP27, HSP60, and HSP70.  Knowledge of 

expression kinetics enabled development of a mathematical model to permit prediction 

of HSP expression associated with hyperthermia therapy.   

HSP27 is normally constitutively expressed at low levels within the cytosol of 

human cells.  In human prostate cancers, over-expression of HSP27 is a poor prognostic 

marker for invasive prostatic carcinoma, but the absence of HSP27 is a reliable 

objective marker in early prostatic neoplasia [81]. Elevated HSP27 levels have been 

associated with sparing of tumor cells by inhibition of apoptosis. It has also been 

suggested that HSP27 modulates reactive oxygen species by means of a glutathione-

dependent pathway [82] providing protection for intracellular proteins and partially 

explaining the protective effect against chemotherapeutic agents [83, 84].   

HSP60 is copiously present within the majority of mammalian cells under 

normal conditions [85] where it functions primarily in chaperoning and folding proteins 

[86].  Both HSP60 and HSP70 have been identified for their roles in antigen processing, 

presentation, and transportation of the tumor rejection antigens on the membrane of 

tumor cells [86] [87].  Thus they enable cancer specific immunity due to chaperoning 

antigenic peptides [87-90].  Enhanced expression of HSP60 has been observed in breast 

carcinoma [91], myeloid leukemia [92], and early and advanced cases of prostate cancer 

[81]. 
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HSP70 binds nascent polypeptide chains; aids protein transport into the 

endoplasmic reticulum, mitochondria, and nucleus; maintains correct folding of 

precursor proteins; and protects proteins from the damaging effects of stress [93].  

Increased expression of HSP70 is observed in several types of tumors, including breast 

and cervical cancers [94] and may be involved in cell proliferation, prognosis, and drug 

resistance [95].  Recent evidence suggests HSP70 has a role in the control of cell 

cycling and growth.  Normally the inducible form of HSP70 is expressed in 

proliferating cells during the G1/S and S phases of the cell cycle [96].  A variety of 

oncogenes induce the expression of HSP70 including c-myc [97], p53 [98], and 

adenovirus E1A [99]. A positive correlation between HSP70 levels and proliferative 

activity has been demonstrated in immunohistochemical studies of breast tumors [100].  

The expression of HSP70 was unaltered in early prostate cancers compared to non-

neoplastic, prostatic epithelium, but showed a decreased expression in advanced cancers 

[81].  HSP70 over-expression has been linked to the synergistic effect of hyperthermia 

on radio and chemotherapies.   

Cellular studies have demonstrated the effectiveness of thermal stress in 

enhancing HSP expression and confirmed greater cellular resistance to damage during 

subsequent exposure to radiation or chemotherapeutic agents.  Both human androgen-

dependent (LNCaP) and androgen-independent cells (PC-3) exhibited increased 

expression of HSP27 and HSP70 following incubator heating at 42oC for periods of 0, 

60, 120 min. Following heat shock both cell types experienced dramatically reduced 

chemical and radiation induced apoptosis [101]. The expression of HSP27 was shown 
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to increase following water bath heating for 43-49oC at 60 min with minimal cell 

damage. This study also demonstrated the presence of two distinct domains of thermal 

response to trans-rectal high-intensity focused ultrasound (HIFU) of the prostate.  An 

intra-prostatic thermal necrosis zone corresponded to peak treatment temperatures 

(100oC) and a peripheral zone at the border of the beam focus was characterized by sub-

lethal temperatures (45-50oC), massive up-regulation of HSP27 expression and high cell 

viability [102].  Due to the prominent role of HSP in protection associated with 

hyperthermia, knowledge of the thermal stress conditions that elicit their role in tumor 

resistance is essential to effectively producing a desired therapeutic response. 

The present study was designed to measure HSP expression kinetics, cell 

viability profiles, and to determine the correlation between cell viability and HSP 

expression in prostate cancer (PC3) cells and normal (RWPE-1) cells for temperatures 

and exposure durations typically encountered in hyperthermia therapy.  The HSP 

kinetics data was employed in the development of a mathematical predictive model for 

HSP expression based on a prescribed thermal stress.  The cell viability data enabled 

determination of Arrhenius damage parameters to enable prediction of cellular injury.  

This data should support the development of dosimetry guidelines and optimized 

hyperthermia protocols where HSP expression is minimized in the tumor region and 

elevated in the healthy surrounding tissue to produce maximum tumor destruction and 

preservation of healthy tissue. A correlation will be determined between the influence 

of defined thermal stress conditions on cell viability and HSP expression to enable a 
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more effective prediction of the response of prostate tumor and normal tissues to 

hyperthermic therapies. 

3.1 Methods 

3.1.1 Cell Culture   

PC3 cells (ATCC, CRL-1435, Manassas, VA) were cultured with HAM’s F12 

medium (ATCC, 30-2004 Manassas, VA) with 10% FBS (ATCC, 30-2020, Manassas, 

VA), and 5% penicillin-streptomycin (Gibco, 15140-122, Carlsbad, CA).  RWPE-1 

cells (ATCC, CRL-11609, Manassas, VA) were cultured with keratinocyte serum free 

medium (GIBCO-BRL 17005-042, Carlsbad, CA) supplemented with 5 ng/ml human 

recombinant EGF and 0.05 mg/ml bovine pituitary extract.  Cultures were maintained in 

a 5% CO2 incubator in 25 cm2 phenolic culture flasks which were passaged into 6 flasks 

every 5 days. Following 5 days the cells reached 90% confluence and were ready for 

experimentation. Culture in phenolic-capped flasks was necessary to prevent leakage 

and contamination to cells during submersion in a water bath during the heating process. 

 

3.1.2 Hyperthermia Protocol   

A constant temperature circulating water bath (NESLAB RTE-100, Thermo 

Electron Corporation, San Jose, CA) was employed as the hyperthermia source to 

produce a relatively short thermal time constant of 4 seconds to heat experimental 

specimens. The method of thermal stress and calibration have been described in chapter 

2 and previous work [103]. Upon reaching confluence, flasks were submerged in a 

water bath at a predetermined temperature and duration in the ranges of 44-60oC for 1-
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30 minutes.  The maximum experimental temperature caused complete cell death for 

the shortest heating duration. Following heating the flasks were returned to a 37oC 

incubator for subsequent manifestation of damage and HSP elevation.   

 

3.1.3 HSP 27, 60, and 70 Expression Evaluation 

After an incubation time of 16-18 hr post-heating (shown to be an effective 

evaluation period for measuring HSP 70 expression [104]), cells were lysed in buffer 

solution containing protease inhibitors and 10% SDS.  HSP expression in the PC3 cells 

was also evaluated for post-heating durations of 24, 48, and 72 hr.  The supernatant 

solutions were stored at –20oC until needed for analysis of HSP expression via western 

blot. The total protein concentration was evaluated using a spectrophotometer at 595 nm 

(Beckman, DU 530, Irvine, CA) and a protein dye assay (Bio-Rad Labs, 500-0002, 

Hercules, CA).   All wells of Criterion Pre-cast Gels (Bio-Rad Labs, 345-0009, 

Hercules, CA) were loaded with equal amounts of protein for gel-electrophoresis.  The 

separated proteins were transferred to PVDF (polyvinylidene difluoride) membranes 

(Bio-Rad Labs, 162-0175, Hercules, CA) by immunoblot.  Following blocking in 3% 

nonfat dry milk blotto for 1.5 hr at room temperature (RT) to remove non-specific 

proteins, membranes were incubated with primary antibodies: anti-HSP27 mouse 

monoclonal (Stressgen Biotechnologies, SPA-800, San Diego, CA), anti-HSP60 mouse 

monoclonal (Stressgen Biotechnologies, SPA-806, San Diego, CA), anti-HSP70 mouse 

monoclonal (Stressgen Biotechnologies, SPA-810, San Diego, CA), and anti-actin goat 

IgG (Santa Cruz Biotechnology, 1616, Santa Cruz, CA) for 1.5 hours at RT. Then the 
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membranes were incubated with secondary antibodies donkey anti-goat IgG-HRP 

(Santa Cruz Biotechnology, 2020, Santa Cruz, CA) and goat anti-mouse IgG1-HRP 

(Santa Cruz Biotechnology, 2969, Santa Cruz, CA) for 1 hour at RT.  The monoclonal 

antibodies were employed to increase specificity for the three HSPs and to decrease 

background effects. A polyclonal antibody was used for actin because it produced a 

stronger signal than its monoclonal counterpart. Protein bands were visualized by 

incubating with a chromogenic substrate TMB (tetramethylbenzidine, Vector 

Laboratories, SK-4400, Burlingame, CA). Membranes were dried, scanned digitally, 

and the protein bands were analyzed quantitatively with Image Pro Plus (Media 

Cybernetics, San Diego, CA) in terms of size and mean density.  The amount of protein 

for each sample was represented as the area under the intensity histogram of the 

corresponding band.  Protein concentration was calculated as the product of the band 

area and mean density.  The ratios of HSP27, 60, and 70 were normalized to actin 

concentration to account for possible variations in total protein measured for each 

sample and for different background effects among membranes.  In order to confirm 

specificity of antibody binding in the presence of numerous primary antibodies and to 

optimize antibody concentration, western blots with each individual antibody were 

compared to blots with multiple antibodies to arrive at a clear signal for each antibody 

and prevent the presence of false bands.  A western blot for PC3 cells heated at 46oC is 

shown in figure 3.1 demonstrating the expression levels for HSP27, 60, and 70 

expression. 
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gure 3.1 Western blot depicting HSP 27, 60, and 70 expression and actin levels 
r PC3 cells heated at 46oC for various durations, n=3. 

.4 HSP Expression Computational Model 

The measured HSP kinetics data enabled formulation of an empirical model for 

ediction of HSP expression. Induction of HSP expression is initiated by the presence 

 denatured proteins caused by exposure to elevated temperatures for extended time.  

e induction of HSP expression is dependent on elevated temperatures, duration of 

mulus exposure, and other biological factors.  A model was proposed that describes 

P expression as a function of only temperature and heating duration which is 

equately supported by our experimental data.  For each temperature level, cell injury 

reased with heating duration resulting in elevated protein denaturation.  Following 

at shock, HSP expression initially rose with increasing time and accumulation of 

naturated proteins, but eventually dramatically declined as the injury to the cell 

came so substantial that the cell machinery could no longer synthesize additional HSP 
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and the existing basal HSP was denatured. This phenomenon occurred at each measured 

temperature, but with increasing temperatures the peak HSP expression and its 

subsequent decline occurred earlier. The objective of this study was to model this 

phenomenon allowing an accurate prediction for a wider and more complete states than 

were experimentally measured.  

3.1.4.1 Mathematical Model 

 The transient temperature field obeys the relationship: 
 

( , ) ( , ) ( , )H t T f t T H t T
t

∂
= ⋅

∂
                                                  (3.1) 

 
where  is a general rate function that can take various forms. In our case, we 

select 

( , )f t T

( 1
1( , ) )f t T tγα β −= − , which captures the characteristics of HSP expression 

denoted as H=H(T,t).  The asymptotic behavior of this model is that lim ( , ) 0
t

H t T
→∞

= , 

which faithfully reflects the measured kinetics data. For the sake of convenience, we 

normalize the HSP expression at 0t = , i.e., 0( , ) | 1tH t T = = , so that 1A = . We let 

1
1 2( , ) ([0, ) [ , ])H t T C T T∈ ∞ ×  be a function with a continuous first derivative. Consider 

the rate of change of HSP expression ( , )H t T  relating to itself as  

( )1
1

( , ) ( , )H t T t H t T
t

γα β −∂
= − ⋅

∂
                                                (3.2) 

 
where ( )1, ,andα β β γ= ⋅ γ  are parameters which are independent of time, but may be 

dependent on temperature, with 1γ > . One family of solutions to equation 3.2 is 

( )( , ) tH t T Ae
γα β−

=                                                            (3.3) 
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where A is a constant. 
  

3.1.4.2 Parameter Identification 

 The measured HSP kinetics data suggest that for , HSP expression 

increases over time up to certain threshold which is temperature dependent. For 

, HSP decreases dramatically with time.  In this paper, we use a least square 

approach for parameter identification. The results generated using Maple® are tabulated 

in Table 3.1 in the results section.  

052T < C

C052T ≥

 

3.1.5 Cell Viability Determination 

 Cell viability was assessed via propidium iodide staining with a flow cytometer.  

Following 72 hr post-heating (shown to be an effective evaluation period for measuring 

the extent of cell death [103], cells were trypsinized, pelleted, and resuspended in 4 ml 

PBS.  Prior to the cell viability measurement, propidium iodide (1:1000 dilution in 

PBS) was added to the cell suspension, and the percentage of dead cells was measured 

on a flow cytometer (Beckman, Irvine, CA) with an argon laser (λ=480nm).  WinMDI 

2.8 software allowed generation of histograms and analysis of data.  Samples of 

unheated controls and cells necrosed by methanol treatment (70% methanol for 30 

minutes) and extreme heat shock (60oC, 5 min) were used to calibrate regions of the 

histogram denoting live and dead cell populations.  The region of the histogram 

occupied by the control (unheated) sample was defined as the live cell population with 

low levels of propidium iodide staining. The dead cell population was defined as the 
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region of the histogram occupied by the methanol-treated and severely heat shocked 

sample, which also corresponded to the region excluding the control sample defined 

live population. The dead population was defined by a marker (M1) and the number of 

dead cells within this marked region were determined and expressed as a percentage of 

the total cell population. The percentage of dead cells were converted to live cell values 

and normalized with the percentage of live cells for the control. The normalized 

percentage of live cells, provided the value for Cτ characterized in the damage 

calculations. Figure 3.2 shows histograms for control, methanol treated, severely heat 

shocked (complete cell death), and a typical heated sample, with the portion of the 

histogram identified with dead cells indicated by the dead population marker M1.  The 

events label on the y-axis corresponds to cell number.        

               

                                (a)                                                              (b) 
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                                 (c)                                                                 (d) 

 
Figure 3.2 Flow cytometric analysis of cell viability. The dead cell population was 
defined by the marker (M1) as the region of the histogram occupied by both the 
methanol-treated and severely heat shocked samples (this region excluded the live 
population defined by the control sample).  Cell viability determination is shown 
for a) control (unheated), b) methanol treated, c) severely heat-shocked (52oC, 6 
min), and d) typical heated sample (44oC, 15 min). 
 

3.1.6 Damage Analysis    

The availability of both thermal history and cell injury data enabled 

determination of the constitutive parameter values for an Arrhenius damage model 

[105]: 

                         ( ) ⎟⎟
⎠

⎞
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⎝

⎛
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τ

τ
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Coln                                     (3.4) 
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∫ ℜ
−
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τ

τ
0

 
(3.5) 

where Ω is defined as the logarithm of the ratio of the initial concentration of healthy 

cells, Co, to the concentration of healthy cells remaining after thermal stimulation, Cτ, 

for a duration of τ (sec). A(1/s) is a scaling factor, Ea (Jmol-1) is the injury process 
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activation energy, ℜ (Jmol-1K-1) is the universal gas constant, and T(K) is the 

instantaneous absolute temperature of the cells during stress, which is a function of time, 

t(sec).  Equation 3.4 can be used to directly calculate damage from measured data and 

equation two can enable prediction of damage data based on known Ea amd A 

parameters. The values of Ea and A are determined by inverse solution in matching the 

model to the data for cell injury and temperature-time history of exposure. A Matlab 

optimization model was then applied to refine the values of Ea and A to achieve a better 

match between the injury model and the experimental data.   

3.2. Results 
 
3.2.1 PC3 HSP Kinetics 
 

The normalized HSP27, 60, and 70/actin expression kinetics data for PC3 cells are 

shown in figure 3.3 as a function of heating time following 16-18 hr post stress (PH, 

recovery time following heating before evaluation).  The standard deviation values are 

not shown for clarity, but were in the range of 0.07-0.17 mg/ml with an average error of 

±.12 mg/ml.  Each HSP had a unique basal level of expression as determined for the 

unheated control sample. All HSP/actin values were normalized to ensure consistency 

of interpretation. Significant increases in HSP27 and HSP70 concentrations occurred 

following hyperthermia treatment, whereas HSP60 elevation was minimal.  The levels 

of expression for HSP27 for all temperatures was more than twice that for HSP70.  The 

maximum expression levels for HSP70 and HSP27 occurred for the same hyperthermia 

protocol of 1 min at 50oC, with values of 2.7 and 8.8 times the control, respectively.  
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The maximum HSP60 expression occurred at 46oC for 25 min with a value 1.3 times 

the control.  At lower temperatures the rates of all HSP expression decreased 

progressively. Temperatures greater than 50oC yielded minimal HSP expression and 

dramatic declines in cell viability.   

 

  
 
Figure 3.3 Normalized HSP27, 60, and 70/actin expression ratios as a function of 
heating time and temperature for PC3 cells evaluated at 16-18 hr PH with an 
average error of ±.12 mg/ml, n=3. 
 
 
3.2.2 Time Course of HSP Expression 
 

Although the period of stress requisite to elicit HSP overexpression may be 

relatively short as measured in minutes, the resultant HSP elevation in the affected 

tissue may last up to several orders of magnitude longer in time.  This extended period 

can have important consequences for related clinical treatment protocols such as 
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subsequent chemotherapy or radiation treatments.  Thus, the present experiments were 

designed to measure the post stress time for which the various HSP remain at an 

increased level.  

The HSP concentration at various post-heating times following hyperthermia 

was measured as shown in figure 3.4 to characterize the time course of expression in 

PC3 cells subsequent to heating at 44oC.  The initial value of 1 was set to equal the 

basal level of expression for each HSP.  The highest measured expression typically 

occurred at 16-24 hr PH, with the peak normalized values for HSP27, HSP60 and 

HSP70 being 5.8, 1.2, 2.1 times the control, respectively. For the majority of heating 

protocols all HSP expression had decreased significantly by 48 hr PH and was nearly 

absent at 72 hr PH.  The standard deviation values were in the range of 0.05-0.18 mg/ml 

with an average error of ±.12 mg/ml. 
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(c) 

Figure 3.4. Normalized (a) HSP27/actin, (b) HSP60/actin, and (c) HSP70/actin 
levels for PC3 cells as a function of heating time at T=44ºC and evaluation at 
various post-stimulation periods with an average error of ±.12 mg/ml, n=3. 
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3.2.3 RWPE-1 HSP Expression Kinetics 

Normal prostate cells (RWPE-1) were exposed to the same hyperthermia 

protocols as were the PC3 cells to determine whether there is a differential thermal 

stress response in these two types of tissue that could be manipulated advantageously in 

the design of treatment regimens.  The normalized HSP27, 60, and 70/actin expression 

kinetics data are shown in figure 3.5 for RWPE-1 cells stressed for incremental heating 

temperatures and times and measured at 16-18hr PH.  The HSP27 and HSP70 

expression levels were much lower than was induced in PC3 cells.  Maximum 

expression levels of 3.8, 1.5, and 2.3 times the control occurred for HSP27, HSP60, and 

HSP70 respectively, for stress at 50oC for 3 min in all three cases. The standard 

deviation values were not shown for clarity and ranged from 0.08-0.21 mg/ml with an 

average error of ±.15 mg/ml. 

 
Figure 3.5 Normalized HSP27, 60, and 70/actin expression ratios for RWPE-1 cells 
as a function of heating time and temperature evaluated at 16-18 hr PH, with an 
average error of ±.14 mg/ml,  n=3. 
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3.2.4 HSP Expression Model 

 HSP expression model parameters were identified for HSP27 and 70 kinetics for 

both PC3 and RWPE-1 cells. The model was not formulated for HSP60 expression 

since there was minimal expression increase due to elevated temperatures. The 

determined HSP27 and HSP70 expression model parameter values for both cell types 

are shown in Table 3.1. We observe that γ  is close to one, although the ranges of the 

other parameters vary. The model predicted and measured HSP27 and 70 kinetics for 

both PC3 and RWPE-1 cells are shown in Figure 3.6-3.7.   

 

Table 3.1  HSP27 and HSP70 expression model parameters for a) PC3  and b) 

RWPE-1 cells calculated by ( )( , ) tH t T Ae
γα β−

=  where H(t,T) represents HSP27 and 
HSP70 expression. 
 
 

 (a) 
 

 HSP 27 Expression Parameters HSP70 Expression Parameters
Temperature 

(oC) α β γ α β γ 
44 0.91 0.23 1.54 2.43 2.20 1.03 
46 6.89 5.83 1.07 0.38 0.12 1.39 
48 64.48 62.75 1.02 9.39 8.72 1.04 
50 10.64 8.46 1.32 174.15 173.32 1.01 
52 -1.91 0.29 2.76 12.36 12.32 1.01 
54 -4.56 12.64 0.94 -0.09 0 10.60 
56 23.18 23.41 1.01 23.18 23.41 1.01 
58 0.99 22.01 1 -0.49 0.06 4.15 
60 0.99 22.01 1 -7.77 -4.39 1.10 
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(b) 

 
 HSP 27 Expression Parameters HSP70 Expression Parameters

Temperature 
(oC) α β γ α β γ 
44 0.10 0.01 1.98 0.18 0.06 1.34 
46 0.23 0.07 1.43 0.09 0 2.55 
48 20.29 19.68 1.01 1.16 0.77 1.19 
50 66.92 66.04 1.01 20.47 19.91 1.01 
52 0.71 0.51 1.41 0.32 0.08 2.12 
54 -0.20 3.36 11.61 0.19 0.02 3.25 
56 1.36 2.74 2.34 18.89 20.40 1.24 
58 1 22.01 1 -0.17 2.59 2.15 
60 1 22.01 1 0.61 3.40 1.69 

 
 

 

 

                                                                 (a) 
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                                                                (b) 
Figure 3.6  Comparison between measured and model-predicted a) HSP27 
expression and b) HSP70 expression for PC3 cells. 
 

 

                                                               (a) 
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                                                               (b) 
Figure 3.7 Comparison between measured and model-predicted a) HSP70 
expression and b) HSP27 expression for RWPE-1 cells. 
  

 The model predicted HSP expression values correspond closely with the 

measured data.  The correlation coefficient was calculated for HSP27 and 70 for each 

temperature considered in order to determine the goodness of the fit between the 

measured and model predicted HSP expression values.  A perfect fit is denoted as a 

value of one and the accuracy of the fit declines as the correlation coefficient becomes 

smaller.  The correlation coefficient for each of the temperatures is shown in Table 3.2.  
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Table 3.2  Correlation coefficients for HSP70 and HSP27 predictive models for 
PC3 and RWPE-1 cells. 

 PC3 Cells RWPE-1 Cells 
Temperature (oC) HSP70 model HSP27 model HSP70 model HSP27 model 

44 0.92 0.94 0.82 0.99 
46 0.96 0.99 0.98 0.99 
48 0.95 0.97 0.98 0.90 
50 0.89 0.99 0.94 0.93 
52 0.87 1.00 0.95 0.95 
54 0.99 1.00 0.96 0.86 
56 0.88 0.90 1.00 1.00 
58 0.80 1.00 1.00 1.00 
60 1.00 1.00 0.99 1.00 

 

3.2.5 Cell Viability  

The cell viability values for PC3 cells at 72 hr PH. are shown in figure 3.8. With 

increasing thermal stimulation temperature, injury uniformly increases and occurs more 

rapidly.  The highest tested temperature of 60oC yielded less than 1% live cells for the 

shortest heating duration of 1 min, whereas the lowest temperature of 44oC with the 

longest duration of 30 minutes maintained a cell viability of 10%.  The standard 

deviation was in the range of 0.4-6.5% with the average error of ±3.5%. 
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Figure 3.8  PC3 cell viability in response to variable thermal stress duration as 
measured at 72 hr PH with the average error of ±3.5%, n=3. 
 

 
The corresponding data for RWPE-1 cells are shown in figure 3.9.  The standard 

deviation was in the range of 0.4-6.3% with the average error of ±2.9%.  RWPE-1 cells 

were slightly less sensitive to thermal stress as evidenced by the higher viabilities for 

identical temperature histories.  However; the largest difference between the PC3 and 

RWPE-1 cell viabilities was in the range of 1-13%, with the largest variation in cell 

viabilities only twice the largest standard deviation value. 
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Figure 3.9  RWPE-1 cell viability in response to variable thermal stress duration as 
measured at 72 hr post heating with the average error of ±2.9%, n=3. 
 

3.2.6 Correlation of HSP Expression with Cell Viability 

It is efficacious to understand and be able to predict the relationship between 

HSP expression and cell viability for design of hyperthermia protocols.  The HSP 

expression and cell viability data are plotted together in figures 3.10 (for HSP 70) and 

3.11 (for HSP 27) to facilitate direct comparison as a function of stress temperature and 

time.  Decreases in cell viability were initiated for less stressful conditions than are 

required to achieve the largest increase in HSP expression. The cells demonstrated a 

greater sensitivity to injury than to an increment in HSP expression elevation with 

higher stress temperatures.  At temperatures above 52oC the level of HSP expression 

never rose above the preheating value, and the cell viability also plummeted 

precipitously. The responses at 58 and 60oC were indistinguishable and are presented as 

a single plot for T=58oC.  The injury response is more rapid at 58 and 60oC than the one 
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minute time constant for experimental measurements in the present study, so that no 

meaningful data could be acquired.  Data are not shown for HSP60 since the absolute 

magnitude of expression elevation in response to thermal stress is minimal. 

 

 
Figure 3.10 Comparison of cell viability and HSP70 expression for incremental 
heating times at the indicated stress temperatures; n=3.   
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Figure 3.11 Comparison of cell viability and HSP27 expression for incremental 
heating times at the indicated stress temperatures; n=3. 
 

 

 

 

 68



3.2.7 Arrhenius Damage Model  

The Arrhenius damage integral was fit to the cell injury data to characterize the 

response to thermal stress temperature and duration. At each temperature the threshold 

time (τ) was determined for Ω=1 for which Cτ=1/e of Co.  For isothermal stress 

conditions, when Ω=1 the damage equation simplifies to the logarithmic form,  

                                    ( ) ( ) ( )ATR
Ea ln1ln −⎥⎦

⎤
⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛=τ .                                         (3.6) 

Figure 3.12 presents the relationship between ln(τ) and 1/T for PC3 and RWPE-1 cells.  

The thermal damage kinetic coefficients of A and Ea were determined from the intercept 

and slope respectively of the best-fit linear function to fit the experimental data.  It is 

evident from both plots that there exists a discontinuity in the data, requiring two linear 

functions to be used with a breakpoint at 54oC.  The experimental values for T=44-54oC 

and T=56-60oC were fit more accurately by independent functions having dissimilar 

slopes.   Thus, separate Ea and A values were determined for the two regimes of thermal 

injury. 
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   (a) 

 
         (b) 

Figure 3.12 Best linear fit curves for the two apparent injury domains to natural 
logarithm of times for threshold thermal damage Ω=1 as a function of 1/T for (a) 
PC3 and (b) RWPE-1 cells.   
  

Table 3.3 presents the Arrhenius damage model constitutive parameter values 

for both cell types and the two thermal regimes.  The values of Ea in the T=44-54oC are 

nearly identical for both cells; however, the A values are considerably larger for the 
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RWPE-1 cells. In the T=56-60oC regime the Ea and A values for the PC3 cells are 2 and 

1.2x1010 times larger than the RWPE-1 values respectively.  Thus, the cell 

differentiation is much greater under more severe stress.   

 

Table 3.3 Values of activation energy (E) and frequency factor (A) calculated by 
fitting the Arrhenius damage model to measured injury data for both cell types. 

Cell Type 
Ea (kcal/mole) 

T≤54oC 
A (s-1)     

T≤54oC 
Ea (kcal/mole) 

T>54oC 
A (s-1)       

T>54oC 
PC3 2.38x105 1.80x1036 1.24x105 7.00x1017

RWPE-1 2.49x105 1.03x1038 5.88x104 5.65x107

 
 

3.2.8 Damage Model Verification 

 In order to illustrate the accuracy of the model the determined damage 

parameters, A and Ea were applied to calculate the damage for all hyperthermia 

protocols and compared to the measured damage values as shown in figure 3.13.  The 

measured and calculated damage were compared for only the exponential region of the 

damage curve for each temperature.  In order to determine how closely the damage 

model replicated the measured damage data, the autocorrelation coefficients were 

determined for each temperature for both PC3 and RWPE-1 cells and are shown in 

Table 3.4. The model predicted damage corresponded closely to the measured values 

for both cell types, confirming the validity of the model for the temperature range 

considered.  
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                                                            (a) 

 
                                                              (b) 
 
Figure 3.13 Comparison between measured and Arrhenius model-predicted 
damage for (a)  PC3 and (b) RWPE-1 cells.  
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Table 3.4 Correlation Coefficients for the damage predictive model for PC3 and 
RWPE-1 cells. 

Temperature (oC) 
Correlation Coefficient for  

PC3 Cells 
Correlation Coefficient for  

RWPE-1 Cells 
44 0.97 0.92 
46 0.94 0.94 
48 0.93 0.91 
50 0.90 0.90 
52 0.93 0.93 
54 0.97 0.97 
56 0.99 0.92 
58 0.96 0.90 
60 0.93 0.95 

 
 
3.3 Discussion and Conclusion 
 
3.3.1 HSP Expression  

 Significant HSP27 and HSP70 expression was induced following thermal stress, 

whereas HSP60 elevation was minimal.  The most dramatic increase in expression was 

associated with HSP27, indicating that it may play a major role in protection following 

thermal stress in prostate cells.  Enhanced HSP70 expression was associated with a 

more dramatic drop in cell viability requiring longer exposure periods at a given 

temperature. Despite the lower levels of HSP70 expression, its persistence exceeded 

that of HSP27. HSP60 over-expression in response to thermal stress was minimal and 

therefore was considered an insignificant contributor to tumor protection during therapy.  

 

3.3.2 HSP Expression in PC3 Cells 

The maximum expression levels for HSP70 and HSP27 for PC3 cells occurred 

for the same hyperthermia protocol of 1 min at 50oC with values of 2.7 times and 8.8 

times control, respectively.  Longer durations at this temperature incurred significant 
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cell damage, apparently leading to a decline in HSP expression.  Temperatures greater 

than 50oC did not induce significant increases in HSP expression and led to the onset of 

dramatic cell injury. At lower temperatures the rates and magnitudes of all HSP 

expressions were diminished proportionately.  

If hyperthermia protocols that elicit HSP elevation are to be implemented in 

conjunction with radiation or chemotherapy, knowledge of the duration of the 

expression enhancement level in the tumor is essential to treatment planning. The peak 

expression level for all HSP occurred at approximately 16-24 hr post-heating when PC3 

cells were exposed to 44oC.  Following 48 hr post-heating all HSP expression began to 

diminish and by 72 hr HSP expression was at the basal level. The implication is that any 

subsequent treatments implemented before 72 hr may be compromised due to the 

residual elevations of HSP27 and HSP70. 

 

3.3.3 HSP Expression in RWPE-1 Cells 

 Exposure to hyperthermia conditions elicited much lower HSP 27 and HSP70 

expression in RWPE-1 cells, but slightly higher HSP60 elevation compared to the PC3 

cells.  Maximum expression levels of 3.8, 1.5, and 2.3 times the control occurred for 

HSP27, HSP60, and HSP70 respectively at 50oC for 3 min.  The lower sensitivity of the 

RWPE-1 cells to hyperthermia injury enabled them to prolong the HSP expression 

process longer than the PC3 cells, which demonstrated a drop in HSP expression and 

cell viability after only a 1 min heating duration at 50oC.  Due to the lower HSP 
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expression in the normal prostate cells, the corresponding thermo-tolerance associated 

with hyperthermia would be expected to be lower. 

 

3.3.4 HSP Expression Model 

 The measured HSP kinetics data enabled an empirical model to be developed for 

prediction of HSP expression due to a wide range of temperatures. Only HSP 27 and 70 

data were incorporated into the formulation of the model since induction of HSP60 

expression was insensitive to thermal stress. This is the first predictive model for 

thermally induced HSP expression. Utilization of the mathematical formulation of the 

empirical model and the expression parameters permitted prediction of the HSP 

expression phenomena with high accuracy.  Implementation of this model into the 

thermal therapy planning will provide insight into the expected tissue response due to 

hyperthermia. 

 

3.3.5 Cell Viability  

The rate of cell viability decline is more rapid as the stress temperature is 

increased.   PC3 cells exhibited a slightly greater sensitivity to thermal stress than the 

RWPE-1 cells, demonstrated by their lower cell viabilities following heating. It was 

anticipated that there would be a more drastic difference in cell viability between the 

PC3 and RWPE-1 cells due to the sensitivity of prostate tumor tissue to hyperthermia 

treatment.  Although our in vitro studies did not reflect significant differences in cell 

viability between the two cell types, an increased sensitivity of tumor tissue in vivo to 
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hyperthermia was observed by Bhowmick, et al. In their study, AT-1 Dunning rat 

prostate tumor models experienced significant thermal damage compared to previous 

studies involving AT-1 cells in vitro.  This difference in the in vitro and in vivo 

response to hyperthermia is thought to be due to the presence of fragile and poorly 

organized tumor vasculature in vivo which is easily destroyed during thermal therapy 

leading to hypoxia, ischemia, and accelerated tumor death [106] [107].   

 

3.3.6 Viability and HSP Expression Design Protocols  

The success of the combined thermal therapy and subsequent radiation or 

chemotherapy treatments relies on identifying and avoiding hyperthermia protocols that 

induce HSP expression elevation.  HSP elevation could confer improved tumor 

resistance to post-hyperthermia therapies.   This study has determined temperature-time 

combinations where HSP expression is elevated and cell viability is high, primarily 

combinations of brief heating durations at elevated temperatures.  Designing 

hyperthermia protocols that minimize both HSP expression and cell viability in the 

tumor will improve the effectiveness of subsequent therapies.   A direct correlation 

between HSP expression level and degree of protection does not exist, so it is not 

possible to incorporate the impact of HSP expression into thermal protocol design.  

Table 3.5 shows the threshold heating protocols for HSP70 and HSP27 expression to be 

reduced below the basal level, along with the corresponding cell viabilities for these 

conditions.  Longer heating times at any temperature will result in lower HSP 

expression and cell viability. The stress conditions which elicit HSP70 expression 
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decline are more severe than necessary for HSP27 degradation.  As a result, the HSP70 

protocol guidelines define the most rigorous criteria for depression HSP expression and 

cell viability. 

 

Table 3.5 Minimum threshold heating protocols to diminish HSP expression below 
the basal level and the corresponding cell viability. 
 

Temperature  
(oC) 

HSP70 Heating 
Duration (min) 

Cell Viability 
(%) 

HSP27 Heating 
Duration (min) 

Cell Viability 
(%) 

44 25 21 15 55 
46 20 9 12 53 
48 7 46 6 93 
50 4 65 3 80 
52 2 40 1 54 
54 1 48 1 48 
56 1 5 1 5 
58 1 3 1 3 
60 1 0.7 1 0.7 

 

3.3.7 Damage 
 

Damage was quantified in terms of the Arrhenius injury parameter, Ώ, and 

increased progressively with both thermal stress temperature and duration. A break 

point in the injury rate process was identified at 54oC for both cell types studied, 

yielding distinct Ea and A values above and below this state. The break point may occur 

as a consequence of different thermal injury mechanisms for temperatures above and 

below 54oC or of the occurrence of non-isothermal heating associated with the brief 

duration protocols employed in calculating damage for T>54oC.  In a similar study by 

Bhowmick, et al., AT-1 cells were described as having an injury process break point at 

55oC, wherein it was hypothesized to be a consequence of a change in the mechanism of 
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thermal injury [108].  In order to confirm the break point as a legitimate phenomena and 

not a result of non-isothermal heating due to the water bath time constant (longer than 1 

minutes at temperatures greater than 52oC), sources with a shorter time constant such as 

ultrasound, microwaves, RF, and lasers should be employed. These source would 

permit more accurate measurement of the cell viability for heating durations shorter 

than several minutes. 

The damage parameters determined in this study compare well with those 

determined for AT-1 cells [108].   The values for prostate cells are: EaPC3=2.38x105 

J/mol, EaRWPE-1=2.53x105 J/mol, APC3=1.8x1036 s-1, and ARWPE-1-1=3.38x1038 s-1 for 

44oC<T≤54oC in comparison with AT-1 cell values: Ea=4.78x104 J/mol and A=1.14x105 

s-1 (calcein leakage) and Ea=6.58x106 J/mol and A=1.16x1048 s-1 (50% survival using PI) 

for 27oC<T≤55oC. At higher temperatures the prostate cell data are: EaPC3=1.24x105 

J/mol, EaRWPE-1=5.88x104 J/mol, APC3=7x1017 s-1, and ARWPE-1=5.65x107 s-1 for T>54oC 

in comparison with AT-1 cell values of: Ea=8.78x104 J/mol and A=2.4x1011 s-1 (calcein 

leakage) and Ea=9.22x104 J/mol and A=6.11x1012 s-1 (50% survival using PI) for 

T>55oC.  The optimized model determined parameters accurately predict the damage 

experienced by cells for the temperature range considered in this study. 

Previous studies have demonstrated a much lower thermal threshold for 

destruction of AT-1 tumors in vivo compared to their in vitro counterparts under similar 

[107] [108] due to the presence of the vascular network in vivo. In vivo AT-1 studies 

have identified a break point in the injury process kinetics at 50oC in comparison to 

55oC for the in vitro studies [106] [107]. Thus, it will be essential to investigate the 
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hyperthermia induced HSP expression kinetics and cell viability modifications for PC3 

tumors in vivo before final dosimetry guidelines are developed for prostate cancer 

therapy. 

Hyperthermia protocols were identified that produced HSP27, 60, and 70 

elevation in both normal and prostate cancer cells.  The HSP expression kinetics data 

enabled development of the first thermally induced HSP expression predictive model. 

Damage model parameters were determined to permit prediction of cell injury to 

elevated temperatures. Utilization of the HSP expression model and injury parameters 

determined in this study should facilitate the design of more effective treatment 

protocols for prostate cancer. 
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Chapter 4: HSP 27 and 70 Expression and Damage Characterization In  
Laser Irradiated Prostate Tumors 

 
 In order for dosimetry guidelines to be developed for thermal therapies based on 

HSP expression characterization due to a thermal stimulus, it was essential to explore 

HSP induction associated with a thermal source with a much shorter time constant than 

the water bath.  Exploring the use of a clinically relevant source such as lasers was 

necessary in designing realistic therapy paradigms. Characterization of the HSP 

expression and tissue injury in the prostate tumor was required in order to account for 

the effects of vascularization in the tissue which could not be considered in the 

previously discussed in vitro systems.  This section focuses on the HSP 27, 70, and 

damage characterization within laser irradiated prostate tumors through the use of 

magnetic resonance temperature imaging (MRTI), immunofluorescence and H&E 

staining.   

 Laser-induced therapies promise effective treatment of small, poorly-defined 

metastases or other tumors embedded within vital regions. The efficacy of laser 

therapies is limited by the lack of specificity of the heating which is dependent on the 

diffusion of the thermal gradient from the probe to the desired location.  The 

dependency on diffusion requires extended heating times for large tumor volumes 

resulting in poorly defined damage boundaries. Therefore, large or nonuniformly-

shaped tumors are not effectively treated with laser therapy.   

 Recent development of nanoparticle technology and its application in 

hyperthermia therapies enable more selective heating and lower thermal doses to be 
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employed to achieve more precise control of the thermal energy delivered to the tumor 

region. This results in more effective tumor eradication and minimal destruction of 

surrounding healthy tissue.  This chapter also explores the utility of nanoshell-mediated 

laser therapy to determine whether enhanced tumor destruction and minimization of 

HSP expression could be achieved due to nanoshell inclusion.   

 Nanoshells were utilized which act as intense infrared absorbers, increasing the 

thermal deposition of laser energy into the tumor. These particles consist of a concentric 

spherical dielectric core and a thin metal coating shell with a total diameter in the 60 nm 

to 100 nm range. Nanoshells possess a highly tunable plasmon resonance which 

determines the particle’s scattering and absorbing properties.  The plasmon resonance 

and in turn the nanoshell’s optical properties can be tuned across a broad range of the 

spectrum from the UV to the infrared by controlling the relative thickness of the core 

and shell layers of the nanoshell [109].   This study focused on employing nanoshells 

that are intense near-infrared absorbers in treatment of prostate cancer using laser 

therapy.  The nanoshells enable treatment selectivity by accumulating in the leaky 

vasculature of the tumor where they bind to the tumor oncoproteins according to Figure 

4.1.  
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Carcinoma cells 

Nanoshell binds to surface 
oncoproteins Tumor capillary

“Leaky” endothelium  

     Figure 4.1 Nanoshell targeting to tumor surface. 

 

4.1 Methods 

4.1.1 Tumor Preparation 

 Human prostate cancer cells (PC-3) (ATCC, CRL-1435, Manassas, VA) were 

cultured with HAM’s F12 medium (ATCC, 30-2004 Manassas, VA) with 10% FBS 

(ATCC, 30-2020, Manassas, VA), and 5% penicillin-streptomycin (Gibco, 15140-122, 

Carlsbad, CA).  On the day of the inoculation, PC-3 cells were harvested from culture 

and counted in a hemocytometer with trypan blue to determine cell number and 

viability.  Cells were centrifuged at 1500 rpm for 7 min. Supernatant was removed and 

3 x 107   PC3 cells were resuspended in 1400µl ice cold BD Matrigel. The matrigel 

provides a nutrient rich environment with highly concentrated basement membrane 

proteins (laminin, fibronectin etc.) to promote tumor cell adhesion and growth. 
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4.1.2 Innoculation 

 Mice were anesthetized with isoflurane.  PC3 cells were inoculated in the backs 

of 4-6 week old female SCID (immune compromised) mice with an injection volume of 

0.2 ml of 5 x106 PC3 cells in Matrigel for each mouse.  Originally both male and female 

mice were considered for experimentation, but in the initial tumor growth validation 

studies, males produced long flat tumors as compared to females which yielded larger, 

more symmetrically spherical tumors.  The females were better suited for these 

experiments so the studies were restricted to inoculation in the females.  Prostate tumors 

were grown to a tumor burden of approximately 1.0 cc.  The image below depicts a 

typical PC3 tumor employed for irradiation.  Fifteen mice were employed in the current 

study: five controls without laser heating, five with laser heating only, and five with 

nanoshell mediated laser therapy.  Additional mice will be considered in subsequent 

papers. 

Tumor 

 
Figure 4.2 SCID mouse with PC3 tumor. 
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4.1.3 Laser Heating Protocols 

 Although intra-tumoral irradiation of the prostate tumors is a more clinically 

relevant therapy paradigm, the experiments in this study involved irradiation with an 

external laser.  External irradiation was employed to prevent perturbation of the tissue 

associated with probe insertion which would elicit HSP expression due to tissue trauma 

and inflamation. Isolation and measurement of HSP expression due to laser heating 

alone was essential to enable distinction between temperature-induced and probe 

contact injury-induced expression.  The laser parameters employed were a laser 

wavelength of 810 nm, laser fluence of 5W/cm2, laser spot size of 7 mm, and a pulse 

duration of 3 minutes.  Animals were sacrificed 16 hr following laser treatment to 

enable measurement of maximum HSP expression as described in chapter 3. 

 

4.1.4 External Heating and Nanoshell Inclusion  

 To enable more enhanced thermal deposition, nanoshells were employed in 

conjunction with the extracorporeal laser irradiation in subsequent studies similar to 

previous work [109].  For these experiments, nanoshells were injected into the mouse 

tail vein 24 hrs prior to laser irradiation to enable adequate accumulation in the tumor 

volume.  Identical laser parameters were employed as in the laser heating controls.  

Nanoshells were furnished by Nanospectra Biosciences and were composed of a silica 

core with a diameter of 55 nm and an outer gold shell of thickness of 10 nm.  The shell 

geometry was optimized to enable maximum absorption in the infrared spectrum to 
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enhance thermal deposition.  Figure 4.3 depicts the geometry of the nanoshells 

employed in the nanoshell mediated laser therapy experiments. 

 

 

 Silica (Radius~55 nm) 

 
Figure 4.3 Nanoshell gemometry employed for
therapy. 
 

4.1.5 MR Imaging and Temperature Measurem

MR imaging was used for planning, 

temperature distribution during the laser treat

irradiation, the temperature distribution was m

(MRTI) with the proton-resonance frequenc

correlation of thermal dose with the HSP expr

imaging studies were performed in a 1.5-T M

Electric Medical Systems, Milwaukee, WI) equi

(23mT/m maximum amplitude and 120 T per m

receiver hardware (bandwidth, ±500 MHz).  Mic

surface coil specially designed for small anima
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y-shift method [110-113] to allow 

ession and damage distributions.  All 

R scanner (Signa Echospeed, General 

pped with high-performance gradients 

 per sec maximum slew rate) and fast 

e were imaged with a 3-in receive-only 

l imaging (courtesy of R. Giaquinto, 



General Electric Corporate Research and Development,Schenectady, NY).  T1- and T2-

weighted images were used to plan and localize the treatment by verifying the position 

of the laser fiber relative to the imaged region prior to irradiation.    An MR image 

depicting tumor and mouse representative of all mice is shown in figure 4.4. 

 
     

          Figure 4.4  MR image depicting PC3 tumor. 

tumor

2 cm 

4 cm 

 

 MRTI was performed by using a complex phase-difference technique with a fast, 

2-D RF-spoiled gradient-recalled echo sequence (TR/TE =49.5 ms/20 ms, flip angle 

=30°, bandwidth=9.62 kHz). To achieve a 5 sec per image scan time for the small field 

of view (4 X 2 cm2), partial Fourier imaging in the phase-encode direction (256 X 48 

encoding matrix) with phase-preserving reconstruction was used along with a reduced 

bandwidth to minimize gradient heating limitations. The acquired voxel size was 0.16  

X 0.31 X 3 mm3. The in-plane resolution was interpolated to a 0.16 X 0.16 mm2 pixel 

size by using zero padding before extrapolation of the temperature data. The change in 

temperature from baseline after N images (∆TN) was extrapolated from the complex-

valued MRTI data (S) by using the temperature dependence of the proton resonance 
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frequency shift [113] and a temperature sensitivity (α) of -0.01 ppm/°C [113] according 

to the relation in equation 4.1. 

 

                               (4.1) 
 
 
where δTi is the temperature difference measured between the i and (i–1) images, γB0 is 

the resonance frequency (63.87 MHz), and TE is the sequence echo time [113]. The 

temperature resolution for MRTI measured temperature difference is less than 1oC. 

 

4.1.6 Tissue Staining/Imaging 

 The spatiotemporal distribution of temperature recorded using the MRTI 

sequence was registered to tissue pathology photographs and histological slices using 

the known location of the fiber within the tissue.  The location of the laser fiber was 

denoted on the tissue sections as a reference for analysis to enable correlation of the 

HSP expression and damage patterns with probe position. The distribution of HSP27 

and 70 throughout the tissue and corresponding damage in these regions following 

thermal treatment was analyzed in order to understand the correlation between HSP, 

damage, and temperature elevation following heating.   

 Following laser heating, each tumor was cut in half and subsequently one half 

was frozen to enable HSP characterization by immunofluorescence staining and the 

other half was paraffin embedded to permit damage determination through feature 
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characterization and polarization microscopy (birefringence) on H&E stained tissues. 

The tumors were sectioned using a microtome blade perpendicular to the probe axis 

with each slice representing a unique, discrete depth of 1 mm. 

 

4.1.6.1 Immunofluorescence and HSP 

 The frozen tumor blocks were flash-frozen and embedded into the OCT cryo-

matrix.  Individual slices were then mounted on a cryo-holder and 5 cryosections (4-6 

microns thick) were obtained for staining. The thin cryo-sections were adhered to poly-

lysine coated, wide format glass slides and were fixed in acetone.  Frozen sections were 

chosen to avoid high background fluorescence due to formalin fixation and prevent 

epitope masking due to aldehyde cross-linking of proteins in paraffin embedding. 

Tissue fragments were enumerated in a grid-format (e.g. 1.1,1.2, 1.3 etc) to ensure that 

the spatial location of each tissue fragment is known in relation to the distribution of the 

immunofluorescence staining in each corresponding slice. 

 Immunofluorescence staining of the frozen tissue samples was then employed to 

localize and quantify the HSP expression following heating.  The tissue sections were 

initially incubated with Triton X-100 solution to permit permeabalization of cell 

membranes to HSP antibodies and fluorechromes.  All incubations were conducted in 

an incubator (T=37oC and 5% CO2).  Primary monoclonal isotype-specific antibodies 

were employed to increase specificity of epitope binding and decrease background 

fluorescence. Care was taken in choosing primary antibodies and their fluorchromes to 

ensure optimal visualization of the distribution of each heat shock protein 
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simultaneously.  The decision of fluorescent conjugates were based on coordinating the 

excitation/emission wavelengths of the fluorescent conjugate with the laser lines and 

filter sets of the confocal microscope to allow two distinct fluorescence signals to 

denote both HSP27 and 70. Fluorochromes were chosen whose excitation/emission 

wavelengths overlap minimally.   

 Following permeabalization, tissue sections underwent blocking in 1.5% goat anti-

mouse sera (SC-2043) for 1 hr to decrease non-specific binding.  Next, tissues were 

incubated with the HSP70 primary mouse monoclonal IgG2A antibody (SC-24) for 1 hr 

followed by incubation with its secondary antibody Rhodamine Red-X (IgG2A) (Jackson 

Immunoresearch, 115-295-206).  Next, tissue sections were incubated with biotinylated 

HSP27 mouse monoclonal IgG1 primary antibody (Stressgen Bioreagents SPA-800B) 

followed by incubation with its secondary antibody, Cy-2 conjugated streptavidin 

antibody (Jackson Immunoresearch, 016-220-084).  The antibodies and dyes employed 

in staining are shown in Table 4.1. Following staining, mounting medium was added 

and the tissue was enclosed in cover glass. At the completion of staining tissue samples 

were stored at 8oC until confocal imaging. 

 
 
Table 4.1 Dyes employed in immunofluorescence staining. 

HSP Primary Antibody Type Fluorescent Conjugate 

70 mouse monoclonal IgG2   Rhodamine Red-X 

27 
mouse monoclonal IgG1 

biotin conjugate  Cy2- streptavidin conjugate 

 

 89



 Observation of HSP expression levels were accomplished through the use of 3D 

laser scanning confocal microscopy.  An argon laser (λ=488 nm) was employed for 

excitation of the Cy2- streptavidin conjugate to enable visualization and quantification 

of HSP27 expression.  A HeNe laser (λ=543 nm) was utilized for excitation of the 

Rhodamine Red-X dye permitting visualization and quantification of HSP70 expression. 

HSP expression was quantified using the Leica Lite image processing software.  

Histograms of the fluorescence in the field of view from five different regions in the 

sample were generated and the mean fluorescence of each picture was averaged for all 

five images. The normalized HSP expression concentration, HSPNorm was calculated 

according to the following equation: 

                

Cm

FmFinal
Norm FI

FI
HSP
HSPHSP

Control

== (4.2) 
 

where HSPFinal is the HSP concentration of the tumor following heating with or without 

nanoshells, HSPControl is the HSP concentration for the unheated tumor, FIFm is the mean 

fluorescence intensity following heating with or without nanoshells, and FICm is the 

mean fluorescence intensity for unheated tumor.  The parameters FIFm and FICm are 

measured using confocal microscopy and Leica Lite software. 

 

4.1.6.2 H&E Staining and Damage Characterization 

 The other half of the tumor was stained with H&E and observed using bright 

field microscopy to allow visualization of healthy and necrosed regions within the 

thermally treated tumor. Great care was taken in assuring the frozen section 
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corresponded with each H&E stained slice to permit comparison between HSP 

expression and damage at various tumor depths following laser therapy. Although 

frozen sections are ideal for immunofluorescence, the morphology of the tissue may be 

altered in the freezing process interfering with clear identification of the subtle 

characteristics for damage detection. It is nearly impossible to determine quantitative 

values for damage from the H&E staining, but careful observation of the tissue 

characteristics following thermal stress yield a significant amount of information that 

enables comparison of tissue viability for various laser therapies.  

 

4.2 Results 

 4.2.1 MRTI for Laser Heating 

 The maximum temperature increase maps measured with MRTI during therapy 

was averaged for five mice. The mean MRT image of the prostate tumors exposed to 

laser heating only, with a laser wavelength of 810 nm, laser fluence of 5W/cm2, and 

pulse duration of 3 minutes is shown in figure 4.5. The initial tumor temperature was 

23oC and the maximum temperature increase is shown below as determined by equation 

4.1.  Significant levels of temperature elevation were induced in the outermost layer of 

the tumor with minimal damage with increasing distance from the probe. The maximum 

measured temperature for this laser heating protocol was 51oC and the minimum 

measured temperature was 39oC.  Three distinct temperature zones were identified as 

indicated by the red, yellow, and blue circles representing 1 mm incremental distances 

in depth. These regions will be employed in the determination of HSP expression. 
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)

Figure 4.5 MRT image depicting the mean maximum temperature i
associated with laser irradiation of five mice.  The images shown de
zones employed for subsequent HSP expression measurement (left) 
temperature increase (right). 
 

4.2.2 HSP Quantification for Laser Heating 

 HSP27 and 70 expression was quantified for the three regio

MRT image in figure 4.6 where green and red fluorescence denote H

respectively. Significant levels of both HSP27 and 70 were induced

mm region (denoted by the red circle) where maximum temperature e

With increasing depth the level of expression diminished due to decr

elevation which was less efficient in inducing expression. The 2 m

region) experienced maximum temperature of 47oC which is capabl

expression. The bottom 3 mm region (denoted by red circle) was

maximum temperatures of 39oC which is below the threshold of 43oC
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Figure 4.6 Mean HSP 27 and 70 expression at various levels in the tum
correlated with maximum temperature increase measured by MRTI 
 
 Histograms for quantification of fluorescence for the three tumo

generated and are shown in figure 4.7. The histograms represen

fluorescence results for five mice. The top 0 mm level of fluorescen

greater degree of fluorescence as represented by the increased level 
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 The mean fluorescence (FIFm)  at each tissue depth for all of the five mice was 

eterm

escence, standard deviation, and normalized 
concentration at various depths following laser irradiation. 

Depth (mm) Fluorescence HSP27 
Concentration 

ean 
Fluorescence 

Normalized 
HSP70 

d ined using the histograms and analysis methods in Leica Lite image processing 

software.  The normalized HSP concentration was then determined for each mouse 

using equation 4.2. The measured fluorescence at 2 mm was nearly identical to the basal 

level of fluorescence so it was employed for the basal value. The FIFm values at each 

tissue depth for both HSP27 and 70 were averaged for all five mice.  The average FIFm, 

the associated standard deviation, and calculated normalized HSP27 and 70 

concentrations are shown in Table 4.2. The mean fluorescence level for HSP27 and 70 

at 0 mm is nearly twice the level of fluorescence measured at 1 mm.  The fluorescence 

decreases by 1.6 and 1.4 times for HSP27 and 70 respectively as the measurement 

region moves from 1 mm to 2 mm.   

Table 4.2 HSP27 and 70 mean fluor

 

HSP27 Mean Normalized HSP70 M

Concentration 
0 47.3±2.7 8.5 68.2±3.1 6.6 

1 24.1±2.5 4.3 36.04±3.4 3.5 

2 5.6±2.1 1.0 10.3±3.2 1.0 
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4.2.3 Damage Characterization for Laser Heated Tissue 

 The most notable features of tissue injury for the laser irradiated tumors was 

comprised of insipient migration of inflammatory cells into the skeletal muscle and 

subcutaneous tissue, inflammation induced edema within the connective tissue layer 

leading to separation of this layer, polymorphnuclear cell invasion in the prostate tumor, 

and necrotic tumor cells with abnormal mitosis and apoptosis. These tissue injury 

characteristics are depicted in figures 4.8-4.10. 

 

 

 

Inflammatory Cell Invasion 

Figure 4.8 y due to laser irradiation. 
 

Edema and Connective Tissue Separation 

 H&E stained section depicting tissue injur
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Inflammatory Cell Invasion 

Edema and Connective Tissue Separation 

Figure 4.9 H&E stained section depicting tissue injury due to laser irradiation. 
 

 

Polymorphonuclear Cell  

Necrotic Cancer Cell with Abnormal Mitosis 

Figure 4.10 H&E stained section depicting tissue injury due to laser irradiation. 
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4.2.4 Nanoshell Inclusion Without Laser Irradiation 

 The tissue response to nanoshell inclusion was explored to determine whether 

tissue injury or HSP expression was incurred.  It was important to measure damage and 

HSP expression associated with nanoshell inclusion to account for any contribution this 

factor may have in laser therapy design. The HSP expression level associated with 

nanoshell inclusion was near the basal level as represented by the low level of 

fluorescence in figure 4.11.  Histograms quantifying the HSP27 and 70 fluorescence 

level for the tissue with nanoshell inclusion are shown in figure 4.12.  The fluorescent 

images and histogram quantification are identical at 0, 1, and 2 mm level in the tissue 

due to the lack of HSP induction in the tissue due to nanoshells.  As a result, figure 4.11 

and 4.12 are representative of the entire tumor. The fluorescent image and 

quantification is also identical to the basal level of fluorescence shown in the laser 

heated tissue for the 2 mm level in figure 4.7.   

 Insignificant tissue injury was detected in the H&E stained section as shown in 

figure 4.13.  Due to its identical correspondence to native tissue, it is utilized as a 

reference for comparison with the irradiated tissues to better highlight the injury 

characteristics when contrasted with normal tissue.  The major tissue layers are denoted 

in the figure. 
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                           (A)                                                                 (B) 

   
Figure 4.11 Fluorescence image depicting A) HSP27 and B) HSP70 for prostate tumor 
with nanoshell inclusion. 
 
 
 

            Counts  

 

           Counts 

Position=0 mm       Position=0 mm 

                         HSP 27 Fluorescence Intensity(FI)            HSP70 Fluorescence Intensity(FI) 

         Figure 4.12 Histograms for quantification of HSP27 and 70 fluorescence at 0 mm. 

 
 
 
 
 
 
 
 

 99



 
 

 
 
 

 

Epidermis 

Dermis 

Subcutaneous Layer 

Skeletal Muscle 

Connective Tissue 

Prostate Cancer Tissue 

Figure 4.13 H&E stained prostate tumor with nanoshell inclusion. 
 
 

4.2.5 MRTI for Nanoshell-Mediated Therapy  

 MRT images were acquired for tumors with nanoshell inclusion during and 

following laser therapy with the same laser parameters as employed in the tumors 

without nanoshells.  Identical laser parameters were employed as used in the laser 

heating alone experiments. A more substantial temperature elevation was observed over 

a larger tumor region. The initial tumor temperature was 23oC. The maximum measured 

temperature was 60oC at the uppermost layer denoted by the red circle. The minimum 
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temperature was 46oC and occurred at a lower depth than the control tumor.  An MRT 

image depicting maximum temperature increase for nanoshell mediated laser heating 

for the same laser parameters employed in laser heating alone is shown in figure 4.14 

 
 

     
Figure 4.14 MRT image depicting the mean maximum temp
associated with nanoshell mediated laser irradiation of five m
zones employed for subsequent HSP expression measuremen
temperature increase (right) are shown. 

 

4.2.6 HSP Quantification for Nanoshell-Mediated Therapy

 HSP27 and 70 expression was again quantified for th

the MRT image in figure 4.15 where green and red fluores

HSP70 respectively.  Five mice were employed in the

temperature, HSP, and damage representing the mean value f
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region denoted by the red circle experienced severe temperature increases (Tmax=60oC) 

causing complete cell death and protein denaturation.  As a result no HSP expression is 

visible. The middle 1 mm region, denoted by the yellow circle experienced significant 

elevation with the temperatures ranging from 52-56oC in this region.   This region 

experienced significant thermal denaturation of proteins and cell damage yielding very 

little HSP expression.  The bottom level experienced temperatures in the range of 46-

50oC which is optimal for induction of HSP expression. 

 

Figure 4.15 HSP 27 and 70 expression at various levels in the t
with maximum temperature increase measured by MRTI. 
  

 Histograms for quantification of fluorescence for the thr

generated and are shown in figure 4.16.  The histograms r
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fluorescence results for five mice. The top 0 mm exhibited no fluorescence which is 

representative of the HSP expression due to extensive thermal damage.  As a result the 

histogram for this tissue level is not shown. At the tissue depth of 1 mm there is very 

little fluorescence due to thermal denaturation of proteins and substantial thermal 

damage. HSP expression and fluorescence intensity increases at the 2 mm depth due to 

the minimal thermal damage. 

 

 

  Counts  Counts 
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Position=1 mm
Position=1 mm
 
 Fluorescence Intensity 



    Counts      Counts 

Position=2 mm Position=2 mm 

 

 
             HSP 27 Fluorescence Intensity          HSP70 Fluorescence Intensity 

Figure 4.16 Histograms for quantification of HSP27 and 70 fluorescence at three 
levels 1, 2 mm for nanoshell mediated laser therapy.  
 
 The HSP27 and 70 mean fluorescence, standard deviation, and concentration 

were determined for each level for all five mice using the Leica Lite image processing 

software and equation 4.2 as shown in Table 4.3.  There is no detectable level of 

fluorescence denoting HSP27 and 70 expression at 0 mm due to the extensive thermal 

damage. Minimal expression is measured at 1 mm due to tissue injury. Lower levels of 

tissue injury were incurred at level 2 mm resulting in higher fluorescence.  

 
Table 4.3 HSP27 and 70 mean fluorescence, standard deviation, and normalized 
concentration at various depths following  nanoshell mediated laser irradiation. 
 

Depth (mm) HSP27 Mean 
Fluorescence 

Normalized 
HSP27 

Concentration 

HSP70 Mean 
Fluorescence 

Normalized 
HSP70 

Concentration 
0 0.0±0.0 0.0 0.0 0.0±0.0 

1 3.58±1.9 0.6 5.21±2.2 0.5 

2 14.35±2.1 2.6 21.9±2.5 2.1 
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4.2.7 Damage Characterization for Nanoshell Mediated Therapy 

 The tumor with nanoshell inclusion possessed a large amount of nanoshell 

accumulation in the epidermis.  Even though this is a suboptimal delivery result, the 

tissue response associated with the significant temperature elevation illustrates the 

ability of the nanoshells to enhance the thermal deposition in regions of nanoshell 

inclusion. This H&E stained section of the tumor exhibited coagulation of the epidermis 

and infiltration of polymorphonuclear cells in the region of the tumor in close proximity 

to the laser probe. Coagulation of the epidermis is generally associated with high laser 

powers which are often necessary to treat tumors located below the tissue surface. 

Ideally, when nanoshells are delivered properly coagulation of the epidermis is avoided 

permitting enhanced thermal deposition deeper into the tissue in regions of nanoshell 

inclusion. The H&E stained section in figure 4.17 depicts a region characterized by 

compressed collagen which was in contact with the laser probe. The region of extensive 

epidermal damage and compressed collagen is represented by an extreme loss of 

birefringence in this region as shown in the polarization image in figure 4.18.  Due to 

the use of a plastic cover slip, the healthy epidermis does not show birefringence 

characteristic of healthy tissue and the background does not appear black.  The region 

of extensive thermal damage actually appears bright due to increased density of 

collagen in this region 
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        Region of incident laser irradiation and coagulated collagen 

 

Polymorphonuclear Cells 

Figure 4.17 H&E image of nanoshell-mediated laser therapy depicting region of 
coagulated collagen. 
 
 
Region of incident laser irradiation and loss of collagen birefringence 
 

 
Figure 4.18 H&E image of nanoshell-mediated laser therapy depicting region of 
collagen birefringence loss. 
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 The tumor with nanoshell inclusion was also characterized by edema between 

the subcutaneous layer and the skeletal muscle causing the tissues to separate from one 

another as shown in figure 4.19 and 4.20.  There is also a large degree of inflammatory  

cell invasion within the dermis and subcutaneous regions in response to inflammation 

induced by extensive thermal damage.  

 Inflammatory Cells 

 

Figure 4.19 H
inflammation
 
 Regio

the excessive

 

Edema
 
&E image of nanoshell-mediated laser therapy depicting regions of 
 and edema. 

ns of necrosis and hemorrhage were also plentiful within the tissue due to 

 thermal damage. These characteristics are depicted in figure 4.20. 
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Hemorrhage Inflammatory Cells 

Figure 4.20 H&E image of nanoshell-mediated laser therapy depicting regions of 
hemorrhage and edema. 
 

Prostate Cancer Cells 
4.3 Discussion and Conclusion 

 Thermally induced HSP 27 and 70 expression was characterized in prostate 

tumors following laser heating through the use of MRTI and immunofluorescence 

staining. Significant HSP levels were induced in the explored therapies confirming the 

significance of this expression phenomenon in laser therapy design.  

 MRTI provided an accurate tool for mapping the spatiotemporal temperature 

elevation in the tumor during and following laser therapy.  This technique enables a 

temperature resolution of less than 1 degree Celsius.  Previously only a limited number 

of measurement points could be employed within the tissue for temperature 

determination  through technologies such as thermocouples, and thermistors. 

 108



 The use of immunofluorescence and confocal microscopy permitted 

characterization of the spatiotemporal distribution of HSP27 and 70 expression which 

was correlated with the temperature distributions measured with MRTI.  Previous 

studies have qualitatively described HSP expression in various in vitro and in vivo 

prostate systems, however, no study has effectively provided a quantitative description 

of HSP expression associated with a thermal stimulus.  

 The extent of thermal damage associated with traditional laser therapies have 

been limited by thermal diffusion in the tissue. Laser heating experiments induced high 

levels of expression due to a lack of substantial temperature elevation. Most 

conventional laser therapies other than photodynamic therapy do not permit selective 

destruction of tumor tissue while preserving the surrounding healthy tissue.  In order to 

circumvent the limitations of traditional laser therapies employed in prostate cancer 

treatment, nanoshells were employed as a means of enhancing the thermal deposition 

and selectivity of thermal damage. Initial studies with nanoshell-mediated laser 

therapies employing identical laser parameters as those employed in laser heating alone 

exhibited substantial elevations in the maximum temperatures produced by the laser 

therapy. This enhanced thermal deposition permitted increased thermal damage and 

denaturation of proteins leading to more effective elimination of HSP expression in the 

targeted tumor region as compared to laser heating alone. Although increasing the laser 

power without nanoshell inclusion would have incurred more extensive thermal damage, 

the exterior surface would have received high levels of injury and the thermal 

deposition in the tumor would still be limited by the penetration depth of the laser and 
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degree of thermal diffusion. The power of the nanoshells is linked to the enhanced 

thermal deposition in selective regions of their accumulation while minimizing damage 

to healthy surrounding tissue. 

 Although utilization of nanoshells in laser therapies was successful in increasing 

the thermal deposition in the tumor, optimizing the effectiveness of this technology will 

require improvement in various aspects of their implementation.  Effective delivery of 

the nanoshells to the target site is crucial in determining the thermal deposition in the 

region of interest. In this study the nanoshells were injected into the tail vein. Careful 

control of the concentration and injection technique are important to the resulting 

nanoshell dose residing in the tumor prior to irradiation.  Currently no prior knowledge 

of the nanoshell distribution in the tumor prior to irradiation is known.  Imaging 

technologies such as optical acoustic tomography would permit visualization of the 

nanoshell distribution within the tumor and permit correlation with the resulting damage 

distribution enabling more optimal design of the delivery mechanism.  Improved 

selective targeting of the nanoshells to the tumors through the use of specific 

biomoleculs would ensure increased selectivity of binding between the nanoshell and 

the targeted tumor providing greater confidence in the success of the therapy.  It was 

observed in this study that nanoshells concentrated in the epidermal surface of the 

tumor creating coagulation of the epidermis.  More selective targeting would permit 

greater control of the thermal deposition pattern associated with nanoshell inclusion. 

 Further characterization of the HSP expression in additional tumors would 

ideally permit the development of dosimetry guidelines for laser therapy design.  Larger 
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animal models such as canines will be necessary to provide information on the response 

of healthy prostate tissue to heat stimuli and permit characterization of the related HSP 

distribution. The size of the mouse prostate restricts adequate analysis of the HSP 

expression distribution following heating for normal prostate tissue. Characterization of 

HSP expression in a canine prostate with interior tumors will be essential in more 

realistic guideline development and will enable further validation and optimization of 

the models discussed in chapter 5 and 6 of the dissertation. 

 External laser heating was the only method of heating employed in this study.  

This prevented perturbation of the tissue associated with probe insertion for intratumoral 

heating that might elicit HSP expression due to tissue trauma and inflammation. It was 

important to initially isolate and measure HSP expression due to hyperthermia alone to enable 

distinction between temperature-induced and probe contact injury-induced expression that 

might occur in intratumoral heating.  Future studies will need to investigate the use of 

intratumoral heating in canine models. 
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Chapter 5: HSP Expression and Damage Predictive Computational Model for 
Optimal Laser Therapy Design  

 
Thermally driven treatment options include minimally invasive energy-based 

therapies such as thermal ablation, local hyperthermia sensitization as an adjuvant to 

radiotherapy, chemotherapy or brachytherapy, and thermally mediated drug or gene 

deliveries.  In order to ensure maximum therapy effectiveness, it is vital to provide a 

reasonable prediction of the outcome at the time of treatment.  Knowledge of the 

temperature time history during hyperthermia treatment enables prediction of thermal 

necrosis for regions where damage is severe. However, the results of the thermal 

therapy are often difficult to predict in regions where the temperatures are insufficient 

to coagulate proteins. Applied thermal stress tends to elicit the offsetting effects of over-

expressed molecular chaperones known as heat shock proteins (HSP) and hyperthermia 

mediated cell necrosis. Sub-lethal temperatures experienced during hyperthermia induce 

HSP which provide enhanced tumor cell viability and protection against subsequent 

otherwise lethal insults.  Hyperthermia is generally employed in conjunction with 

radiotherapy, chemotherapy and gene therapy to increase therapeutic efficacy.  Elevated 

HSP expression in surviving tumor cells following hyperthermia imparts increased 

resistance to subsequent therapies, substantially hindering their effectiveness.  

Alternatively, HSP induction in the normal tissue surrounding the tumor volume may 

enhance survival at higher thermal doses permitting delivery of greater energy to the 

target tumor region. Therefore, knowledge of the thermal dose necessary to activate or 

de-activate HSP expression in the prostate can be critical in planning and implementing 
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an effective thermal treatment for hyperthermia alone or as an adjuvant to radiotherapy 

or chemotherapy.  

The present study was designed to build on the current understanding of HSP 

expression kinetics of thermal processes in normal prostate cells (RWPE-1), prostate 

cancer cells (PC3), and tumor tissue into a finite element model to predict tissue 

response to laser therapy. Measured cellular and prostate tumor HSP27 and 70 kinetics 

and injury data was employed to create the first HSP expression computational 

predictive model using cubic splines and formulate an Arrhenius damage model which 

was integrated into the finite element thermal model.  Application of the treatment 

planning model in the design of prostate cancer thermal therapies can enable 

optimization of the treatment outcome by controlling the tissue response to therapy 

based on accurate prediction of the HSP expression ad cell damage distribution. 

 

5.1 Computational Methods 

 Optimal laser heating protocols can be defined in terms of the most 

advantageous energy deposition pattern of a laser source necessary to produce a 

temperature distribution resulting in the desired HSP expression and tissue damage 

pattern.  In order to specify the most optimal laser parameters, it is essential to 

understand the levels of HSP expression in various states and the desired expression 

level in the targeted healthy and tumor tissue. Figure 5.1 illustrates the HSP expression 

levels in normal and prostate tumor tissue associated with constitutive conditions, 

traditional laser therapy, and the desired HSP expression for an optimal laser therapy.  
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As mentioned in chapter 3, the basal level of HSP expression is represented by an 

expression level of 1. Under constitutive (non-stress conditions) the HSP expression in 

the normal tissue is represented by the basal level of expression, whereas, the tumor 

tissue exhibits a higher level of expression with higher levels corresponding to more 

progressive grades of prostate cancer [81].  Traditional laser therapies induce significant 

thermal damage in the tumor, but healthy regions along the tumor border experience 

temperatures insufficient to coagulate proteins resulting in elevated levels of HSP 

expression. Also in traditional laser therapies, the HSP expression in the normal tissue 

is unaltered preventing utilization of the protective and curative effects of HSP 

expression which could decrease morbidity.  In designing the optimal laser therapy the 

desired outcome would be characterized by elimination of HSP expression within the 

targeted tumor region preventing enhanced cell viability and resistance to chemotherapy 

and radiation associated with elevated HSP expression. The healthy tissue should 

exhibit elevated levels of HSP expression along the healthy tissue bordering the tumor 

to permit improved tissue recovery and diminish morbidity associated with the thermal 

damage due to diffusion.  

 The optimal laser therapy will implement the appropriate laser source 

parameters consisting of wavelength, optical fiber orientation in the tissue, power, and 

thermal exposure time to achieve the desired tissue response.  This chapter focuses on 

laser therapy protocol design using computational models to explore the tissue response 

to a variety of laser parameters.  

 114



Optimal Laser Therapy 

 

Figure 5.1 HSP expression in normal and cancerous prostate tissue under various 
conditions. 

 

5.1.1 Model Organization 

 The specific constitutive models applied and their corresponding inputs and 

outputs are depicted in figure 5.2.  The source parameter variables are defined as λ, the 

wavelength of the laser source, P the laser power, OF the optical fiber orientation, and t 

the duration of thermal exposure.  The variables φ(r,t,T), HSP(r,t,T), and Ω(r,t,T) are the 

spatiotemporal temperature dependent distributions of fluence, HSP, and damage 

respectively. T(r,t) is the spatiotemporal temperature distribution.  The bi-directional 

arrows indicate that both forward and inverse solution techniques can be employed to 

obtain the associated inputs or outputs.  The model may be exercised as a closed loop 

control process to adjust the source parameters for improved results.   

Laser 

Laser

Traditional Laser Therapy 

Constitutive Conditions 

170,27 >HSP

170,27 >>HSP

170,27 >HSP

170,27 ≤HSP

170,27 ≤HSP
170,27 <<HSP
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Figure 5.2 Major model components for developing a laser ablation system for 
treatment of tumors with high cell killing and reduced HSP expression. 

 

 In order to design the optimal thermal therapy based on a desired tissue response, 

an adaptive finite element model was developed to predict the temperature, damage, and 

HSP27 and 70 distributions associated with defined laser therapies.  Adaptive finite 

element methods are capable of minimizing numerical error to specified precision. 

Various tissue/tumor geometries were generated by Hypermesh and then implemented 

on the ProPHLEX® platform, an hp adaptive finite element package. Three types of 

system geometries: quarter sphere, MRI measured tumor, and prostate with an internal 

tumor were employed in the simulation to illustrate various capabilities of the model. 

 Initial mesh, boundary conditions and material properties were applied to all 

three system geometries in Hypermesh and then imported into the PHLEX software. 

This software allows specification of the thermal distribution during laser heating and 

study of the sensitivity of the thermal behavior to manipulation of individual source 

parameters.  PHLEX also permits specification of equations and boundary conditions, 

definition of the systems including irregular geometrical domains, optimization of the 

finite element mesh, running of the simulation, visualization of the temperature, damage, 
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and HSP profile throughout the tissue, and optimization of the parameter analysis to 

identify target irradiation parameter values.   

5.1.2 System Geometries 

5.1.2.1 Spherical Tumor Model 

 In previous experiments, PC3 cells innoculated in the backs of SCID mice 

formed hemispherical shaped tumors as shown below in the MR image below.  

tumor 

 
 Figure 5.3 MR image of mouse with prostate tumor. 
 
 Thus a quarter sphere tumor model can be considered a valid initial 

approximation having a simple geometry. A hexahedron 3D finite element mesh was 

defined by dividing the prostate tumor into distinct incremental volumes via the 

meshing operations in Hypermesh.  

 

5.1.2.2 MRI Based Model 

 In order to illustrate use of the model to provide a prediction of the tissue 

response based on patient specific data, the MR images of the mouse prior to laser 

irradiation were employed to develop an accurate model of the tumor. 
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 In order to build a hexahedral mesh for the tumor and the tissue from the MR 

images, the boundaries were detected using segmentation techniques. A semi-automatic 

segmentation method was adapted to find the boundaries of the tumor and the tissue on 

each imaging slice manually.  Then the cubic spline and lofting methods were applied 

to obtain smooth boundary surfaces from which hexahedral meshes were extracted from 

the segmented MRI data. 

 The extended dual contouring isosurface extraction method [114-118] generated 

hexahedral meshes for the tumor and the tissue conforming to the segmented boundaries. 

Then the boundary surfaces were further smoothed and the quality of the extracted 

hexahedral meshes were improved using geometric flows [119]. There are three steps in 

the quality improvement scheme: (1) Denoise the surface mesh – vertex adjustment in 

the normal direction with volume preservation. Here the surface diffusion flow was 

chosen to smooth the surface, and the discretized Laplacian-Beltrami operator is used to 

solve the geometric partial differential equation (GPDE). (2) Improve the aspect ratio of 

the surface mesh – vertex adjustment in the tangent direction with feature preservation. 

Surface features are preserved since movement in the tangent plane does not change the 

surface shape [120]. (3) Improve the aspect ratio of the volumetric (hexahedral) mesh – 

vertex adjustment inside the volume.  The generated hexahedral meshes are applied to 

Phlex to simulate the temperature, HSP70, HSP27, and damage distributions in the 

tissue using the finite element method (FEM).   
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5.1.2.3 Prostate with Internal Tumors 

 In order to simulate a more clinically relevant scenario, Hypermesh was 

employed to create a prostate organ with an internal tumor which was then imported 

into Phlex for simulation and determination of the solution.  Using a posteriori error 

estimation in PHLEX, all three system geometries were adaptively refined by 1-

irregular meshing techniques with highest polynomial order up to six (p=6) to improve 

the accuracy of the solution to the preset level. An example of the mesh for the 

computational geometry for the prostate (shown in blue) and interior tumor (shown in 

red) is shown below. 

 

Figure 5.4 Meshed Geometry representing the prostate (shown in blue) with an 
interior tumor (shown in red). 
 
5.1.3 Thermal Model 

 The mathematical representation of the temperature distribution in the tissue 

incorporates both the Pennes bio-heat equation term [120-121] for the thermal effects of 

local blood perfusion and an expression for light energy absorption.   

                        ( ) ),,()()()( zyxQTTcTTTk
t
Tc abb +−−∇∇=
∂
∂ ωρ                  (5.1) 

 119



where ρ, c, and k are the density and temperature-dependent specific heat and thermal 

conductivity of the tissue respectively. The blood perfusion rate and arterial blood temperature 

are noted by ωb and Ta respectively. The nonlinear temperature dependence of thermal 

conductivity and perfusion are incorporated into the model to give a more precise measure of 

the temperature distribution. The mathematical formulations employed for the nonlinear effects 

of the temperature-dependent blood perfusion in the tumor are shown in equation 5.2 [122]. 
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A complete set of data for the temperature dependent behavior of thermal properties of 

tissue does not exist.  The thermal variation properties of water are well known in the 

range of 20-100oC and are important since the thermal properties of tissue are 

dependent on the water content. The temperature-dependent thermal conductivity for 

water where λk is a dimensionless correction factor and w is the water content of prostate 

tissue, .511,  is shown in equation 5.3 [123]. 

                                   K(T)=4.19(0.133+1.36λkw)*10-1                                        (5.3) 
 

where λk=1+1.78*10-3(T-20oC) 
 
 

 The nonlinear temperature dependencies of density and specific heat were not incorporated 

because they are insignificant in comparison to the nonlinearity associated with the perfusion 

and thermal conductivity. Sensitivity analysis showed that the temperature dependence of 

thermal conductivity and perfusion caused a 3% decrease in predicted tissue temperature for the 

laser irradiation protocols.   
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 The rate of laser energy absorbed per unit volume within the tissue is given by  

                                     ( )zyxzyxQ a ,,),,( φµ=                                              (5.4) 

where µa, and φ  are the irradiation absorption coefficient and fluence.  Intra-tumoral heating is 

simulated in all cases with the fluence distribution calculated as: 
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 where µtr, and µeff  are the transport attenuation and effective irradiation coefficients [123]. 

Parameters employed in the simulation were derived for canine prostate as shown in Table 5.1. 

Table 5.1 Optical and thermal properties of canine prostate tissue. 
Parameter Symbol Value 

Laser wavelength λ 810 nm 

Absorption coefficient 

[124] 
µa 1.5 cm-1

Density of Tissue [125] ρ 1045 kg/m3

Density of Blood [125] ρ 1058 kg/m3

Specific heat of tissue [125] c 3600 J/kgK 

Specific heat of blood [125] c 3840 J/kgK 

Arterial Blood Temperature Ta 310 K 

 

 The boundary conditions are applied on all tumor surfaces composing the boundary 

, where Γ is the boundary of the tumor.  The defined boundary surfaces 

and their associated boundary conditions are: 

Γ=Γ∪Γ∪Γ SMB
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Surfaces ГB and ГM  were chosen as an insulating boundary conditions since the tumor is 

symmetric about these boundaries.  The mixed boundary condition was imposed on the 

curved outer surface to account for flow of air over the tumor. The expressions 

employed for calculating the average Nusselt number (NuD) and the convection 

coefficient (h) needed for the mixed boundary are shown below: 
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where ReD is the Reynolds number with a value of 2300, Pr is the Prandtl number, µ is 

air viscosity, µs  is the tissue viscosity, k is the thermal conductivity, and D is the 

diameter of the tumor.  The values for Pr and µ are evaluated for air at T=295K with 

values of .849 and 8.89E-6 Ns/m2 respectively [126].  The value of µs and k are given as 

606 E-3 Ns/m2 and.588 W/mK respectively [127]. The radius of the simulated tumor 

was 6 mm since typical PC3 tumors grown on mice attain a maximum spherical volume 

of 1 cm3 prior to exhibiting necrotic cores. 
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 In order to formulate the thermal profile in equation 5.1 by using finite element 

methods, the functional space of admissible functions V was defined as 

, where 1 3{ ( ( )) ; 0 on TV v H D v= ∈ = Γ } ( )1H D  is the Sobolev space of functions 

having distributional derivatives of order one which is ( )2L D  integrable where D is the 

computational domain of interest. Furthermore, we introduced a θ -family of 

approximations for integrating the solution forward in time. The weak formulation of 

Equation (1) can be characterized by the following bilinear form: Given , find 

(n=0, 1, 2, 3, ……) such that  

0T

1nT +
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Let ρh denote a partition of D with Ne elements ki (i=1,…Ne).  The partition is assumed 

to satisfy ik
kUD

hi ρ∈
= with ( )jikk ji ≠=∩ φ .  Then, a finite element space Vh can be 

defined as 
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where k is the master element that a family of hierarchical shape function are defined 
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and mapped to each element ki (i=1,….Ne) using Fk, ah affine mapping function for 

element k.  Obviously, Vh is a subspace of V, i.e. . VV h ⊂

 

5.1.4 MRTI Validation of Model  

 In order to validate the numerical model employed for temperature calculations 

with experimental data, MRTI data from external irradiation of prostate tumors as 

discussed in chapter 4 was compared with the model predicted temperature using the 

same laser parameters.  

 

5.1.5 Cell Damage Model  

 The cell damage model was based on the Arrhenius integral formulation 

developed in equations 3.4-3.6 and shown below in equation 5.10 for reiteration and 

continued discussion.  
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τ

ττ
0

ln  (5.10) 

where Ω is defined as the logarithm of the ratio of the initial concentration of healthy 

cells, Co, to the concentration of healthy cells remaining after thermal stimulation, Cτ, 

for a stimulation duration of τ (sec).  A(1/s) is a scaling factor, Ea (Jmol-1) is injury 

process activation energy, ℜ (Jmol-1K-1) is the universal gas constant, and T(K) is 

instantaneous absolute temperature of the cells during stress, which is a function of time, 

t(sec). The injury parameters determined in Table 3.3 were employed for damage 
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determination for subsequent simulation. According to the Arrhenius formulation 

increasing temperature and heating duration will cause the damage value to increase 

indefinitely with complete cell damage represented by infinity.  In order to more 

meaningfully represent the damage, another parameter was employed for determining 

tissue injury in the finite element simulations.  The damage fraction, FD of damaged to 

undamaged tissue is given by  

                                    Ω−−=
−

= exp1
o

fo
D C

CC
F                                       (5.11) 

 Native tissue is represented by FD=0 (Ω=0) and fully denatured tissue is given by FD=1 

(Ω=infinity) [123]. 

 

5.1.6 HSP Expression Model  

 The measured HSP kinetics data for PC3 and RWPE-1 cells and prostate tumors 

enabled formulation of a computational model for HSP expression prediction for a 

given thermal stimulus as discussed in chapter 3 equations 3.1-3.3 which was then 

integrated into the finite element model.  The final formulation of the computational 

expression is reiterated in equation 5.12.  The parameter values for α, β, and γ are 

shown in table 3.1. 

 

  ( )1
1

( , ) ( , )H t T t H t T
t

γα β −∂
= − ⋅

∂
 where ( )( , ) tH t T Ae

γα β−
=             (5.12) 
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5.2 Computational Results 

5.2.1 External Irradiation 

 Since PC3 cells form approximately hemispherical tumors, the initial 

simulations were run modeling the tumor as a quarter sphere for computational 

efficiency.  Although the majority of simulations focused on intra-tumoral therapy 

design, the initial simulation explored the use of external laser irradiation since all in 

vivo studies involved external irradiation thereby enabling model validation based on 

experimentally measured data. Figure 5.5 illustrates an example of the ability of the 

finite element model to predict the temperature, damage, and HSP expression in the 

tumor given specified laser parameters.  The tissue response to laser irradiation was 

shown for two different laser powers of 3W and 6W for a wavelength of 810 nm, and 

pulse duration of 1 minute with the laser incident on the tissue to show how different 

source parameters affect the therapy outcome..  External irradiation was employed 

experimentally for initial studies in order to ensure HSP expression was solely induced 

by thermal stress rather than a possible degree of HSP expression induced by 

perturbation of the tissue due to insertion of the laser probe intra-tumorally.   

 For the both laser powers significant elevation in temperature occurred at the 

tumor boundary in close proximity with the laser source. However for the laser power 

of 3W a substantial portion of the tumor experienced minimal or no elevation in 

temperature.  All HSP expression was normalized with the basal level of expression 

represented as 1.  For both laser powers there are three observable zones of interest with 

regard to HSP expression in the tumor.  The topmost blue region represents a zone 
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where significant damage was induced causing denaturation of all proteins and 

rendering the cell machinery incapable of HSP expression. The middle region with HSP 

expression greater than one represents the thermal regime where temperatures caused 

considerable induction of HSP expression. This is the region of concern where HSP 

expression must be minimized to prevent tumor cell viability following treatment. The 

final bottom-most region represents a zone where temperatures were insufficient to 

elicit HSP expression with expression levels at or below the basal level.  When the 

power is increased to 6W a greater degree of thermal denaturation occurs to the higher 

temperature elevation causing the zone with no HSP 27 and 70 expression to increase 

and the region of high HSP expression is translated to a greater depth.  This simulation 

illustrates the ability of the FEM model to enable exploration of different laser 

parameter sets and the associated tissue response. 
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 P=6W 

                            (a)                                                                          (a) 

P=3W 

Q 

 
T=constant

 

                                             (b)                                                                                 (b) 

 

                                  (c)                                                                                   (c) 
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 Figure 5.5 Finite Element Model Prediction of temperature (a), HSP27 (b), and 
HSP70 (c) distributions for externally irradiated prostate tumor for a laser powers 
of 3W and 6W. 
 

5.2.2 Model Verification 

 In order to verify the accuracy of the model for prediction it was essential to 

utilized a method of validation. The most accurate method is to compare the MRTI 

measured temperature with the model predicted temperature following laser irradiation. 

The PC3 tumor was irradiated with a laser power of 3W for a pulse duration of 3 min 

and the temperature data was acquired. The finite element model was run with the 

identical laser parameters. Figure 5.6 depicts the MRTI measured and model predicted 

temperature.  It is evident that there is close correspondence between the measured and 

model predicted temperature validating the accuracy of the FEM model for therapy 

design. 
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Figure 5.6 Comparison between MRTI measured and model predicted 
temperature. 
 

5.2.3 Intra-tumoral Heating 

 5.2.3.1 Quarter Sphere Tumor Model 

 For the remainder of simulations in this paper, the laser source was positioned in 

the center of the tumor and the laser wavelength was set at 810nm with the fluence 

distribution described according to equation 5.5.  Although numerous simulations were 

employed to look at a wide range of laser parameters, figure 5.7 illustrates the ability of 

the finite element model to predict the temperature, damage, and HSP 27 and 70 

expression in the tumor for specified laser parameters of 3W power and 1 min pulse 

length.   
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                                              (a)                                                                            (b) 

   

                                                (c)                                                                          (d) 

Figure 5.7 Quarter sphere tumor model depicting a) temperature b) HSP70, c) 
HSP27, and damage distribution following laser irradiation intra-tumorally. 

 

 The simulation shows that significant temperature elevation and damage were 

induced in the center of the tumor volume with the greatest injury occurring near the 

laser probe and diminishing with distance from the source. All HSP expression was 
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normalized to a basal level of expression represented as 1.  There are three observable 

zones of interest with regard to HSP expression in the tumor.  The tissue region nearest 

the probe where HSP expression is below the basal level represents a zone where 

significant damage was induced causing denaturation of all proteins and rendering the 

cell incapable of HSP expression.  With greater distance from the source, a distinct 

region of HSP expression is encountered in which HSP expression is greater than 1.  

This is the thermal regime where temperatures caused significant induction of HSP 

expression. It is also the zone of concern where HSP expression must be minimized to 

prevent tumor cell viability following treatment. The outermost region is the zone 

where temperature elevation was below the threshold to cause cell damage and induce 

increased HSP expression. 

 

 5.2.3.2 MRI Based Tumor Model  

 In order to create a more realistic tumor model to mimic the current state of 

experimentation and improve the accuracy of the finite element prediction, the mesh 

built from the mouse MRI data was employed. Figure 5.8 illustrates the model and 

associated mesh for the mouse tumor/tissue. The tumor is shown in blue and the 

remaining tissue is depicted in yellow.  
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Figure 5.8 The hexahedral mesh of the tumor (blue) and the tissue (yellow). 
The mesh of the tumor has 296 vertices and 160 hexahedra. The mesh of the 
tissue has 7522 vertices and 6147 hexahedra. 
 

 The tumor component of the model developed from the MRI data was imported 

into hypermesh where boundary conditions were imposed and the tumor was then 

imported into the Phlex finite element software where the temperature, HSP27 and 70, 

and damage distributions could be predicted. A laser power of 3W and heating duration 

of 1 min were imposed.  In order to permit visualization of the heated region of interest, 

a y stack series through the tumor is shown in Figure 5.9.   
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Temperature HSP70

DamageHSP27 

Figure 5.9 MRI-based tumor model depicting temperature, HSP70, HSP27, and 
damage distribution following laser irradiation intra-tumorally. 
  

 5.2.3.3 Prostate with Interior Tumor Model 

 In developing the most appropriate thermal therapy the objective is maximum 

destruction of the tumor and minimal damage to the surrounding healthy tissue.  HSP 

expression in the tumor region following therapy will compromise the effectiveness of 

the therapy, while elevation of HSP expression in the surrounding healthy tissue which 

may be damaged will reduce morbidity. A prostate model with a coarse mesh with an 
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interior tumor denoted by the finely meshed region was created to demonstrate a more 

realistic application of the predictive model.  The laser power employed was 3.5 W with 

a pulse duration of 1 min.   Significant temperature elevation and damage is induced 

near the laser probe, but due to the large size of the tumor only a portion of it is affected 

by the laser heating.  HSP 27 and 70 are denatured close to the probe, but high levels of 

expression are induced in the periphery of the thermally treated zone. 

 

 

                      (a)                                                                           (b) 
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                      (c)                                                                                        (d) 

Figure 5.10 Prostate with interior tumor (finely meshed region) depicting a) 
temperature b) HSP70, c) HSP27, and damage distribution following laser 
irradiation intra-tumorally. 
 
 The laser power was increased to 5 W with a pulse duration of 1 min to illustrate 

the desired outcome for the temperature and HSP70 distribution.  The temperature and 

HSP70 distribution are shown for these new laser parameters in figure 5.11.  Only the 

HSP 70 distribution is shown because it is the most resistant to thermal denaturation 

compared to HSP27 and therefore, represents the strictest constraints for laser parameter 

determination under these conditions. HSP70 is nearly completely denatured except for 

the region along the tumor boundary. However a single laser probe cannot effectively 

coagulate the entire tumor volume. 
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                             (a)                                                                              (b) 

Figure 5.11 Prostate (coarsely meshed region) with interior tumor (finely meshed 
region) depicting a) temperature and b) HSP70 distributions following laser 
irradiation intra-tumorally. 
 
 5.2.3.4 Multiple Probes 
 
 In the previous simulation the prostate tumor was large enough so that a single 

source was insufficient to effectively destroy the target.  As a result, the use of several 

laser probes was investigated similar to the method employed in interstitial laser 

thermotherapy.  Four laser probes each with a power of 3W and pulse duration of 1 min 

were employed to permit substantial heating of the entire tumor.  Figure 5.12 illustrates  

the temperature, HSP27, 70, and damage distribution following laser irradiation. The 

entire tumor experienced significant temperature elevation. Extensive protein 

denaturation and cell damage occurred near the probe resulting in diminished HSP 

expression in these regions.  The thermal insult induced high levels of HSP expression 

in a majority of the tumor making it a highly unsuccessful therapy due to enhanced 

tumor protection.   
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                        (a)                                                                                     (b) 

 
                               (c)                                                                                 (d) 
Figure 5.12 Prostate with interior tumor (finely meshed region) depicting a) 
HSP70 and b) HSP27 distributions following laser irradiation intra-tumorally. 
 
 In order to optimize the therapy the HSP expression must be minimized to 

reduce risk of tumor recurrence. Increasing the laser power to 7W permits a protocol 

wherein proteins have been denatured within the tumor, but along the borders of the 

tumor HSP expression is elevated, imparting enhanced protection and recovery to 

injured normal prostate tissue. 
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                           (a)                                                                                     (b) 

Figure 5.13 Prostate with interior tumor (finely meshed region) depicting a) 
HSP70 and b) HSP27 distributions following laser irradiation intra-tumorally. 
  

 In reality it is difficult to achieve complete tumor destruction without injury to 

healthy surrounding tissue.  By increasing the laser power to 10W, we simulate a more 

realistic optimum where complete tumor kill is achieved in an effort to prevent tumor 

re-growth, but cell injury is incurred along the tumor borders. 
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                                 (a)                                                                               (b) 

Figure 5.14 Prostate with interior tumor (finely meshed region) depicting a) 
HSP70 and b) HSP27 distributions following laser irradiation intra-tumorally. 

 

5.3 Discussion and Conclusion 

                      State of the art computational techniques and measured cellular and tissue data 

were coupled to facilitate the creation of an accurate thermal planning model for 

prediction of the temperature, HSP70 and 27 and damage distributions in prostate 

tumors following laser irradiation. Utilization of this computational model permits the 

physician to explore various sets of laser parameters to observe the tissue response prior 

to performing the laser therapy. 

  Although other researchers have developed finite element models for treatment 

planning, the proposed model incorporates several unique aspects. This model 

incorporates a large amount of measured cellular and tissue data in the tissue of interest 

which increases the accuracy of the prediction and prevents a purely theoretical analysis. 
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The damage predictive model was based on measured cell viability profiles using 

propidium iodide staining in normal prostate (RWPE-1) and prostate cancer (PC3) cells 

following water bath heating for thermal stimulation temperatures of 44-60oC.  

Employing the same cell lines and hyperthermia induction techniques, HSP 27 and 70 

kinetics were determined using western blotting techniques as discussed in chapter 3.  

The HSP expression predictive model was further refined to reflect differences in in 

vitro and in vivo responses by characterizing the HSP 27 and 70 distribution through 

immunostaining and confocal microscopy in laser irradiated prostate tumors. H&E 

staining was also performed on these tumors to gain a better understanding of the 

correlation between damage and temperatures induced due to laser heating. 

 Several types of system geometries were employed to illustrate the utility of the 

model for predicting tissue response in clinically relevant situations.  Initial simulations 

were conducted using a quarter sphere model.  This geometry was used for model 

validation since in our experiments prostate cells inoculated on the back of mice form 

hemispherical tumors.  The quarter sphere was employed for computational efficiency. 

MRTI based temperature measurements in externally irradiated prostate tumors were 

employed for validation and proved the high accuracy of the proposed computational 

model.  Intra-tumoral heating is more clinically relevant so our results focused on this 

method of heating.  MR images acquired of prostate tumors grown on the back of mice 

were employed to create a mouse specific tumor model through the use of the extended 

dual contouring isosurface extraction method and hypermesh software. Utilization of 

this method illustrates the ability of the computational model to predict the tissue 
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response for patient specific data. In order to mimic a more realistic scenario, a prostate 

model containing interior tumors was developed. Ideally we will perform intra-tumoral 

heating and use the associated MRTI data to provide a more accurate verification of the 

precision of the finite element model.   Our laser heating experiments in vivo thus far 

initially employed external radiation in order to prevent HSP expression induced by 

insertion of the laser probe.  Once the HSP induced by the laser is fully characterized all 

further experimentation and refined verification will involved intra-tumoral heating.  

Laser heating is generally suitable for small, clearly defined tumors. Initially a large 

tumor was simulated within the prostate and treated with a single laser source.  It was 

evident that a single source was insufficient to effectively irradiate a tumor of this 

magnitude.   We desired to explore the use of multiple laser probes as is performed in 

interstitial laser thermotherapy. The inclusion of four laser probes in the tumor with 

identical source characteristics and computational iteration of source parameters 

enabled development of an optimal therapy with maximum tumor destruction. 

 A wide array of laser parameters were simulated for the various system 

geometries and for the majority of cases significant zones of HSP expression were 

identified. These zones represent regions of the tumor with enhanced tumor cell 

viability and increased resistance to subsequent chemotherapy and radiation treatments.  

Ideally significant protein denaturation must be induced to reduce HSP expression 

below its basal level in the entire tumor to prevent compromising the therapy outcome.  

Induction of HSP expression in the healthy tissue bordering the tumor where cell injury 

is inevitable due to diffusion would enhance recovery and reduce morbidity. 
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Simulations employing the prostate with internal tumor geometry illustrates the real 

challenge of achieving an acceptable HSP distribution while preventing healthy tissue 

damage.  In practice healthy tissue injury may be unavoidable in completely eradicating 

the tumor, but HSP induction in these injured regions may help to mitigate the damage. 

 The unique contribution of the proposed computational model is the addition of 

the first HSP expression model based on measured cellular and tissue HSP kinetics data 

due to thermal stimulation.  Currently the model is founded on a much larger repository 

of measured cellular data which was induced by water bath heating. Water bath heating 

has a much longer time constant (approximately 1 min to reach the maximum 

temperature of 60oC) than the laser source bringing into question the accuracy of 

measurements for heating on the order of 1-2 minutes due to non-isothermal heating.  

The measured HSP expression tissue data has been acquired through correlation of 

MRT measured temperature with HSP expression through immunostaining of tissue 

sections throughout tumors (derived from human prostate cancers) grown on the back of 

mice. In all cases HSP expression was induced by external laser irradiation.  More 

extensive tissue data must be acquired in naturally occurring prostate tumors on a large 

scale in canine prostate with investigation of intra-tumoral laser heating. 

The largest source of error associated with the computational model is due to 

lack of available parameters values related or prostate data at the wavelength 

investigated. The majority of thermal and optical properties were measured for native 

canine prostate at a wavelength of 810.  In order to diminish error associated with input 

parameters optical and thermal measurements should be performed for the wavelength 

 143



and temperatures studied. Currently the model does not incorporate the dynamic optical 

properties associated with denaturation of proteins during the laser heating process 

which may lead to alterations in tissue absorption and scattering properties.  The model 

does include the nonlinear temperature dependence of perfusion and thermal 

conductivity which was found to generally decrease the predicted temperature by 3%.  

The damage parameters Ea and A were determined from cell viability measurement 

following water bath heating of PC3 prostate cancer (PC3) and normal prostate cells 

(RWPE-1) cells. Although H&E staining has been conducted in the laser irradiated 

prostate tumors, quantitative values cannot be derived for determination of damage 

parameters. A difference between in vitro and in vivo response to hyperthermia has been 

documented in AT-1 Dunning rat prostate tumor models where prostate tumors 

experienced significant thermal damage compared to previous studies involving AT-1 

cells. This discrepancy is thought to be due to the presence of fragile and poorly 

organized tumor vasculature in vivo which is easily destroyed during thermal therapy 

leading to hypoxia, ischemia, and accelerated tumor death [128-129].  As a result, 

additional methods for measurement of apoptosis and necrosis and laser irradiated 

prostate tumors will be essential to improve the accuracy of the cell injury prediction 

component of the computational model.  

 An accurate finite element model was developed which enabled prediction of 

the temperature, damage, HSP27 and 70 distribution in laser irradiated prostate tissue. 

This computational model is unique in that it incorporates the first HSP predictive 

model created for thermal therapy planning. This HSP expression model was developed 
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based on measured prostate cellular and tumor data through the use of cubic splines.  

An Arrhenius injury model was also included in the computational model and enabled 

the damage in the tumor to be predicted with precision based on a given temperature 

profile in the tumor.  

The integration of thermal, damage, and HSP expression models into a single 

finite element model enabled prediction of the prostate tumor response to a given laser 

therapy.  Simulation using an idealized quarter sphere model, MRI based tumor model, 

and model of prostate with interior tumors enabled investigation of the temperature, 

damage, and HSP distribution for a wide range of laser parameters typically employed 

in surgical procedures.  Definite zones of HSP expression were identified for a large 

number of therapies. The existence of these regions of elevated HSP expression is of 

great concern and minimization of HSP expression should be considered in patient 

treatment design to prevent tumor recurrance.  Utilization of this predictive model will 

enable a physician to investigate the HSP response to candidate treatments to better 

tailor a patient specific therapy to achieve maximum destruction of the tumor and 

damage minimization of healthy tissue. 
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Chapter 6: Optimization of Laser Therapy Design by Controlling HSP Expression 
 
 Previous papers have based their optimization strategy for hyperthermia therapy 

design upon defining an objective function based on temperature control to induce 

sufficient tumor destruction. The conditions of T>43oC in the tumor and T<42oC in the 

healthy tissue region has been the preferred criteria for optimization. Specially designed 

objective functions have been created to avoid ‘hot spots’ in the healthy tissue while 

minimizing ‘cold spots’ in the tumor by other researchers [130],[131]. Great progress 

has been made in the development in these optimization methods, however, induction of 

HSP expression has not been considered previously in hyperthermia optimization. The 

threshold for HSP induction is T=43oC. Therefore, even if the temperatures exceed the 

threshold, but the heating duration employed in the therapy is insufficient to coagulate 

proteins in any portion of the tumor the treatment will be compromised due to elevated 

HSP expression. An optimization strategy with more stringent criteria is proposed 

which is motivated by producing the desired HSP and injury response in the tumor and 

healthy surrounding tissue. This optimization method is based on dosimetry guidelines 

developed from measured HSP kinetics and cell injury data for prostate cancer cells and 

tumors associated with hyperthermia therapy. The proposed optimization model permits 

determination of the optimal laser parameters (laser wavelength, optical fiber 

orientation in the tissue, laser power, and pulse duration) necessary to satisfy a 

prescribed post-therapy temperature, HSP expression, and damage distribution in the 

tumor and healthy tissue to achieve maximum tumor destruction and preservation of 

healthy tissue.  Design problems posed in which a specified outcome is used to 
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determine initial input parameters is classified as an inverse problem. The inverse 

method formulation avoids conventional iterative solutions and enables a direct 

description of the applied boundary and source conditions to be achieved.  Previous 

studies have investigated the use of unique problem solving strategies for employing 

inverse methods to the design of high temperature systems [132],[133].  In this chapter 

the utility of optimization driven by minimization of objective functions based on 

desired HSP expression and damage fraction are explored. The proposed optimization 

strategy is also compared to the conventional method of temperature driven 

optimization.  

 
 
6.1 Inverse Laser Therapy Design Methodology 
 
6.1.1 Development of Optimization Criteria 
 
 Measured HSP kinetics and injury data in prostate cancer cells (PC3) and 

normal prostate cells (RWPE-1) cells, and prostate tumors cells enabled the correlation 

between HSP expression and injury to be determined due to a thermal stimulus. In an 

ideal thermo-therapy for cancer treatment, the optimal treatment is to eradicate 100% 

cancerous cells and preserve normal tissues with 0% damage. However, the solution to 

the Pennes Equation 6.1 which was discussed in detail in chapter 5 cannot be 

discontinuous.  

( ) ),,()()()( zyxQTTcTTTk
t
Tc abb +−−∇∇=
∂
∂ ωρ                    (6.1) 
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Therefore, the best possible therapy is to kill 100% cancerous cells while keeping the 

normal cell damage at a minimum. This will be the basic principle for identifying 

constraints and constructing an objective functional for subsequent laser therapy 

optimization design.  Figure 6.1 illustrates the desired therapy outcome for damage 

fraction and HSP expression and the geometric domains employed for specifying 

constraints. The highest priority was to design a therapy which is characterized by 

complete tumor destruction and preservation of healthy surrounding tissue.  In order to 

achieve the ideal therapy, two criteria must be satisfied and were employed in driving 

the optimization: 

1) Tumor must experience maximum cell injury (e.g. ) and HSP expression 

must be diminished below its basal level of 1 (

99.≥DF

170,27 ≤HSP ) 

2) Healthy tissue must receive minimal thermal damage (e.g. 01.≤DF ) and induction of 

high levels of HSP expression ( ). 170,27 >HSP
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   Optimal Laser Therapy 

Laser
  Tissue (GH) Tumor (GT) 

 

Figure 6.1 Desired outcome and geometric domains for optimal laser therapy 
design.  
  

 Although control of HSP expression is the motivator for the optimization 

strategy redesign, achieving the desired injury within the tissue is also an important 

factor in ensuring maximum tumor destruction. Employing criteria based on both 

metrics ensures complete tumor cell death and elimination of the HSP expression 

response.   

 Criteria were specified to drive the optimization toward achieving the desired 

tissue response in both tumor and healthy tissue.  Based on the measured HSP kinetics 

data which was normalized, the basal level of expression was valued at one.  The 

computational domain G for criteria development is depicted in figure 6.1 in which G = 

GT U GH, which is the region occupied by the tumor GT and the healthy tissue region 

GH. 

170,27 >HSP 170,27 ≤HSP

01.≤DF 99.≥DFGT

GH
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 The mathematical formulation of the first criterion is shown in equation 6.2. 

This formulation was developed to specify the appropriate FDT to achieve complete 

tumor destruction.  HSP27,70 is also specified to elicit minimal HSP expression in the 

tumor region. Equation 6.3 describes the mathematical formulation of criterion 2 which 

was designed to produce the desired healthy tissue response. The value of FDH is 

selected to permit minimal cell injury and HSP27,70 is specified to induce elevated HSP 

expression above the basal level to enhance recovery.   
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6.1.2 Objective Function Development 

6.1.2.1 Proposed FD and HSP Objective Functions 

 In this section, optimization based upon the desired damage fraction, HSP 

expression, and the conventional temperature method will be explored. First, objective 

functions based on both damage fraction and HSP expression were derived from the 

constraints given in 6.2 and 6.3.  The objective function for damage fraction driven 

optimization is shown in the equation below: 
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where  is the quadratic function representing the damage fraction and  F
DFJ DT (x,y,z,t) 

and FDH (x,y,z,t) represent the model-predicted damage fractions for tumor and healthy 

tissue due to the selected source parameters.  The desired damage fraction specified by 

the damage criteria for tumor and tissue are given as δT and δH respectively. In order to 

satisfy the criteria for the desired damage fraction, we chose δT =.99 for complete 

destruction in the tumor and δH =.01 for minimal damage in the healthy tissue.     

 The objective function formulated for HSP expression based optimization is 

shown in the equation below:                                                   

( ) ( ) dVtzyxHSPdVtzyxHSPJ
HT Gzyx

H
H

Gayx
T

T
HSP

2

,,
70,27

2

,,
70,27 ),,,(),,,(

70,27 ∫∫
∈∈

−+−= σσ  (6.5) 

and  is the quadratic function representing the HSP expression objective 

function  to be minimized and 

70,27HSPJ

THSP 70,27  (x,y,z,t) and (x,y,z,t) represent the 

model-predicted HSP

HHSP 70,27

27,70  for tumor and healthy tissue due to the selected source 

parameters.  The desired HSP27,70 specified by the expression constraints for tumor and 

tissue are given as σT and σH respectively. . In order to satisfy the criteria for the desired 

HSP27,70 according to the constraints, we chose σT =5.0 for complete destruction in the 

tumor and  σH =.01 for minimal damage in the healthy tissue. The goal is to determine 

the laser parameters that minimize the difference between the FDT (x,y,x,t), FDH (x,y,z,t), 

THSP 70,27  (x,y,z,t), and (x,y,z,t) predicted by the chosen laser parameters and 

the specified damage fraction (δ

HHSP 70,27

T and δH) and HSP27,70  (σT and σH) determined from the 

constraints.  
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6.1.2.2 Temperature Based Objective Function 

 The criteria of T>43oC in the tumor and T<42oC in the healthy tissue region has 

been the preferred criteria for optimization as discussed by previous studies [130][131].  

The objective function employed is defined according to the following equation. 

                                      (6.6) ( ) ( )dVTdVTJ
HT Gx

HH
Gx

TTTemp ∫∫
∈∈

−+−= ββ
2

where TT and TH represents the model predicted temperature due to the selected laser 

parameters for the tumor and tissue respectively and βT and βH represent the desired 

temperature values in the tumor and tissue respectively. Determination of the values of 

βT and βH are described below. Traditional therapies stipulate maintaining the tumor 

temperature at 43oC for 30 minutes.  Due to the extensive heating duration, this therapy 

is not clinically relevant.  In order to simulate a more realistic laser therapy within the 

time constraint of a clinical setting an equivalent thermal dose in minutes at 43oC (t43) 

was determined for use in the temperature driven optimization according to the 

following equation. 

 

(6.7) 

where ∆t is the time between measurements (1 sec) and, Ti is the temperature in degrees 

Celsius for the ith measurement, and R is a constant empirically derived from 

hyperthermia experiments in living tissue [109].  The selected Ti value was chosen as 

48oC which yielded an equivalent thermal dose of 1 minute. As a result the value of βT 

was chosen to be 48oC and the pulse duration employed in the simulation was 1 min.  
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Damage fraction minimization in the healthy tissue was a therapy design priority so the 

value of βH was specified as 37oC. 

 The goal of the optimization strategy was to minimize the difference between 

the predicted temperature and the desired temperature in the targeted region. In order to 

compare the effectiveness of this temperature optimization strategy with the current 

proposed method of FD and HSP expression based optimization, the temperature 

objective function was employed in the optimization algorithm.  

 Identical computational methods for determination of temperature, damage, and 

HSP expression associated with laser heating were employed as described in chapter 5. 

The optimization algorithm subsequently discussed, was integrated with the finite 

element model to enable specification of optimal laser parameters.  The optimization 

algorithm employed was based on the Steepest Descent Method which permitted 

selection of local minima for the desired objective functions.  This method was chosen 

due to the rhobustness of its convergence capability.   

 

6.2 Optimization Algorithm 

 The general premise of the Steepest Descent Method is that the gradient is a 

vector, and at any point (x1,…xn),  the gradient vector iJ∇  points in the direction in 

which Ji  is increasing most rapidly, called the direction of steepest descent and it 

follows that   points in the direction in which JiJ∇− i is decreasing most rapidly.  As a 

result, minimization is along the steepest direction, iJ∇− .  In combination with line 
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search methods, the steepest descent method is both robust and efficient in determining 

the parameter set that minimizes the objective function specified.   

 

6.2.1 Problem Setting 

 The goal of the optimization is to determine a set of parameters such that the 

objective function driving the optimization is minimized.  Let X represent the parameter 

set, X=(Pi, µa µs, xi, yi, zi) for i=1,…M where Pi is the laser power positioned at 

(xi,yi,zi) and M is the number of laser sources employed for irradiation, and µa and µs 

are the absorption and scattering coefficient respectively. 

 The three optimization problems discussed in this chapter can be formally posed 

as follows: 

 1) Damage-Based Optimization Problem: 

  Find X such that  )(min* XJJ
DD FF =

  2) HSP Expression-Based Optimization Problem: 

  Find X such that  )(min
70,2770,27

* XJJ HSPHSP =

 3) Temperature-Based Optimization Problem: 

  Find X such that  )(min* XJJ TempTemp =

 All three optimization problems are designed such that the laser power, source 

location, and wavelength dependent properties of µa and µs can be optimized 

independently or simultaneously. 
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6.2.2 Steepest Descent Method 

 The optimization process outlined below describes the Steepest Descent Method 

applied to determination of optimal laser parameters for therapy design for a single 

source although the code is capable of optimizing multiples sources. 

1) Initial values for Po,  µao, µso, xo, yo, zo are specified and an initial solution is 

determined for T(x,y,z,t) , FD (x,y,z), and HSP27,70 (x,y,z) where Po refers to 

the initial laser power, µa is the absorption coefficient, µs is the scattering 

coefficient (defined by chosen wavelength), xo, yo, zo refer to the x, y, z 

coordinates of the laser probe within the tissue, and T(x,y,z,t), FD(x,y,z), and 

HSP27,70 (x,y,z) are the spatiotemporal temperature, damage fraction, and 

HSP27 and 70 distributions following laser heating. 

2) The initial objective function Jo is computed for the specified parameters 

according to equations 6.4, 6.5, or 6.6. 

3) Parameters are perturbed according to the following equations  

      P1=Po+∆P,  µa1= µao+∆µa,  µs1= µso+∆µs,  x1=xo+∆x,  y1=yo+∆y,  z1=zo+∆z 

     where ∆P, ∆µa, ∆µs, ∆x, ∆y, ∆z are set according to a chosen step size and 

the  

      new values for T1(x,y,z,t), FD1(x,y,z,t), and HSP1
27,70 (x,y,z,t) are computed. 

4) The new objective function, J1 is computed according to equation 6.4, 6.5, or 

6.6. 

5) The gradient is computed for each parameter according to: 
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6) Optimization Steps 

      A) Update the value of all parameters P, µa, µs, x, y, z 

       A new value of Xi is determined according to the following equation: 

       ( ) ( )
J

J
kiXiX iX

∇

∂
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and k is the step size chosen for advancing the parameters 

      Compute J2 according to equation 6.4, 6.5, or 6.6. 

        B) Compare all computed )3,2,1,0()( == iJiY i    

             if ε<− )0()1( YY ,    0
)0()1(
)1()2(
>

−
−

YY
YY   and Y(2)<Y(1) 

                       update )2()1()1()0( YYandYY ==  

            Also verify difference is within convergence tolerance, ε 

                        ε<− )1()2( YY   
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However, if  than decelerate and value is reset and step size 

is  halved 

)1()2( YY >

7) Steps 2-6 are repeated until the objective function is minimized according to 

specified constraints  

6.3 Results 

6.3.1 FD Objective Function Optimization  

 The criteria discussed previously and formulate in equations 6.2 and 6.3 directed 

the development of both the FD and HSP expression objective functions.  Therefore, it 

was expected that similar results would be obtained when either objective function was 

employed to drive the optimization process. The FD objective function was utilized for 

the initial simulations to illustrate the capability and unique aspects of the optimization 

algorithm.  

 Employing the Steepest descent method allows exploration of optimal source 

parameters by choosing the local minima of the objective function. As a result varying 

the initial guess for parameters will often cause the algorithm to specify different 

optimal parameter sets by choosing the nearest local minima.  Table 6.1 depicts how 

different input parameters for power and position effect the algorithm optimal output 

parameters. The z coordinate for position was always chosen as .1 mm since this was 

the thickness of both the tissue and tumor. 
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  Table 6.1 Chosen Parameter Input Guesses and the Algorithm Derived Optimal    
Values. 

Laser 
Parameters Q1 X1 Y1 Q2 X2 Y2 

Initial 
Guess 0.50 5.00 1.60 0.15 3.60 1.30 

Optimized 
Parameter 0.88 5.20 1.80 0.35 3.60 1.50 

       
Initial 
Guess 0.80 5.00 1.60 0.30 3.60 1.30 

Optimized 
Parameter 1.25 5.20 1.80 0.50 3.80 1.50 

       
Initial 
Guess 1.00 5.0 1.60 0.50 3.60 1.30 

Optimized 
Parameter 1.09 5.10 1.70 0.59 3.70 1.40 

       
Initial 
Guess 1.20 5.0 1.60 0.70 3.60 1.30 

Optimized 
Parameter 1.28 5.10 1.68 0.78 3.68 1.38 

       
Initial 
Guess 1.30 5.0 1.60 0.80 3.60 1.30 

Optimized 
Parameter 1.46 5.16 1.76 0.96 3.76 1.46 

       
Initial 
Guess 1.40 50 1.60 0.90 3.60 1.30 

Optimized 
Parameter 1.48 5.08 1.68 0.98 3.68 1.38 

       
Initial 
Guess 1.60 5.00 1.60 1.10 3.60 1.30 

Optimized 
Parameter 1.68 5.08 1.68 1.18 3.68 1.38 

 

 In order to select the most appropriate parameter set generated from multiple 

optima, a set of criteria must be developed and further prioritized for decision making. 

Destruction of the tumor is paramount in the design of the thermal therapy through 

minimization of HSP expression and maximization of damage.  Induction of HSP 

expression will increase the risk of tumor recurrence and resistance to subsequent 
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chemotherapy and radiation, compromising the success of the entire therapy. Damage 

minimization in the healthy tissue is the second priority with induction of elevated HSP 

expression to diminish thermal damage caused by thermal diffusion.  Induction of HSP 

expression in the healthy tissue will mitigate tissue morbidity due to thermal damage by 

enhancing recovery. These two criteria cannot be achieved simultaneously due to the 

thermal diffusion in the tissue.  The criteria defined below were employed in selection 

of the most optimal therapy with the greatest priority placed on the first condition. 

1) The entire tumor region GT must satisfy:  

T
GzyxGzyx

TD GzyxfordVHSPanddVtzyxF
TT

∈<<≥ ∫∫
∈∈

,,16.0),,,(
,,

70,27
,,

       (6.8) 

2) The entire healthy tissue region GH must satisfy  

H
GzyxGzyx

PHD GzyxfordVHSPanddVzyxF
HT

∈>≤ ∫∫
∈∈

,,14.0),,,(
,,

70,27
,,

τ       (6.9) 

The values of FDT and FDH were determined based on the desired value of the HSP 

expression in the selected region.  The values of FDH and FDT have been relaxed 

compared to the initial criteria for determining optima since experience following 

numerous simulations showed these to be adequate criteria for denaturation of proteins 

and complete cell death. As a result, the criteria for decision making were adjusted to 

account for this knowledge. Visual inspection of the temperature, damage, HSP27 and 

70 distributions associated with the therapy outcomes specified by the optimization 

algorithim, was employed to evaluate how closely each therapy met the decision 

making criteria. The most optimal laser parameter set was then determined from the 

therapy which most accurately satisfied the specified decision criteria.  Several of the 
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cases in Table 6.1 were simulated to illustrate how the criteria enable selection of the 

most appropriate laser parameters from a variety of optima. 

 Two laser sources positioned intra-tumorally were employed for irradiation in 

all simulations to permit adequate treatment of the tumor region.  The coarsely meshed 

region represents the normal tissue and the interior finely meshed region represents the 

tumor.  Laser power and source position for both sources were considered in the 

optimization strategy.  The wavelength and pulse duration were held constant at 810 nm 

and 1 min respectively.  The first set of parameters considered were initial input guesses 

for Q1=.5 W positioned at (X1,Y1,Z1)= (5.0,1.6,.1) mm and Q2=.15 W with an initial 

position of (X2,Y2,Z2)=(3.6,1.3,.1) mm. The simulation results for this therapy design 

are shown in Figure 6.2.  The optimized parameter set is specified as Q1=.88 W 

positioned at (X1,Y1,Z1)= (5.2,1.8,.1) mm and Q2=.35 W positioned at 

(X2,Y2,Z2)=(3.6,1.5,.1) mm. The code was optimized for these input parameters, but 

the minimum of the objective functional was very large yielding an unsuccessful 

therapy.  This therapy is unsatisfactory in that it does not satisfy criterion 1 due to 

HSP27, and 70 expression levels well above one and FDT values below the specified 

value of .60. This therapy also does not satisfy criterion 2 since no HSP expression is 

induced in the healthy surrounding tissue.  This is an unacceptable optimum which is 

rapidly rejected in consideration of laser therapy design. 
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                                   (A)                                                                  (B) 

    
 
                                                  (C)                                                                   (D) 

 
Figure 6.2 Optimization Therapy for initial guess of Q1=.5W and Q2=.15 W  
depicting (A) temperature, (B) damage, (C) HSP27, and (D) HSP70 distribution  
following therapy. 

 
 The second set of parameters chosen for the initial guess were Q1=1.6 W 

positioned at (X1,Y1,Z1)= (5.0,1.6,.1) mm and Q2=1.1 W at (X2,Y2,Z2)=(3.6,1.3,.1) 

mm.  The optimized parameter set is specified as Q1=1.68 W positioned at 

(X1,Y1,Z1)= (5.08,1.68,.1) mm and Q2=1.18 W positioned at 

(X2,Y2,Z2)=(3.68,1.38,.1) mm. This set of parameters satisfied the first condition by 

effectively minimizing HSP expression and achieving the minimum desired FDT in the 

entire tumor region.  The second criterion was not adequately achieved exhibited by the 

extensive thermal damage and lack of HSP expression along the tumor border in the 

healthy tissue region.  This therapy may be considered acceptable due to the effective 
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eradication of the tumor region, but the morbidity of the healthy tissue associated with 

this therapy yields a therapy less than optimal. The simulation results are shown in 

figure 6.3. 

                                   (A)                                                                 (B) 

 
                                                     (C)                                                                  (D) 

 
Figure 6.3 Optimization Therapy for initial guess of Q1=1.6W and Q2=1.1W  
depicting (A) temperature, (B) damage, (C) HSP27, and (D) HSP70 distribution  
following therapy. 

 

 The optimization algorithm was run for a third time with the initial guess of 

Q1=1 W positioned at (X1,Y1,Z1)= (5.0,1.6,.1) mm and Q2=.5W at 

(X2,Y2,Z2)=(3.6,1.3,.1).  The optimized parameter set is specified as Q1=1.09 W 

positioned at (X1,Y1,Z1)= (5.10,1.7,.1) mm and Q2=0.59 W positioned at 

(X2,Y2,Z2)=(3.7,1.40,.1) mm. This therapy satisfied both criteria by effectively 

eliminating HSP expression and maximizing damage in the tumor as well as inducing 
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elevated HSP expression and minimal damage in the healthy tissue bordering the tumor 

according to the specified criteria.  This therapy effectively eradicates the tumor while 

enhancing recovery of injured healthy tissue along the tumor border. This is the best 

therapy candidate and would be deemed a truly optimal therapy alternative.  The 

simulation results are shown in figure 6.4.           

                                 (A)                                                                (B) 

 
                                                  (C)                                                                 (D) 

 
Figure 6.4 Optimization Therapy for initial guess of Q1=1.0 W and Q2=.5 W  
depicting (A) temperature,  (B) damage, (C) HSP27, and (D) HSP70 distribution  
following therapy. 

 

6.3.2 HSP Expression Objective Function Optimization  

 The HSP27,70 expression objective function was employed for laser therapy 

design with an initial guess of Q1=1.0 W positioned at (X1,Y1,Z1)= (5.0,1.6,.1) mm 

and Q2=.5W at (X2,Y2,Z2)=(3.6,1.3,.1) which is identical to the input guesses for the 
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most optimal therapy using the FD objective function.  The specified optimal parameters 

for this therapy were Q1=1.29 W positioned at (X1,Y1,Z1)= (5.2, 1.8, 0.1) and Q2=0.7 

W at (X2,Y2,Z2)=(3.8, 1.5, 0.1).  Although the optimal parameters specified by the FD 

driven optimization were Q1=1.09 and Q2=.59, the therapy outcome results were both 

satisfactory.  The HSP driven optimization clearly optimized the HSP expression 

distribution more effectively by decreasing the HSP 70 concentration more significantly 

throughout the entire tumor although the HSP27 expression was nearly identical. 

Conversely the optimization driven by the FD objective function incurred more 

significant thermal injury throughout a larger region of the tumor. The HSP driven 

optimization also elevated the maximum tumor temperature by an additional 4oC.  

                                         (A)                                                                  (B) 

 
                                                   (C)                                                                 (D) 

 
Figure 6.5 Optimization Therapy for initial guess of Q1=1.0 W and Q2=.5 W  
depicting (A) temperature, (B) damage, (C) HSP27, and (D) HSP70 distribution  
following therapy. 
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 6.3.3 Temperature Objective Function Optimization  

 In order to compare the effectiveness of the temperature optimization strategy 

with the current proposed method of FD and HSP expression driven optimization, the 

temperature objective function was employed in the optimization algorithm. Input 

guesses identical to those employed for FD and HSP expression optimization, Q1=1.0 

W positioned at (X1,Y1,Z1)= (5.0,1.6,.1) mm and Q2=.5W at (X2,Y2,Z2)=(3.6,1.3,.1) 

were utilized in the temperature based optimization. The optimal parameters set was 

specified as Q1=.540W positioned at (X1,Y1,Z1)= (5.04, 1.64, 0.1) mm and Q2=.341 

W at (X2,Y2,Z2)=(3.64, 1.34, 0.1) Figure 6.6 illustrates the therapy outcome for the 

temperature driven optimization strategy which yields an extremely suboptimal therapy. 

 The optimization algorithm effectively achieves the targeted tumor temperature 

of 48oC (321 K) and caused minimal temperature elevation in the healthy tissue. 

However insufficient injury is incurred in the tumor region and significant levels of 

levels of HSP 27 and 70 are induced which will undoubtedly result in enhanced tumor 

viability and resistance to subsequent therapies.  By enforcing the stricter damage and 

HSP driven optimization strategy, more effective laser therapies can be designed which 

enable complete tumor destruction and diminished probability of tumor recurrence 

through HSP expression control. 
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                              (A)                                                                               (B) 

 
                                                  (C)                                                                                  (D) 

 
Figure 6.6 Therapy outcome based on temperature driven optimization for Q1=.5 W  
and Q2=.3 W depicting (A) temperature, (B) damage, (C) HSP27, and (D) HSP70  
distribution following therapy. 

 
 
 

 Table 6.2 compares various relevant computational qualities for the damage 

fraction, HSP, and temperature based optimization strategies as simulated in Figures 

6.4-6.6.  These quantities consist of the initial objective function value computed for the 

initial guess, objective function associated with the optimized therapy, number of 

convergence steps to obtaining the optimized solution, and CPU time required to 

achieve convergence and minimization of the objective function. The greater magnitude 

of the temperature parameters causes the initial objective function value to be much 

larger than those determined for the damage fraction and HSP expression.  The 
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objective function minimum, convergence steps, and CPU time are similar for all cases.  

Even though the temperature driven optimization yields a suboptimal therapy design it 

still possesses a similar objective optimum value because it adequately satisfies the 

criteria employed in developing the objective function. 

Table 6.2 Comparison of computational characteristics for the three optimization 
strategies. 

Metric for Optimization J (initial) J (optimum) Convergence Steps CPU Time 
(sec) 

Damage Fraction .1806 .0075 18 71 

HSP Expression .9677 .0056 25 94 

Temperature 34.7025 .0097 20 78 

 

6.4 Discussion and Conclusion 

 An optimization strategy was designed that selects the most appropriate laser 

parameters to permit complete tumor destruction by maximizing damage and 

eliminating HSP expression in the tumor.  The optimization strategy also permits 

preservation of the healthy surrounding tissue by minimizing the tissue injury and 

enhancing recovery by induction of HSP expression. This is the first optimization 

strategy based on tissue injury and HSP expression control.  Previous studies have 

based their optimization strategy on achieving T>43oC in the tumor region and T<42oC 

in the healthy tissue.  Extended heating durations of 30 min are required to invoke 

sufficient thermal damage for these therapies.  In order to design therapies that do not 

exceed the time constraints of a clinical setting, an equivalent thermal dose at T=43oC 

for 30 min was determined.  The determined equivalent thermal dose of 48oC for 1 min 
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enabled comparison with the HSP and damage fraction driven optimization.   

Simulations were run which illustrated the inefficiency of the temperature based method 

in designing laser therapies. The temperature driven optimization yielded an insufficient 

amount of thermal damage and high levels of HSP expression in the tumor. Without 

imposing more stringent constraints based on desired thermal damage and HSP 

expression, the lack of thermal damage and elevated HSP expression is certain to result 

in tumor recurrence and resistance to subsequent chemotherapy and radiation 

treatments.  

 Criteria based on the desired damage fraction and HSP expression in the tumor 

and healthy tissue were employed to design objective functions for both FD and 

HSP27,70.  Both objective functions were employed in laser therapy design and were 

successful in selecting truly optimal therapies with maximum FD and elimination of 

HSP27,70  in the tumor and minimum damage and HSP expression elevation in the 

healthy tissue.  It was evident that the FD driven optimization yielding more extensive 

thermal damage and slightly higher levels of HSP expression within the tumor region.  

Optimization based on the HSP27,70  objective function was characterized by lower 

levels of cell damage while more effectively eliminating HSP expression.  

 The steepest descent method for optimization was capable of determining 

optimal laser parameters based on specified objective functions based on strict criteria 

related to the desired tissue response.  This method was chosen due to the robustness of 

its convergence capability. An alternate optimization strategy such as Newton’s method 

could deliver quadratic convergence, however, its utilization will provide minimal 
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improvement due to the existing efficiency of the adaptive finite element algorithm 

(refer to required CPU time in table 6.2).  Since the steepest descent method is highly 

sensitive to local minima, optimal parameter sets can be selected through visual 

inspection of the temperature, damage fraction, HSP27, and 70 expression associated 

with specified optima based on decision making criteria. 
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