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" Thermal therapy

Hyperthermia

* Heating tumor to 40-43°C for 1h
« Combined with radiotherapy and/or chemotherapy
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N Thermal therapy

Hyperthermia

» Heating tumor t6’40-43°C f@
« Combined with radiotherapy and/or chemotherapy
« Tumor-selective radiosensitization

Thermal ablation
« Heating tumor to 80-100°C for few minutes
* Direct tissue ablation
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N Thermal therapy

HYPERTHERMIA TECHNIQUES
LOCAL EXTERNAL ; LOCAL INVASIVE

—— Heated volume
| differs strongly

- radiative
superficial deep

- capacitive
superficial

extracorporeal + v ¥ ¥ ¥ % ¥ y v !
circulation
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ﬂ Thermal therapy

Local heating

Intraluminal
Interst|t|al Hyperthermia / hyperthermla/
Thermal ablation HIVEC
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Thermal therapy

Local heating
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Intraluminal
hyperthermia/

Electroporation

Cdiative Loco-regional

Hyperthermia

Isolated perfusion

/

Regional heating

~

Capacitive Loco-regional
Hyperthermia

Kok et al Int J Hyperthermia 2020;37(1):711-741

Heated volume
differs strongly

e 1-4 cm
e 10-20 cm
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n Thermal therapy

Local heating Regional heating
Intraluminal Radiati .

Interst|t|al Hyperthermia / hyperthermia / adiative Loco-regional
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. Modeling heat transport in tissue

* Bio-heat equation
* Thermal properties of tissues
* Vascular cooling
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* Bio-heat equation

— Different models used
* Pennes bio heat equation
 Effective conductivity
* Discrete vessels
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. Modeling heat transport in tissue

* Pennes bio-heat equation

— Describes heat transport in tissue by
e Conduction
* Blood flow




. Modeling heat transport in tissue

* Pennes bio-heat equation

— Describes heat transport in tissue by
e Conduction

* Blood flow




. Heat transport by conduction

e A volume of non-perfused material
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. Heat transport by conduction

e Applicator depositing power

P
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. Heat transport by conduction

* Division into subvolumes: voxels
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. Heat transport by conduction

 heat balance for one voxel
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. Heat transport by conduction

cp% =V. (kVT) + P Energy balance equation
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Heat transport by conduction

JL
oT
* Temperature change cpa—
t
=V (kVT) + P p tissue density
c tissue heat capacity
]
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. Heat transport by conduction

oT
aT * Temperature Change C'OE
cp P — V’(kVT)‘P@ «  Power density P
!
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. Heat transport by conduction

oT

CpPO—=
-

+P

oT

* Temperature change cp—

Ot

* Power density P
« Conduction V.(kVT)

k tissue conductivity

neighbolr
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Heat transport by conduction

cp%:V~(kVT)+P

Problem:
heat transport by blood flow
and perfusion not modelled

oT
* Temperature change Cp_t

* Power density P
« Conduction V.(kVT)

eighbo|

=
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0 Pennes bio heat equation

oT

* Temperature change cp—
oT Power density P ot
cp—=V-(kVT) +P _
Ot Conduction V.(kVT)

* Perfusion W,

¢, heat capacity of blood
heat transport by blood flow

i NT
modelled by ¢, W, (T-T, ) 1,,, arterial blood temperature art

T tissue temperature NT

Pennes HH, J Appl Physiol. 1 93-122 (1948)



Pennes bio heat equation

Heat removal

e
cpa—Tz + P
ot

Perfusion is the dominant heat removal mechanism
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Pennes bio heat equation

N

cpaa—f=V)@&<@—cbVVb(T—Tart>+P

Heat removal

Perfusion is the dominant heat removal mechanism
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Pennes bio heat equation

oT iy
co— = - W, (-1, )+ P

Heat removal

Perfusion is the dominant heat removal mechanism
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Pennes bio heat equation

oT
cp—=—cW,(T-T,,)+P

This equation simplifies
interpretation of data:

power|

time
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Pennes bio heat equation

oT
CIOE = _cb%(T_Tart)+P

This equation simplifies
interpretation of data:

= At the start of treatment
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Pennes bio heat equation

oT
CIOE = _cb%(T_Tart)+P

This equation simplifies
interpretation of data:

= At the start of treatment
= During steady state
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Pennes bio heat equation

oT
cp—=—cW,(T-T,,)+P

This equation simplifies
interpretation of data:

power|

= At the start of treatment time
= During steady state
= After power off
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Pennes bio heat equation

oT
CIOE = _cb%(T_Tart)+P

At the start of treatment T=T_.:

art*

power|

time

w0
W) Amsterdam UMC

Van Haaren et al, Int J Hyperthermia 23: 303-314 (2007)



Pennes bio heat equation

oT
CPE =—c,W,

At the start of treatment T=T_.:

art*

power|

time

w0
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Van Haaren et al, Int J Hyperthermia 23: 303-314 (2007)



Pennes bio heat equation

At the start of treatment T=T_.:

art*

oT
co—=P
p at power]

| -

At start of treatment: .
rate of temperature rise is proportional to absorbed power P
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Van Haaren et al, Int J Hyperthermia 23: 303-314 (2007)



Pennes bio heat equation

At the start of treatment T=T_.:

art*

oT
co—=P
p at power]

| _
At start of treatment: time

rate of temperature rise is proportional to absorbed power P

Temperature rise after 60 sec power pulse indicative for P distribution

\ /
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Van Haaren et al, Int J Hyperthermia 23: 303-314 (2007)



Pennes bio heat equation

oT

CIOE:_CZ)VVI) )+ P

art

At the start of treatment T=T_,,:

[5)
5 Power pulse =
oT _ o, ] =
cop— = 3 s g
£ el °
ot 2 e (AT =
3 0
Y Time (sec) 60

At start of treatment:
rate of temperature rise is proportional to absorbed power P

Temperature rise after 60 sec power pulse indicative for P distribution
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Pennes bio heat equation

6. Characterization of applicators

6.1, The effective field size (EFS) of an applicator is defined by the 50% SAR contour
measured at & depth of 10 mm from the surface of a plane. homopencous phantorn with
the dieleetric properties of muscle, The peneiration depth (PD) is defined as the distance
below 10 mim at which the SAR is 50% of that @ 1¢ mm depth. Measorements to determine
the penetration depth must be made from the position of maximum SAR at 10 mm depth.

6.2, Both EFS and PDY must be measured with the applicator arranged as the ‘clinical
set-up’, including a bolus if approprate. 1f a bolus is used, then its temperature should
he equal to the initial temperature of the phantom.

6.3, EFS and PD should be determined by measuring the changes in temperatuie
resulting frem & brief pulse of high power. If non-perturbing E-field probes, thermographic

P ower pu I se imaging or liquid-crystal sheet imaging are used to determine SAR distributions, such
measurements should be corroborated by measurements obtained using the power pulse
procedure prescribed i
H 6.4, If either a radiofrequency capacitive technique or a multi-element arcsy of
n 1 989 ESHO applicators is used, the EFS can depend critically on the particular geometry involved.
. . Additional characterization of these technigues should be atiempted using geometrically
QA gL”dEl[n es realistic phantoms.

6.5. When using the power pulse technique, measurements to determine the EFS and
PD must be made within 60 seconds of the start of the pulse 1o minimize artefacts caused
by thermal conduction within fhe phamiom.

6.6. The plane muscle phantom used for determining EFS and PD must be 10 cm thick
and must extend at least 3 cm beyond the physical dimensioms of the applicator and bolus,
In the case of radiofrequency capacitive electrodes, the thickness of the phantom should
be equal ta that of the tissue between the electrodes in the elinical set-up.

Temperature rise after 60 sec power pulse indicative for P distribution

Amsterdam UMC
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Hand et al, Int J Hyperthermia 5: 421-428 (1989)



Pennes bio heat equation

oT
co—=-cW,(T-T,)+P
Ot
At steady state cpa@—T =0:
{

power|

time
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Pennes bio heat equation

oT
% _cb%(T_Tart)+P

At steady state Cp@_T =0:

ot

power|

time
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Pennes bio heat equation

oT
% _cb%(T_Tart)+P

At steady state Cp@_T =0:

ot

CbWb (T _ Tart) — P

power|

a L
During steady state: time

Temperature rise T-T_,, is proportional to absorbed power P

w0
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Pennes bio heat equation

oT
% _cb%(T_Tart)+P

At steady state Cp@_T =0:

ot

CbWb (T _ Tart) — P

power|

a L
During steady state: time

Temperature rise T-T_,, is proportional to absorbed power P

Absorbed power distribution indicative for temperature distribution
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Pennes bio heat equation

6. Characterization of applicators
6.1, The effective field size (EFS) of an applicator is defined by the 50% SAR contour
measured at & depth of 10 mm from the surface of a plane. homopencous phantorn with
the dieleetric properties of muscle, The peneiration depth (PD) is defined as the distance
measurement O-f below 10 mim at which the SAR is 50% of that @ 1¢ mm depth. Measorements to determine
the penetration depth must be made from the position of maximum SAR at 10 mm depth.

Absorbed Power
6.2, Both EFS and PDY must be measured with the applicator arranged as the ‘clinical

d istri b u t[o n set-up’, including a bolus if appropriate. 1 a bolus is used, then its temperature should
he equal to the initial temperature of the phantom.

prescrlbed 6.3, EFS and PD should be determined by measuring the changes in temperature
. resulting frem & brief pulse of high power. If non-perturbing E-field probes, thermographic
tO C ha rac te rise imaging or Wiquid-crystal sheet imaging are used to determnine SAR distributions, such
Eing q o
. . measurements should be corroborated by measurements obtained using the power pulse
applicators in Gotmigie
1989 ESHO 6.4, If either a radiofrequency capacitive technique or a multi-element arcsy of

applicators is used, the EFS can depend critically on the particular geometry involved.
Additional characterization of these technigues should be atiempted using geometrically

QA g Uldelln es realistic phantoms,

6.5. When using the power pulse technique, measurements to determine the EFS and
PD must be made within 60 seconds of the start of the pulse 1o minimize artefacts caused
by thermal conduction within fhe phamiom.

6.6. The plane muscle phantom used for determining EFS and PD must be 10 cm thick
and must extend at least 3 cm beyond the physical dimensioms of the applicator and bolus,
In the case of radiofrequency capacitive electrodes, the thickness of the phantom should
be equal ta that of the tissue between the electrodes in the elinical set-up.

Absorbed power distribution indicative for temperature distribution
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Pennes bio heat equation

(a) 48
aT O 421 steady state
— = _ =
ep"—= -, (T-T,) PR :
Ot :
3
After power off: P=0 £
: 374 startl . ' cgol—dow:rn
0 10 20 30 40 &0 60 70O
Time (min)
power
time
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Van Haaren et al, Int J Hyperthermia 24: 663-674 (2008)



Pennes bio heat equation

=2

42

oT
Cpaz_cbVVb(T_Tart)

411 Wi, =995/ 1

Tumour temperature (°C)

39 1
fit an exponential function: 8] T
ol ¥ . —
T(t) =T 2 + ATssT - exp(—1/7) 3840 3870 3900 3930 3960 3990
Time (s)
power|
time
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Van Haaren et al, Int J Hyperthermia 24: 663-674 (2008)



Pennes bio heat equation

(b) 42
aT %’3 41 1 W, =995/
— b= T
—_— — E -
cp o CbVVb(T Tart) . |
Ot g« |
E 391 E
fit an exponential function: £ s 1 |
- » :{5-/, '.E;I | ' ' |
T(t) =T an + ATsst - exp(—t/7) 3840 3870 3900 3930 3960 3990
Time (s)
yields:
—ATsst
puer ——— exp(—t/t)= —cpWp - ATsst - exp(—1/7)
W, — PrCe
b —
CpT
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Pennes bio heat equation

(b) 42
oT S 4] W, =995 /
— by . b~ ¥
Cp___CbVVb(T_Tart) 5 | ’
Ot ol |
5 39 E
fit an exponential function: € 28] 1 |
|_:_i ,art E
a4 . : ’ .
T(t) =T .« + ATsst - exp(—t/1) 3840 3870 3900 3930 3960 3990
Time (s)
yields:
—ATsst
puer ——— exp(—t/t)= —cpWp - ATsst - exp(—1/7)
PrCe . _ '
Wy = o Perfusion W, can be derived from decay time
b
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Pennes bio heat equation

oT
cp—=—cW,(T-T,,)+P

This simple equation allows us to derive
parameters from measured T data:

= power density P
= tissue perfusion W,
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Pennes bio heat equation

oT
cp—=—cW,(T-T,,)+P

This simple equation allows us to derive
parameters from measured T data:

= power density P
= tissue perfusion W, But is this correct?

|V} Amsterdam umc
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Heat transport in tissue

* Bio-heat equation
— Different models used

* Pennes bio heat equation

 Effective conductivity
e Discrete vessels

\J) Amsterdam UMC

Review: Kok et al. Int J Hyperthermia 29: 336 — 345 (2013)



Heat transport in tissue

* Bio-heat equation
— Different models used

* Pennes bio heat equation

 Effective conductivity

e Discrete vessels
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Review: Kok et al. Int J Hyperthermia 29: 336 — 345 (2013)



N Heat transport in tissue

* T,.=37°C

oT
cp— = V-(kVT)=c,W,(T +P




N Heat transport in tissue

T,.=37°C

art —

oT _ : Validity assumption:
C,O E - V . (kVT)_ CbWb (T + P — small heated volume ©

1CCIO
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N Heat transport in tissue

T,.=37°C

art —

oT _ : Validity assumption:
C,O E - V . (kVT)_ CbWb (T + P — small heated volume ©

— large heated volume ®

Q/‘
___________ W} Amsterdom UMC
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Heat transport in tissue

oT
oT e Temperature change cp—
cp——=V- (kVT) + P e Power density P
o e Conduction V-(kVT)

[

'K ‘# Tneighbo
24

VN
|

=




0 Heat transport in tissue

oT
oT e Temperature change P
cp =V (kyT) + P e Power density P
o e Conduction V. (kyT)
Represents conduction
' and perfusion
Alternative:

heat transport by blood flow
modelled by enhanced k.

Crezee et al Phys Med Biol 39 813-822 (1994)



0 Heat transport in tissue

oT
e Temperature change Cp_t

Cpa_T )-I—P d PowerglfensitvP
Ot e Conduction v.(keyT)

e Perfusion W,

heat transport by blood flow
modelled by c,W,(T-T_,,) and
enhanced K

1CCIO

I’i, Amsterdam UMC
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Crezee et al Phys Med Biol 39 813-822 (1994)



Heat transport in tissue

* Bio-heat equation
— Different models used

* Pennes bio heat equation
 Effective conductivity

e Discrete vessels
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Review: Kok et al. Int J Hyperthermia 29: 336 — 345 (2013)



Heat transport in tissue

* Bio-heat equation

— Different models used
* Pennes bio heat equation

 Effective conductivity

e Discrete vessels Discussed later

\J) Amsterdam UMC

Review: Kok et al. Int J Hyperthermia 29: 336 — 345 (2013)



Heat transport in tissue

* Bio-heat equation
 Thermal properties of tissues
* Vascular cooling
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Thermal properties of tissue

Relevant thermal properties:
 Conduction
* Blood flow




+  Thermal properties of tissue

Thermal conduction:

0.7

0.6
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0.4

(Wmict) ,

0.2 -
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J‘L cartilage bone fat  bladder bowel kidney liver muscle myelum pancreas spleen stomach,
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ESHO task group committee Treatment planning and modelling in hyperthermia (1992)



+  Thermal properties of tissue

Thermal conduction:
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Thermal properties of tissue

Blood flow depends on:
* Tissue type
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Thermal properties of tissue

Blood flow depends on:
* Tissue type
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Thermal properties of tissue

Blood flow depends on:
* Tissue type
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ESHO task group committee Treatment planning and modelling in hyperthermia (1992)



+  Thermal properties of tissue

Blood flow depends on:

* Tissue type

e Detailed data in
recent reviews

w, (kg/s/m?3) of healthy and tumour breast tissue.

Fibroglandular Fat Tumour Tissue
Min. Max. Min. Max.  Min. Max.
0.189-0.754  0.014-8.798 0.530-22.260

JL

Fatty tissue

' .._Pectoralis minor
. ;
j - 3 Rib cage

~._Intercostal muscles

"“5\\ Rib
A ~.. Pectoralis major

ﬁ Amsterdam UMC

Said Camilleri et al, Sensors (Basel). 2022;22:3894
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Thermal properties of tissue

Blood flow depends on:
* Tissue type

 Detailed data in
recent reviews

— ITIS database popular

\¥ Amsterdam umC

https://itis.swiss/virtual-population/tissue-properties/database/




Thermal properties of tissue

Blood flow depends on:
* Tissue type
* Temperature

Relative Changse in Blood Flow

i1
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Temperature °C
(Heating for 30-40 Min)
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Thermal properties of tissue

Blood flow depends on:
* Tissue type
* Temperature

Relative Changse in Blood Flow

i1

10

8

: ] 1 L L

R S e 3
3g 30 40 41 42 43 44 45 46 47 48
Temperature °C
(Heating for 30-40 Min)
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Thermal properties of tissue

i

108

Blood flow depends on: o
* Tissue type
* Temperature

published perfusion data
are generally valid under
normothermic conditions

Relative Changse in Blood Flow
o
T

\

R Y, .| L Lt
38 30 A0 41 42 43 44 45 46 47 48

Temperature °C
(Heating for 30-40 Min)

] Hmsterdom umc
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Song Cancer Res vol 44 4721s-4730s 1984



Thermal properties of tissue

i

Blood flow depends on:
* Tissue type
* Temperature

Relative Changse in Blood Flow

Temperature °C
(Heating for 30-40 Min)

V) Amsterdam UMC
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weraity Mealical Centars

Song Cancer Res vol 44 4721s-4730s 1984



Thermal properties of tissue

Blood flow depends on:

(a) 43

* Tissue type

steady state

b
A"

i
1
=
|
|

* Temperature

* Time -

39 1

Tumour temperature (°C)

|

|

|

38- }
start I

37 ccfol-dov:.fn

0 10 20 30 40 50 60 70

Time (min)

W) Amsterdam UMC
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Van Haaren et al, Int J Hyperthermia 24: 663-674 (2008)



Thermal properties of tissue

Blood flow depends on:
(a) 43

* Tissue type

42 steady state

41 !

40 1

—_— 1
J

* Temperature

* Time

25% decrease in T,
39 - -

Tumour temperature (°C)

I
I
25% increase in W, I
38 1 |
I
l—

start

37 ccfol-dov:.fn

0 10 20 30 40 50 60 70

Time (min)

W) Amsterdam UMC

YorTe 111 YL LM L T
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Van Haaren et al, Int J Hyperthermia 24: 663-674 (2008)



Heat transport in tissue

* Bio-heat equation
* Thermal properties of tissues
e Vascular cooling
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Vascular cooling

Impact of blood flow depends on vessel size:
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Vascular cooling

Impact of blood flow depends on vessel size:
 Small vessels:

— (almost) in thermal equilibrium with tissue
— Modelled collectively with bio-heat equation
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Vascular cooling

Impact of blood flow depends on vessel size:
 Small vessels:

— (almost) in thermal equilibrium with tissue

— Modelled collectively with bio-heat equation
* Pennes bio-heat equation
* Effective tissue conductivity

.
I

|
L
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Vascular cooling

Impact of blood flow depends on vessel size:
 Small vessels:

— (almost) in thermal equilibrium with tissue
— Modelled collectively with bio-heat equation
e Large vessels:

— Arteries cause cold tracks in tissue
— Modelled individually

|\ Amsterdom UMC



Vascular cooling

Cold track along large, unequilibrated vessels

=

o

Vessel

Figure 3. Two-dimensional plot of the temperature distribution in a plane through Thc_ axis ol _vesscﬂ 2along
the x-gixie, Note the differericc in scale between the s-axis and the r-axis (length r-axis 0.5 mb

I'i Amsterdam UMC

University Medical Centers

Lagendijk Phys Med Biol 27 17-23 (1982)



Vascular cooling

Cold track along large, unequilibrated vessels

e —

Vessel

Figure 3. Two-dimensional plot of the temperature distribution in a plane through Thc_ axis ol _vesscﬂ 2along
the x-gixie, Note the differericc in scale between the s-axis and the r-axis (length r-axis 0.5 mb
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, ky=k ;=06 WK 'm™' and b/a =10

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Aonria 11 a4 30 i 1400 B30 11 700
Large arteries 3 20 13 4% H) 110 20 270
Main branches 1 ] 8 6x10° 23 1.3 19
Secondary branches 0.6 4 g 10’ 14 LI 6.7
Tertiary branches 0.14 1.4 3.4 7.6%10% 1 0.01 016
Terminal branches 0.03 0l 2 1%10° 0.3 011 0.2
Terminal arteries 0.3 015 0.4 1L3x 10 0.03 0,000 06 0.000 8
Arterioles o.02 0.2 0.3 4107 0.02 0.000 02 0.000 3
Capillaries 0,008 0.1 0.07 L2x10® .04 0,004 000 7 0.000 01
Vernules .03 0.2 0.07 gx 107 0.006 0.000 01 0.000 15
Terminal branches 0.07 15 0.07 Lix10’ 0.014 000 06 0.000 3
Terminal veins 13 0.1 0.3 1% 10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10* 0.6 0.0t 0.15
Secandary veins 1.3 4 1.3 1ax10? [ 0.5 6.8
Main veins 24 10 L5 & 10° 10 1.4 20
Large veins (i 20 36 4210 60 22 k1]
Yena cava 125 40 a3 1 1200 &l 12 000

ﬁ Amsterdam UMC

University Medical Centers

Crezee and Lagendijk Phys Med Biol 37 1321-1337 (1992)



Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, ky=k ;=06 WK 'm™' and b/a =10

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Aonria 11 a4 30 i 1400 B30 11 700
Large arteries 3 20 13 4% H) 110 20 270
Main branches 1 ] 8 6x10° 23 1.3 19
Secondary branches 0.6 4 g 10’ 14 LI 6.7
Tertiary branches 0.14 1.4 3.4 7.6%10% 1 0.01 016
Terminal branches 0.03 0l 2 1%10° 0.3 011 0.2
Terminal arteries 0.3 015 0.4 1L3x 10 0.03 0,000 06 0.000 8
Arterioles o.02 0.2 0.3 4107 0.02 0.000 02 0.000 3
Capillaries 0,008 0.1 0.07 L2x10® .04 0,004 000 7 0.000 01
Vernules .03 0.2 0.07 gx 107 0.006 0.000 01 0.000 15
Terminal branches 0.07 15 0.07 Lix10’ 0.014 000 06 0.000 3
Terminal veins 13 0.1 0.3 1% 10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10* 0.6 0.0t 0.15
Secandary veins 1.3 4 1.3 1ax10? [ 0.5 6.8
Main veins 24 10 L5 & 10° 10 1.4 20
Large veins (i 20 36 4210 60 22 k1]
Yena cava 125 40 a3 1 1200 &l 12 000
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, ky=k ;=06 WK 'm™' and b/a =10

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Aonria 11 a4 30 i 1400 B30 11 700
Large arteries 3 20 13 4% H) 110 20 270 '
Main branches 1 ] 8 6x10° 23 1.3 19 i
Secondary branches .6 4 8 10’ 14 L] 8.7 |
Tertiary branches 0.14 1.4 3.4 76%10° 1 0.01 016
Terminal branches 0.05 ol 2 =10 0.3 O.0HHL 0.m2
Terminal arteries 0.3 015 0.4 1L3x 10 0.03 0,000 06 0.000 8
Arterioles o.02 0.2 0.3 4107 0.02 0.000 02 0.000 3
Capillaries 0,008 0.1 0.07 L2x10® .04 0,004 000 7 0.000 01
Vernules .03 0.2 0.07 gx 107 0.006 0.000 01 0.000 15
Terminal branches 0.07 15 0.07 Lix10’ 0.014 000 06 0.000 3
Terminal veins 13 0.1 0.3 1% 10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10" 0.6 .01 0.15
Secondary veins 1.5 1 13 1.a=107 [ 0.5 6.8
Main veins 24 10 L5 & 10° 10 1.4 20
Large veins (i 20 36 4210 60 22 k1]
Yena cava 12.5 40 33 1 1300 260 12 000
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, kb, =k y =06 WK 'm™ and #/a =10.

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Aoria 11 a4 30 i 1400 230 11 700
Large arteries 3 20 13 4% H) 110 240 270 '
Main branches 1 ] 8 6x10° 23 1.3 19 i
Secondary branches .6 4 8 10’ 14 L] 8.7 |
Tertiary branches 0.14 1.4 3.4 76%10° 1 0.01 016
Terminal branches n.035 01 2 1x10° 0.3 (LU 0.ma2 \
Terminal arteries 0.3 015 0.4 1L3x 10 0.03 0,000 06 0.000 8
Arterioles 002 0.2 03 43 10° 0.02 0.000 02 0.000 3 .
Capillaries 0,008 0.1 0.07 L2x10® 0,002 0,004 000 7 0.000 01 notin thermal
Vernules .03 0.2 0.07 gx 107 0.06 0.000 01 0.000 15 ili H
Terminal branches 0.07 o135 0.07 Lix 10" 0.014 0.000 06 0.000 8 equi librium
Terminal veins 13 0.1 0.3 1x10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10" 0.6 .01 0.15
Secondary veins 1.5 & 13 1.a=107 [ 0.5 6.8
Main veins 24 10 L5 & 10° 10 1.4 20
Large veins (i 20 36 4210 60 22 k1]
Yena cava 12.5 40 33 1 1300 260 12 000
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, kb, =k y =06 WK 'm™ and #/a =10.

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Anria 10 a0 50 1 1400 830 11700 | modelled Discrete
Large arteries 3 20 13 4% 10 110 20 270 ; . L.
Main branches ) 10 8 63107 2 13 19 ; individually vessels
Secondary branches .6 4 8 10’ 14 L] 8.7 |
Tertiary branches 0.14 1.4 3.4 76%10° 1 0.01 016
Terminal branches 0.05 ol 2 1x10° 0.3 0.001 0.2 \
Terminal arteries 0.3 015 0.4 L.3% 107 0.03 C.000 06 0.000 8
Arterioles 02 0z 03 4x10° 0.02 0004 02 0.0003 .
Capillaries 0.008 ol 0.07 L2x10® 0,002 0,000 000 7 0,000 01 not in thermal
Vernules .03 02 0.07 &x10° 0.006 0.000 01 0.000 15 ilitari
Terminal branches 0.07 .15 0.07 Lix10’ 0.014 0004 06 0.000 8 equl I I b num
Terminal veins 13 0.1 0.3 1% 10° 01 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10" 0.6 .01 0.15
Secondary veins 1.5 & 13 1.a=107 [ 0.5 6.8
Main veins 24 10 L5 &% 107 10 1.4 20
Large veins ] 20 36 410 60 rad 00
Yena cava 12.5 40 33 1 1 200 260 1.2 000
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, ky=k ;=06 WK 'm™' and b/a =10

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Aonria 11 a4 30 i 1400 B30 11 700
Large arteries 3 20 13 4% H) 110 20 270
Main branches 1 1 8 6x10° 23 1.3 19
Sccondary branches (.6 4 8 10’ 14 {5 .7
Tertiary branches 0.14 1.4 3.4 7.6%10° 1 0.01 016
Terminal branches 0.03 0l 2 1%10° 0.3 011 0.2
Terminal arteries 0.3 015 0.4 1L3x 10 0.03 0,000 06 0.000 8
Arterioles o.02 0.2 0.3 4107 0.02 0.000 02 0.000 3
Capillaries 0.008 .1 0.07 L2x10® .04 0,000 000 7 0.000 01
Vernules .03 0.2 0.07 gx 107 0.006 0.000 01 0.000 15
Terminal branches 0.07 15 0.07 1Lix10" 0.014 000 06 0.000 3
Terminal veins 13 0.1 0.3 1% 10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10* 0.6 0.01 0.15
Secondary veins 1.3 4 L3 1.8x 107 [ 0.5 6.8
Main veins 24 10 1:5 & 10° 10 1.4 20
Large veins (i 20 36 4210 60 22 k1]
Yena cava 125 A0 a3 1 1200 &l 12 000
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, ky=k ;=06 WK 'm™' and b/a =10

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Aonria 11 a4 30 i 1400 B30 11 700
Large arteries 3 20 13 4% H) 110 20 270
Main branches 1 ] 8 6x10° 23 1.3 19
Sccondary branches 1.6 4 2 10° 14 (.5 6.7
Tertiary branches 0.14 1.4 3.4 7.6%10° 1 0.01 016
Terminal branches 0.05 ol 2 1x10° 0.3 O.0HHL 0.m2
Terminal arteries 0.3 015 0.4 L3x :40’ 0.03 0,000 06 0.000 8
Arterioles 002 0.2 03 43 10° 0.02 0.000 02 0.000 3
Capillaries 0,008 0.1 0.07 L2x10® 0,002 0,004 000 7 0.000 01 < near thermal
Vernules .03 0.2 0.07 gx 107 0.06 0.000 01 0.000 15 ili i
Terminal branches 0.07 o135 0.07 Lix 10" 0.014 0.000 06 0.000 8 equi librium
Terminal veins 13 0.1 0.3 1x10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10* 0.6 0.01 0.15
Secondary veins 1.3 4 L3 1.8x 107 [ 0.5 6.8
Main veins 24 10 L5 & 10° 10 1.4 20
Large veins (i 20 36 4210 60 22 k1]
Yena cava 125 40 a3 1 1200 &l 12 000
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Vascular cooling

Thermal equilibration length

Table 1. Typical vessel parameters for the circulation of a 13-kg dog. First four columns
from Green (1950}, based on Mall (1888). The Reynolds number, eatrance and equilibration
length computed with p,=10" kgm 2, u=0.0035 kgm ' s, ¢, =4x10° Jkg~ ' K™, Ca,q=
01, Nu=401, kb, =k y =06 WK 'm™ and #/a =10.

Entrance Equilibratian

Diameter Length Velocity Reynolds length length
Yessel type [mm) (cm]) {ems N Mumber number [cm] {em)
Anria 10 40 50 1 1400 230 11700 continuum Pennes
Large arteries 3 20 13 4% H) 110 20 270
Main branches 1 ] 8 6x10° 23 1.3 19 mOdel or keff
Sccondary branches (.6 4 8 i 14 {5 .7
Tertiary branches 0.14 1.4 3.4 7.6%10° 1 0.01 016
Terminal branches 0.03 0l 2 1%10° 0.3 011 0.2
Terminal arteries 0.3 015 0.4 1L3x 10 0.03 0,000 06 0.000 8
Arterioles 002 0.2 03 43 10° 0.02 0.000 02 0.000 3
Capillaries 0,008 0.1 0.07 L2x10® .04 0,004 000 7 0.000 01 < near thermal
Vernules .03 0.2 0.07 &x 10 0.06 0.000 01 0,000 15 ili i
Terminal branches 0.07 o135 0.07 Lix 10" 0.014 0.006 06 0.000 8 equi librium
Terminal veins 13 0.1 0.3 1% 10° 0.1l 0.000 § 0012
Tertiary veins .28 1.4 0.8 7.6 10* 0.6 0.01 0.15
Secondary veins Lia 4 L3 1.8x 107 [ 0.5 6.8
Main veins 2.4 10 1.5 &x 107 10 14 20
Large veins ] 20 36 410 60 rad 00
Yena cava 125 40 33 1 1200 &l 12 000
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Vascular cooling

Impact of blood flow depends on vessel size:
 Small vessels:

— (almost) in thermal equilibrium with tissue
— Modelled collectively with bio-heat equation
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 Small vessels:

— (almost) in thermal equilibrium with tissue
— Modelled collectively with bio-heat equation
e Large vessels:

— Arteries cause cold tracks in tissue
— Modelled individually
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Vascular cooling

Impact of blood flow depends on vessel size:

* Small vessels:

— (almost) in thermal equilibrium with tissue

— Modelled collectively with bio-heat equation

* Large vessels:

— Arteries cause cold tracks in tissue

— Modelled individually
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Vascular cooling

* Large vessels:

— Arteries cause cold tracks in tissue
— Modelled individually

= )



Vascular cooling

* Large vessels:

— Arteries cause cold tracks in tissue
— Modelled individually
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Vascular cooling

Impact of blood flow depends on vessel size:
 Small vessels:

— (almost) in thermal equilibrium with tissue
— Modelled collectively with bio-heat equation

* Large vessels:

— Arteries cause cold tracks in tissue
— Modelled individually

Pre-heat arteries by heating
Large margin around tymor
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Vascular cooling

Preheating arterial blood flow

tumor

y w -~ Cool arterial blood
—
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Preheating arterial blood flow

tumor 1

-~ Cool arterial blood
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Vascular cooling

Preheating arterial blood flow
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-~ Cool arterial blood
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Vascular coolin

Preheating arterial blood flow

-~ Cool arterial blood
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Vascular cooling

Preheating arterial blood flow

no enhancement
radiotherapy in
normal tissue

if T<45°C

-~ Cool arterial blood
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Vascular cooling

Example: locoregional hyperthermia of prostate

Temperature (C)
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Heat transport in tissue

* Bio-heat equation
* Thermal properties of tissues
e Vascular cooling
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Heat transport in tissue

* Bio-heat equation
* Thermal properties of tissues
e Vascular cooling

Conclusion: bio heat transfer is a complex and challenging
topic, with limited accuracy for Pennes equation
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Heat transport in tissue

* Bio-heat equation
* Thermal properties of tissues
e Vascular cooling

Tomorrow:
modeling heat transport in treatment planning
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N Heat transport in tissue

o feife  Questions?

h.crezee@amsterdamumc.nl

nﬂh]@[mk Ul for
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