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Abstract
Thermally-induced large blood flow increases and oscillations have been experimentally observed in
both muscle and prostate tissues. However, the bio-physical/-chemical mechanisms underlying these
phenomena remain undiscovered. To study the basic nature of these coupled thermal-mass transport
processes, this study combines a compartmental vasodilator pharmacokinetics model with a bio-heat-
transfer temperature model. The resulting simulated temperature responses to different applied power
levels closely match both the overall behaviour and the fine structure of the complex temperature
responses observed in vivo. This suggests that the coupled thermo-pharmacokinetic model captures
the essence of the links between tissue temperature and blood flow oscillations and of the role of
the important vaso-active substances. Thus, it appears that such thermo-pharmacokinetic models
can provide a basis for helping to understand and quantify the fundamental bio-physical/-chemical pro-
cesses that couple the transient tissue temperature distributions to blood flow oscillations. Such com-
bined models allow investigators to directly predict tissue blood flow responses to applied power and
avoid the need to make ad hoc assumptions regulating the blood flow rates present in heated tissues.

Keywords: Pharmacokinetics, simulations, blood flow, temperature regulation

Abbreviations: c, volumetric concentration of the vasodilator, kgm�3; Cp, specific heat, J kg
�1 K�1; k, ther-

mal conductivity of tissue, Wm�1 K�1; P, vasodilator production rate, kgm�3 s�1; P0, baseline vasodilator
production rate, P0¼ �1ce, 0, kgm�3 s�1; qmax, power density on the skin surface, Wm�3; Q, volumetric
power density, Wm�3; T, temperature of the endothelium and the smooth muscle (assumed to be equal to
the local tissue temperature in this first analysis), �C; Tc, critical temperature at which the vasodilator produc-
tion rate reaches half of its maximum value, �C; U, vasodilator uptake rate, kgm�3 s�1; w, Pennes’ equation
blood perfusion rate, kg s�1m�3; �p, attenuation coefficient of planar microwave heating, m�1; �BPR, blood
perfusion change coefficient, s�1; �PR, dimensionless amplitude constant for the variation of production rate
with temperature such that the production rate plateaus at P0(1þ 2�PR) for large temperatures; �UR, vasodi-
lator uptake rate coefficient, s�1; �, constant which controls how fast the vasodilator production rate increases
with temperature, �C; �1, vasodilator mass transfer coefficient between endothelium and smooth muscle, s�1;
�01, vasodilator transfer coefficient between the endothelium and the blood (it is assumed that the vasodilator
is swept away rapidly in the blood and, thus, the vasodilator concentration in the blood equals zero
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and �01 ¼ �1), s
�1; �2, vasodilator mass transfer coefficient between smooth muscle and endothelium, s�1; �,

compartmental partition coefficient; �, density of the tissue, kgm�3; b, blood; e, endothelial cell; 0, initial/
baseline conditions; s, vascular smooth muscle cell; t, tissue

Introduction

When muscle temperatures increase to high enough values, large, localized blood perfusion

increases/oscillations can be induced, resulting in large temperature oscillations [1]. In

canine thigh muscle subjected to step changes of microwave heating, four types of responses

have been identified:

(1) Type I, at low power levels, temperatures rose monotonically to elevated steady state

values;

(2) Type II, at higher powers, when temperatures rose above some ‘critical temperature’

[2,3], an increase in blood perfusion was activated to give heavily damped temperatures

oscillations;

(3) Type III, at even higher powers, temperatures responded as lightly damped or self-

sustained large oscillations, with a maximum oscillation of 7�C, and;

(4) Type IV, temperatures rapidly increased above physiologically safe levels at yet higher

powers.

Other studies have also observed these types of temperature responses and the associated

changes in blood perfusion that occur above a ‘critical temperature’ in human and animal

muscles [2–8] and canine prostate [9–11]. The maximum perfusions measured in the canine

prostate using a thermal pulse decay method occurred � 5–7min after the maximal tissue

temperatures were reached [9]. A similar time delay phenomenon was also seen in human

experiments that measured both temperature and blood flow using the Xenon clearance

technique [3]. In summary, experimental studies have clearly demonstrated the existence of:

temperature induced blood flow oscillations in muscle and prostate tissues; four different

types of blood flow responses; the existence of a critical temperature phenomena; and a

significant time delay between the elevated temperatures and the induced blood flow

increases.

Several researchers have attempted to predict and understand these step function induced

temperature oscillations. First, Tharp and Zhang [12] employed control theory to success-

fully simulate all four types of oscillations by using the effective perfusion approach [13] that

combines the effects of thermal conduction and blood flow cooling. They assumed that the

effective perfusion was a simple polynomial function of the local tissue temperature elevation

with a time delay, with three constants that were determined in an ad hoc manner. The

importance of their study was that it theoretically showed that a time delay between a

tissue temperature change and a blood flow rate change was needed to obtain the tempera-

ture oscillations observed in vivo [3, 4, 11]. However, their time delays of �¼ 3.4–30 s were

much shorter than those observed experimentally; e.g. �¼ 5–7min in the canine prostate

[11]. At approximately the same time, Losev [14] also successfully simulated tissue tempera-

ture oscillations by using an effective perfusion term that was assumed to be an integral

function of the past temperatures, which implies a time delay between a tissue temperature

change and a blood flow change. His study also verified that a time delay can produce

temperature oscillations. Again, however, several ad hoc coefficients were specified without

any bio-physical/-chemical basis. Finally, neither of these two studies provided comparisons

between their model predictions and experimental data.
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In order to verify and extend the above results, other investigators have successfully

reproduced the temperature oscillations in in vitro experiments on isolated canine kidneys

subjected to ultrasound [15] and water bath heating of pig kidneys [16]. Chen and Xu

[16–18] also developed a complete, three-dimensional vascular model of the pig kidney

and their point-wise comparisons between model predictions of the temperature oscillations

and their in vitro experimental data showed good agreement [16, 17]. In these in vitro kidney

studies [15, 16], the blood perfusion was programmed to linearly increase with temperature

with a time delay. None of these investigators explicitly considered the ‘critical temperature’

phenomenon observed in the previous in vivo experiments [2–11]. These studies experimen-

tally verified that (a) the temperature-dependent blood perfusion changes could cause tem-

perature oscillations, and (b) a time delay of � 4min between the initial temperature

elevation and the subsequent perfusion increase is needed for temperature oscillations to

occur.

In summary, all previous research has been primarily observational or has only attempted

to describe the gross characteristics of the temperature and blood perfusion oscillations.

No one has yet studied the physiological mechanisms underlying these oscillations, e.g.

by providing a physical/chemical basis for the known time delays. However, it is known

that there are numerous local factors controlling vessel tone in vivo [19], e.g.

(1) Tissue damage and pain reactions result in the release of bradykinin, histamines and

prostacyclin, which activate nitric oxide (NO) release, thus dilating blood vessels [19].

The release of bradykinin can also directly dilate blood vessels. As shown by Silva and

Antonio [20], the steps responsible for these releases could also be activated by elevated

temperatures.

(2) Metabolically-induced localized hypoxia, acidosis or adenosine, Kþ ions, phosphate ion

release and hyperosmolarity can each separately induce increased local perfusion [7, 19,

21]. The conditions that create metabolically induced active hyperemia (an increase in

the quantity of blood flow to a body part) could possibly be reproduced by high tem-

peratures as proposed by Johnson [21].

(3) It is generally accepted that endothelium-derived nitric oxide (NO) contributes impor-

tantly to the local control of blood perfusion under physiological and

pathophysiological conditions [22]. In addition, NO production has been linked to

increased temperatures [23, 24]. Recently, it has been demonstrated that a nitrite-

haemoglobin chemistry linked NO release allows blood vessels to dilate [25, 26], but

it is not clear where this NO-release/decomposition reaction occurs [25]. Stamler [26]

considered that the vascular storage pool of NO is S-nitrosohemoglobin, while Cosby et

al. [25] argued that nitrite rather than S-nitrosothiol is the major pool of NO. The

vasodilator NO could be produced by this decomposition process being enhanced in

heated tissue.

(4) Based on the earlier work of Kniki et al. [27], there has been a recent suggestion [28]

that thermally sensitive Group III and IV aerent fibres could play a role in muscle blood

perfusion control. And,

(5) High temperatures could increase the systemic arterial blood pressure, thus causing an

increased perfusion [29]. However, during the experiments in Akyurekli et al. [8], blood

pressure and pulse were monitored and no significant variations of those parameters

were observed. This implies that the change in blood flow during heating could be

primarily a localized behaviour.

There is also evidence for the release of neurohumoural agents (e.g. adenosine, histamine,

etc.) from local endothelial cells [30] and while thermoreceptors are found abundantly in
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skin, evidence for their presence in other anatomical locations is scarce [31]. Taken

together, these observations have motivated one to focus the present study on the bio-

transport of local, endothelium-produced vaso-active substances. Finally, it should be noted

that these heating-induced blood flow oscillations are similar to cold-induced blood flow

oscillations—cold-induced vasodilatations (CIVD). However, since the mechanism of

CIVD is still debated [32], it is not clear if the mechanisms underlying these two phenomena

are related.

The present study extends a simple, generic model [33] to closely reproduce the complex

experimental data obtained previously [1, 9]. A thermo-pharmacokinetic model was used to

show how the production, diffusion, uptake and storage of key vaso-dilators could introduce

the needed time delays. Compartmental modelling used here has been a standard method

used to model transport phenomena in the cardiovascular system for a significant time

[34] and has been routinely applied in pharmacokinetics [35]. The results show that this

simplified thermo-pharmacokinetic model is robust and can help understand the mecha-

nism behind the local tissue temperature oscillations under localized heating conditions.

Formulation

The equations below describe the situation in which a rising endothelial wall temperature

increases the rate of production of a vasodilator substance. There are several possible

candidates for this substance (e.g. prostacyclin, nitric oxide (NO), adenosine, Kþ ions), but

there is currently no consensus on which is the most important [19]. It is also known that

such vasodilators can be produced in the endothelium (cardiovascular and peripheral) and

then act on the smooth muscles [36]. In any case, each of those substances would be

modelled by the same basic pharmacokinetic model, so the approach applied is generic and

applicable for any endothelium-produced vasodilators. However, it should be noted that

only one of the vasodilators is simulated and any possible combined effect of all

vasodilators are not modelled in this study. The chain of events is as follows. First, when

the endothelium temperature rises, its rate of production of vasodilator increases. That

vasodilator then diffuses into both the blood (where it is swept downstream) and the vascular

smooth muscle where it is metabolized and relaxes the smooth muscle, and thus produces

an increase in vascular diameter. This in turn increases the local blood flow rate, which in

turn decreases the endothelium temperature, thus reducing the production of the

vasodilator, which then reduces the level of vasodilator in the smooth muscle, etc., thus

potentially producing the observed oscillations. A three-compartment pharmacokinetic

model is used to predict the vasodilator concentrations in the endothelium and smooth

muscle, with the blood compartment’s concentration assumed to be constant. Considering

that Pennes bio-heat transfer equation (BHTE) has been extensively used and shown to give

practical predictions [37], the BHTE was also applied in this study (i.e. equation (1)). The

temporal temperature distribution in the tissue is described by a one-dimensional Pennes

bioheat transfer equation [38], with variable tissue cooling elucidated by a spatially and

temporally varying blood perfusion rate. The governing equations in the tissue, endothelium

and smooth muscle are, respectively:

dT

dt
¼

k

�Cp, t

d2T

dx2
�

Cp, b

�Cp, t
wðT � TbÞ þ

Q

�Cp, t
ð1Þ
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dce

dt
¼ �k1ðce � �csÞ � k01ce þ P ð2Þ

dcs

dt
¼ k2ðce � �csÞ �U ð3Þ

All simulations use density, �¼ 1000 kgm�3; specific heat of tissue,

Cp,t¼ 3500 J kg�1K�1; specific heat of blood, Cp,b¼ 4186 J kg�1K�1; thermal conductivity,

k¼ 0.5Wm�1K�1; and arterial supplying blood temperature, Tb¼ 37�C. The tissue’s

boundary temperatures are kept at T1¼ 25�C at location x¼ 0 and T2¼ 37�C at location

x¼L. For the cases that are used to compare with the previous experimental data, the

tissue is pre-heated to the initial experimental observed temperatures, 36�C for the canine

thigh muscle [1] and 40–41.3�C for the canine prostate [9] and then power is applied at

a constant magnitude until the end of the heating. Equations (1–3) are coupled together

through the following relations. Considering that endothelium-derived NO is a potent

intrinsic vasodilator [39] and the rate of conversion of nitrite to NO exhibits a significant

increase at temperatures larger than 40�C [40], the vasodilator production rate, P, is

assumed as a hyperbolic tangent function of the local temperature (equation (4)). This

shape is similar to the shape of the blood flow vs temperature curves seen experimentally

and also includes a threshold temperature effect for perfusion seen in previous studies

[2–11],

PðT Þ ¼ �
PR

1þ tanh
Tc

�

T

Tc

�
Tc

T

� �� �� �
þ 1:0

� �
P0 ð4Þ

where the initial production rate is, P0¼ �1ce,0. �PR is the dimensionless amplitude constant

for the variation of production rate with temperature such that the production rate plateaus

at P0(1þ 2�PR) for large temperatures. The trend produced by equation (4) is also similar

to that for an endothermic transition point for an oxyhaemoglobin solution [41]. The

relationship between the normalized production rate, P/P0, and T is shown in Figure 1.
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Figure 1. The relationship between normalized vasodilator production rate and tissue temperature.
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The uptake rate, U, is assumed to be proportional to the concentration change in the

vascular smooth muscle,

U ¼ �URðcs � cs, 0Þ ð5Þ

where �UR is the vasodilator uptake rate coefficient. The blood perfusion, w, is assumed to

be proportional to the local concentration of vasodilator,

w ¼ w0 þ �BPRðcs � cs, 0Þ, ð6Þ

where �BPR is the blood perfusion change coefficient.

In order to verify that the proposed vasodilator production rate model was reasonable, the

tissue temperature and blood perfusion rate changes in the leg muscle of rats [7] at the end

of 30min heating with water bath at different constant temperatures were simulated with

these thermo-pharmacokinetic models. In the simulation, the diameter of the rat’s leg

cross-section was assumed to be 0.01m. The initial tissue temperature and the blood tem-

perature both were set to be 35.5�C based on the information given by Song et al. [7].

Figure 2 shows that the simulation results closely match the experimental data of Song

et al. [7]. This indicates that the hyperbolic tangent function adopted in this model is a rea-

sonable correlation to describe the dependence of vasodilator production rate on the tissue

temperature. However, in Song et al.’s [7] experiments, the experimental blood perfusion

rates were only correlated against the water bath temperature, and not tissue temperatures

and, thus, further work was needed to develop appropriate parameter values for the transient

temperature oscillation studies. It should be noted that during Song et al.’s experiments,

when the water bath temperature was higher than 45�C, blood perfusion rate started to

decrease. This turnover phenomenon is not considered in the model since the model

assumes that, when temperature rises to � 43.9�C, the blood perfusion rate reaches a
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Figure 2. Comparison of the simulated and the measured relationship between blood perfusion rate
in the leg muscle of rats and the water bath temperature at the end of 30min of heating with a constant
temperature water bath. The simulation is performed with: Tc¼ 43.8�C, �¼ 3.5�C, �¼ 60.
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plateau and remains at that level for even higher temperatures (see Figure 1). That is, the

current paper is not modelling the mechanism of vascular damage that occurs at higher tem-

perature. Therefore, in Figure 2 there is no comparison between this model prediction and

Song et al.’s data beyond 45�C.

Given the above equations, attempts were made to closely simulate the two sets of experi-

ments previously performed on canine thigh muscle [1] and prostate [9]. To simulate the

canine muscle results, the power deposition of the microwave heating was modelled as an

exponential distribution [42], i.e.,

Q ¼ qmaxe
��px ð7Þ

where qmax is the power density on the skin surface. The value of �p was set at 77m
�1 based

on the information given by Roemer et al. [1], which also ensures that the specific

absorption rate (SAR) at x¼ 1.5 cm depth is close to that determined experimentally (Type

IIIB: 83.2Wkg�1 when qmax¼ 2.64� 105Wm�3 for the simulations and 79.9Wkg�1 in

the experiment and Type I: 32.5Wkg�1 when qmax¼ 1.03� 105Wm�3 for the simulations

and 34.2Wkg�1 in the experiment). This study also used cs,0¼ 1.0� 10�5 kgm�3,

ce,0¼ 2.0� 10�5 kgm�3 and L¼ 0.15m. The critical temperature is set to be Tc¼ 43.8�C

and the value of parameter � is 0.06�C, which represents a steep change in the function

value. Since there was no experimental measurement of blood perfusion, its baseline value

was estimated as 0.95 kg s�1m�3, which is within the baseline range for dogs (0.83–

2.7 kg s�1m�3) [43, 44] and also results in the same temperature rise profile (from baseline

to first peak) as that observed experimentally. One then iteratively searched the remaining

parameter space to determine if one could find a set of parameters that could reproduce the

previous in vivo experimental results. Such parameters were indeed found and Table I lists

the combination of resulting parameter values that best matched the oscillatory experimental

temperatures for all four types of temperature responses.

Next, to simulate the experimental canine prostate tissue temperature responses in Xu et

al. [9], the same basic model was retained, again with T1(x¼ 0)¼ 25�C, T2(x¼L)¼ 37�C,

Tc¼ 43.8�C, �¼ 0.06�C, cs,0¼ 1.0� 10�5 kgm�3 and ce,0¼ 2.0� 10�5 kgm�3. Based on the

measured prostate sizes [9], it was estimated that L¼ 0.0178m. Since no perfusion rate was

given that corresponded to the temperature responses shown in Xu et al. [9], the baseline

perfusion rate was chosen to be w0¼ 2.6 kg s�1m�3 based on the fact that the average

blood perfusion rate was measured between 2.5–9.8 kg s�1m�3 in Xu et al. [10]. With

w0¼ 2.6 kg s�1m�3, when the value of �p was set at 110m
�1, the simulation produced the

same initial temperature rise rate (from the baseline to the first peak) at the location of

x¼ 0.01m, as observed experimentally [9]. However, no SAR values were given in those

in vivo prostate studies [9–11] and, thus, x¼ 0.01m is only an estimate of the location at

which the temperature responses were measured. Table I lists the values that were found

through the iterative search procedure that gave the best matches between the experimental

and simulated oscillatory temperatures.

Table I. Optimized parameter values used to simulate the canine muscle and prostate experiments at all

power levels.

Tissue �PR �UR (s�1) �BPR (s�1) �1 (s�1) �2 (s�1) �

Muscle 510 1.20� 10�3 1.80� 105 5.58� 10�4 1.40� 10�4 2.0

Prostate 120 5.50� 10�3 1.00� 105 7.92� 10�4 1.98� 10�4 2.0
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Results

Using the values in Table I, four power deposition levels were simulated for the canine thigh

experiments. Figure 3 depicts the resulting temperature responses at 1.5 cm into the tissue.

It is noticed that Type IIIA and IIIB responses belong to the Type III response that was

previously defined. The corresponding local vasodilator concentrations, blood perfusion

rates and temperatures are shown in Figure 4(a) and the corresponding vasodilator

production and uptake rates are shown in Figure 4(b) for the Type IIIB response. The

comparison between the simulated and experimental results is shown in Figure 5 for the

lowest and highest powers (with qmax¼ 1.03� 10 [5]Wm�3 and qmax¼ 2.64� 105Wm�3,

respectively), which are the Type I and Type III responses. The temporal changes of

different terms in the energy balance equation for the Type IIIB response are shown in

Figure 6. Simultaneous temperature variation patterns at four tissue depths are shown in

Figure 7 for the Type IIIB response. Figure 8 depicts the temperature distributions at

250min after the initiation of heating for the Type I and Type IIIB responses, plus the

predicted temperatures for the same two power levels, but with the perfusion rate remaining

at its baseline value. The temperature response curve of Type I overlaps that of the same

power level with the fixed constant perfusion rate. Figure 9 shows the simulated temperature

responses that best match the experimental prostate data [9].

Finally, a sensitivity study was performed to evaluate the effect of changes in the model’s

parameter values on the temperature response based on the Type IIIB response for the

canine muscle data. The percentage changes in the temperature at the peak of each oscilla-

tion, the temperature drop during each oscillation and the peak-to-peak oscillation periods

were determined for � 10% changes in the parameters, �PR, �, �UR, �BPR, w0, �1, and �.
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In addition, since small changes in the critical temperature, Tc, could result in large changes

in the temperature oscillation pattern, � 3% changes in Tc were used.

Discussion

First, the most significant result from this study is that the simulated temperatures match

very well both the overall behaviour and the fine structure of the in vivo experimental data
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Figure 4. (a) Temperature, blood perfusion and endothelial vasodilator concentration for Type IIIB
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maximum of 1.85� 10�3 kgm�3. (b) Vasodilator production rate and uptake rate for Type IIIB
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for both canine thigh muscle (Figure 5) and canine prostate tissue (Figure 8). In terms

of overall agreement for the canine muscle, using only one set of tissue parameters the

model reproduces the dramatic changes in the patterns of the temperature responses that

occur when the applied power magnitude changes (Type I–III responses). More

particularly, the simulated temperature profiles are close to the experimental values with

nearly the same peak temperatures and oscillation periods and comparable temperature

drop magnitudes, especially for the early times. This overall agreement is strengthened
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SAR values are: Type I: simulation: 32.5Wkg�1 and experiment: 34.2Wkg�1; Type IIIB: simulation:
83.2Wkg�1 and experiment: 79.9Wkg�1.
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Figure 6. Temporal changes at a depth of 1.5 cm of different terms in the energy balance equation of
Type IIIB response relative to the power deposition term.
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further by the agreement between the effective perfusions (defined in Roemer [13]) in the

simulations (maximum value of 13.1 kgm�3 s�1 for the Type IIIB temperature oscillations)

and those in the experiments (maximum value of 14.3 kgm�3 s�1 for the Type IIIB

temperature oscillations). The simulation results also demonstrate that within the Type III

patterns, the higher the power level, the larger the oscillation magnitude and the longer it

takes to reach the steady state, e.g. compare the Type IIIA and IIIB responses in Figure 3.

This is also in agreement with the previous in vivo observations [1, 9] and the previous
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numerical simulations [14, 16]. Similarly for the prostate, the changes in the experimental

temperature response patterns that are induced by varying the applied power are also seen in

the simulations and the simulated temperature values agree well with the experimental

values. It should be noted that, to date, Type III temperature responses have not been

observed in humans. This is probably due to the fact that pain due to high skin temperatures

and caution on the part of the clinicians have limited the maximum muscle temperatures

attained in humans to date. In the one previous human study which might have produced

such results, the heating power was applied for only a short period (� 30min) on human

thigh muscle [3]. If longer heating had been applied, Type III temperature response might

have been observed.

In addition to successfully simulating the major experimental trends observed previously,

Figure 5 shows that the following rather complicated, fine structure present in the experi-

mental results is also predicted by the model: (1) the temperature drops very abruptly

after it reaches its first peak and then increases much more slowly, with a concave pattern,

after it reaches its first minimum; (2) the magnitudes of the temperature drops are much

smaller at the later times; (3) the first peak-to-peak period is � 67min and the later periods

become successively shorter and shorter. The rapid temperature drops result from the very

rapid rate of change of vasodilator production with temperature (Figure 1) when the tem-

peratures are near the critical temperature (43.8�C� �/2), a dependence that produces the

sharp production rate peaks (Figure 4(b)). On the other hand, following each temperature

minimum, the rate of increase of temperature is smaller than the initial rate of increase of

temperature immediately after the power is turned on due to the fact that the blood perfu-

sion is elevated at these temperature minimum points. Those curves are concave since those

elevated perfusion values subsequently decrease as the vasodilator uptake decreases the con-

centration of vasodilator (Figure 4(a)). Next, the smaller temperature drops occurring at the

later times are caused by localized conduction heating effects from surrounding tissues at

higher temperatures (Figure 6). The elevated conduction heating reduces the temperature

drops that occur at those maximum blood flow points. Therefore, the later temperature

drops are much smaller than the first temperature drop. Finally, these later, smaller
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Figure 9. Comparison between the simulation and the experimental canine prostate observations [7].

118 C. Chen & R. B. Roemer



temperature drops require shorter time periods to go through an oscillation cycle, explaining

why the first temperature oscillation period is larger than the later temperature oscillation

periods. Clearly, the current model can quantitatively account for the fine structure of the

experimental results, while such detail has not been predicted by any of the previous

models [12, 14, 16]. In particular, Losev’s [14] model, which can be shown to be equivalent

to adopting a two-compartmental (tissue and blood) model with the vasodilator production

rate taking the form of a memory function of the past temperatures, could not reproduce

the experimental fine structure. Thus, it appears that the fine structure cannot ever be

completely reproduced by simply applying a two-compartmental model.

Secondly, the simulations for canine prostate tissue also capture the same peak tempera-

tures, oscillation magnitudes and periods as observed by Xu et al. [9]. Since the local SAR

value was not given in Xu et al. [9], no SAR comparison is possible. The optimal parameter

values for the prostate tissue simulations are of the same order of magnitude but different

than for the thigh muscle tissue (Table I), i.e. they have different values of �PR, �UR,

�BPR, �1 and �2. This difference could result from differences in the tissue types.

Concerning the spatial distributions of blood perfusion, Akyurekli et al. [8] concluded that

regional microwave heating generated a non-uniform blood flow distribution which was a

function of the tissue temperature distribution—a result clearly predicted by the current

approach. The non-uniform temperature distributions shown in Figures 7 and 8 were

also observed in previous in vivo experiments [8]. The temperature response patterns at dif-

ferent depths shown in Figure 7 are similar to the temperature response patterns generated

by different power levels of heating (Figure 3). This is consistent with the knowledge that the

power density varies with tissue depth. Figure 8 also shows the significant cooling effect

resulting from the blood perfusion oscillations. The most significant such result is that

the oscillatory perfusions flatten and extend the high temperature region. Conversely,

when the blood perfusion rate does not change with temperature but is only maintained

at its basal level, the tissue temperature rises to much higher values. For the Type I response,

the tissue temperature never increases close to the critical temperature, thus a perfusion

increase does not occur, making both curves identical.

It has also been observed that, when the power is raised to a high enough level, the tissue

temperature will rapidly increase above the physiologically safe level (Type IV temperature

response [1]; results not presented here). This happens since the rate of diffusion of the

vasodilators from the endothelial cell to the smooth muscle is not fast enough to match

the rapid increase in local tissue temperature and, thus, the blood flow does not increase

rapidly enough to provide adequate cooling to the local tissue. The dynamics of such

time delays are shown in Figure 4(a) also. That is, it can be seen that the blood perfusion

reaches its peak values � 13min later than the endothelial concentration does. Almost at

the same time as the blood perfusion starts to increase, the local tissue temperature reaches

its first peak value and then abruptly decreases to its first minimum. At the time that the

blood perfusion reaches its peak value, the temperature reaches its minimal value. It can

be seen that the vasodilator concentration in the endothelial layer, ce, starts to increase

� 12min after the heating starts. The time delay between the initiation of temperature ele-

vations and the initiation of significant blood perfusion increases also is � 12min. This time

delay was determined in an ad hoc manner by previous investigators. Here, it is determined

through a series of calculations associated with the proposed bio-physical/-chemical pro-

cesses. In addition, it is interesting to see that there are six over-shoots in the temperature

history, but there are only four overshoots in the blood perfusion and concentration

change courses. Examining more closely, one can see that for those ‘extra’ oscillations,

the peak temperature is � 43.5�C. At those moments, the rapid increase in vasodilator
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production is not triggered. Thus, there is no increase in vasodilator concentration and

blood perfusion. The reason that this tissue temperature can reach a peak and then decrease

is that conduction cooling from the neighbouring region is so large that it adds to the blood

perfusion cooling and overcomes the microwave heating (shown in Figure 6).

The sensitivity study (Table II) shows that the critical temperature (Tc) is the parameter

that most significantly determines the peak temperature, with an almost one-to-one corre-

spondence of changes in the maximum temperature with changes in the critical tempera-

ture. Changes in all other parameters have little effect on the peak temperatures. From

these studies, for canine skeletal muscle, the peak temperatures and the steady state tem-

peratures appear to be close to the critical temperature. In the thermo-pharmacokinetic

model developed here, Tc is the critical parameter that determines the speed and magnitude

of blood perfusion increases. Indeed, an order of magnitude approximation of steady state

conditions for applied powers high enough to induce oscillations using the parameter value

of Table I, gives that

Tss � Tc ð8Þ

Although not shown here, the simulation results also show that, for the canine prostate

under appropriate high power levels of heating, the steady state local tissue temperature also

reaches this value. Interestingly, as in the experiments, this order of magnitude analysis

shows that, for high enough values, the applied power has a negligible impact on the steady

state temperature reached since increased power levels are directly compensated for by

increased blood flow cooling.

The sensitivity study (Table III) also shows that the critical temperature (Tc) plays

important roles in determining the magnitude of the first temperature drop. Table IV

shows that changes in the uptake rate parameter �UR will induce the largest changes

in the first oscillation period (OP) and has strong effects on later OPs and the diffusion

Table II. Sensitivity study of canine muscle type IIIB: peak temperatures (PT) results.

Parameter change

(�10%)

Variations in peak temperatures (%)

1st PT 2nd PT 3rd PT 4th PT

�PR 0 0.1 �0.4 0.7

0 �0.1 0 �0.7

Tc(� 3%) 2.8 3 2.7 3

�2.7 �3 �3 –

� 0 0 0 0

0 0 0 0

�UR 0 0 0 �0.5

0 0 0 0.5

�BPR 0 �0.1 0 0.5

0 0.1 �0.2 �0.7

w0 �0.2 0 �0.2 0

0.2 0 0 0

�1 �0.4 �0.4 0 0

0.4 0.4 0.5 0.2

� �0.1 �0.1 0 0

0.1 0.1 0.2 0.4

Note: The baseline Tc is at 43.8
�C.
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coefficient �1 is the second important parameter that can induce large changes in the

OPs. Increases in �UR and �1 will shorten the OPs. Increases in �UR increase the vaso-

dilator consumption rate and thus elevated blood flow rates cannot be maintained and

the tissue temperature quickly increases from the minimum to the maximum. Increases

in �1 increases the vasodilator diffusion from the endothelial cell to the smooth muscle

which speeds up the blood flow changes. Therefore, the larger �UR and �1, the shorter

the oscillation period is.

Table III. Sensitivity study of canine muscle type IIIB: magnitude of temperature drop (TD) results.

Parameter

change (� 10%)

Variations in temperature drop (%)

1st TD 2nd TD 3rd TD 4th TD

�PR 1.0 �11.5 �1.0 88.6

�1.0 11.5 �57.1 �77.1

Tc(� 3%) 0 �0.3 �59.4 –

�16.7 �60.0 �53.1 –

� 0 0 �1.6 �5.0

0 0 1.6 5.0

�UR �1.0 5.7 �10.7 �88.6

1.0 �7.6 3.6 117.1

�BPR 0.5 �11.4 �1.8 94.1

�0.8 11.4 �57.1 �77.1

w0 �5.0 11.4 �66.1 �54.3

5.0 �11.4 �3.6 82.9

�1 �1.0 �15.2 �8.9 77.1

1.0 15.2 �85.7 �65.7

� 0.5 �13.3 �3.6 94.3

�0.8 13.3 �60.7 �71.4

Note: The baseline Tc is at 43.8
�C.

Table IV. Sensitivity study of canine muscle type IIIB: temperature oscillation period (OP) results.

Parameter

change (� 10%)

Variations in temperature oscillation period (%)

1st TD 2nd TD 3rd TD 4th TD

�PR 1.0 �5.5 �6.7 19.8

�1.0 4.1 �43.2 �44.0

Tc(� 3%) 0 �4.0 �27.0 �28.1

�2.0 �24.6 �51.4 –

� 0 0 0 �2.0

0 0 0 2.0

�UR �5.8 �1.3 �16.1 �76.0

5.8 1.3 2.8 7.9

�BPR 1.0 �5.5 �6.8 19.8

�1.0 4.1 �43.2 �44.0

w0 0 6.9 �45.9 �39.9

0 �6.9 �10.7 �19.8

�1 �4.8 �12.3 �14.9 13.9

4.8 12.3 �63.5 �52.0

� 0 �5.5 �8.0 20.0

0 5.5 �45.9 �39.9

Note: The baseline Tc is at 43.8
�C.
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In summary, these results clearly indicate that the proposed thermo-pharmaco-

kinetic mechanism could be responsible for the previously observed experimental

temperature oscillations. They also give confidence in the modelling approach—so that

such perfusion models can be more confidently used (when expanded to include more

realistic details) to optimize and control blood flow rates in specific applications (e.g. high

temperature therapy [45], tissue oxygenation in chemoradiotherapy [46] and targeted

drug delivery in chemotherapy [47]).

Future studies will aim at developing more accurate models of uptake and production

rates, multi-dimensional mass transfer [48] and more accurately determining the param-

eters needed in the compartmental modelling. For example, the (non-temperature

related) pharmacokinetics of the vasodilator NO have been studied and modelled exten-

sively (see Buerk [49]) and future such research could yield the parameters needed in

improved thermo-pharmacokinetic models. In addition, the use of more detailed chemi-

cal diffusion models, such as for NO [48] could add additional information to the cur-

rent results. The results from this study provide a basis for understanding how blood

flow increases with localized heating, knowledge that can be used to design physiological

experiments to identify the key vasoactive agents present during heating. Such knowl-

edge could prove very useful in the optimization and model-based control of all thermal

therapies.

Conclusions

Most importantly, this study shows that the simulated temperature responses to different

power levels quantitatively match the overall behaviour and fine structure observed in

previous in vivo experiments. This demonstrates that the newly developed thermo-

pharmacokinetic model captures the essence of the links between tissue temperature and

blood flow oscillations and the activities of the vasoactive substances. Thus, it appears that

such thermo-pharmacokinetic models can provide a fundamental basis for coupling the

tissue temperature distributions to blood flow changes, thus providing method for predicting

blood flow as a function of temperature.
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