Thesisadvisors: Prof. dr. ir. J.J.W. Lagendijk and prof. dr. Battermann
(promotoren)

The investigations have been carried out at theaReyent of Radiotherapy,
University Hospital Utrecht, Utrecht, the Nethedan

Requests for copies of the thesis can be send to:

Alexis Kotte, University Hospital Utrecht, Radiothpy Department, Q.00-118, P.O.
Box 85500, 3508 GA Utrecht, The Netherlands.

Summary

The major treatment modalities for cancer are syrgadiotherapy and
chemotherapy. The effect of the last two treatmendialities can be enhanced by
using hyperthermia as an adjuvant therapy. A hiyeemtia treatment consists of a
temperature elevation above®f* in the tumour. During a treatment the resulting
temperature profile can be sampled and statistiqaksentations such as the lowest
or mean temperature can be obtained. These statisteasures need not correspond
to those of the true three-dimensional temperdteie The correspondence can be
enhanced by increasing the number of sample poirtty calculating the total
temperature profile based on the treatment tempreraimples. In order to calculate
the temperature profile resulting from a hyperthartreatment, the heating apparatus
needs to be modelled to obtain a corresponding pdefosition. This power
deposition can then be used to calculate the caenfdenperature profile. The
development of a computer model capable of calcigahe temperature profile

given a power deposition is the subject of thisihe

For a long time it has been recognised that thedftow has a major influence on
the heat transport in tissue. All kinds of contirumodels have been proposed taking
the collective thermal behaviour of the total vdature including the perfusion into
account by changing the governing differential emue The implementation of one
of the s%gqqested differential equations is desdriheChapter 2.
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This model uses a "heat sink term' combined witheffective conductivity' to
describe the thermal influence of blood flow. Tleahsink term is correlated with the
thermal equilibration of the blood while the efigetconductivity is linked to the heat
transport due to the blood flow. The differentigliation is transformed into a two
and a three level finite difference representatidre two level finite difference
scheme suffers from a time step limitation whichas present in the three level
scheme. The three level scheme has the disadvawithgéing non-dissipative.

A continuum model, such as the one described iptén&, cannot account for the
local thermal impact of the vasculature. For thismomenon we need to take the
vasculature, down to a certain diameter, into astdiscretely: we must describe
every vessel with a diameter larger than a givait individually. The resulting
Discrete VAsculature (DIVA) thermal model combirtee continuum formulation
with discrete vasculature. In Chapter 3 the impletagon of a single discrete vessel
segment is described. The tissue grid and the Mesgment share the same
coordinate system but the vessel segment defingiordependent of the calculation
resolution the tissue is modelled on. The thermizraction of a vessel segment with
its surrounding tissue is calculated using an aitallyexpression for the interaction of
a vessel embedded in a coaxial homogeneous tiginder. The vessel segment is
split into several "buckets', each holding one @ltemperature sample. For the
analytical interaction expression between a buakdtits surrounding tissue,



temperature samples in the direct vicinity of tiiehket are needed. Every bucket
calculates its own interaction with the surroundisgue using tissue temperature
samples found in the “estimation set'. The caledléieat exchange is imposed on the
tissue in the “exchange set': voxels located inidevessel in the global coordinate
system.
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Projection of a vessel onto the tissue grid togethth the two associated voxel sets.
The interaction is calculated based on the distabheéveen the temperature samples
and the centre of the vessel.

The blood (bucket) temperatures are shifted albagréssel after an interpolation of
the calculated heat flows resulting in an accuiratkision of the blood flow during a
time step. This new modelling technique has beatuated by modelling situations
for which analytical solutions could be found, slgvexcellent results. Single vessel
segments or collections of single vessel segmemtde used to model fully artificial
situations, needed to test the behaviour of theaindhn Leeuwen et al.,1997b). The
model has also been tested for counter currenelesgment pairs as this situation
plays an important role in the thermal behaviouvascularised tissue and analytical
solutions can be found in the literature. The rtssoil these calculations are
influenced by the tissue resolution, as anticipaé®d generally show good
correspondence with the theoretically obtainedlteg\Wan Leeuwen et al.,1997a).

In order to model vasculature found in tissue,single segments are incorporated in
a tree topology mimicking a genuine vessel tree Miodelling of the the thermal
influence of such a vessel tree is described imp@nat, together with a technique to
account for vasculature connected to modelled Vassgenents but too small to be
modelled discretely. Blood leaving an arterial es$ee inside the modelled volume,
in general, is not equilibrated with its surrourgltissue. The heat needed for this
equilibration process is extracted from the “siatk & set of voxels being thermally
influenced by the blood leaving the vasculatur@oBlentering a venous vessel tree
needs an inflow temperature which is obtained l®yaging the tissue temperature
found in the “sample set'. These sink/sample s#d to be defined by the user and
offer a huge model parameter space requiring autmrset creation. These sets
govern the effective simulation perfusion of thelesed region. When the spatial
distribution of (limited) terminal vessel segmentpoints is not in accordance with
the original perfusion, effective perfusion artifoccur.

The thermal impact of eleborate vasculature osutsounding tissue can be
calculated and compared to the impact of limitescutature



From clinical data sets only limited vasculatura ba reconstructed. In Chapter 4 we
show the capabilities of the model to deal witkdmplete' vasculature.

Another option for modelling the "missing vascutatus the extension of the
reconstructed vessel tree with a number of awdifisegments. This procedure is
expected to produce vessel networks having a sithiéamal influence on the
surrounding tissue as the genuine vasculaturéhelihermal effects of the
vasculature are included elegantly. The tissueuginm is defined by the distribution
of terminal segment endpoints together with th@dlow in these terminal
segments. Artificial vasculature can be produceti wie program VAMP
(Vasculature Assembly through Modifiable PotentidBscribed by Van Leeuwen et
al. (1998).

Hyperthermia treatment with ferromagnetic seedslig dependent on treatment
planning calculations: after implantation, duringatment there is no feedback and no
adjustment possibility. The choice of seeds andnipdantation geometry must be
established prior to the treatment. This hypertle@mmodality is of conductive nature
and therefore does not demand a power depositionlaton. The modelling of the
thermal impact of ferromagnetic seeds is describ&thapter 5. The seed modelling
technique is very similar to the technique used/é&ssel segments. The seed
structures are also independent of the tissuergsidlution and defined geometrically
in the global coordinate space. Again, bucketsuaesl as the smallest functional part
but with a (different) interaction calculation fuimn compatible with the modelled
seeds. In a vessel segment the axial heat trangfeverned by blood flow, in a
thermo-seed the axial heat transfer is controliedxial conduction in the seed
implying a one-dimensional seed iteration schenme. fime step constraint found for
the tissue iteration scheme is also valid for #edsiteration scheme demanding the
use of small time steps. If the global (tissue)etistep would yield an unstable seed
time step, several sub time steps are taken adugtirig the global time step.



This thermo-seed implementation can be used in g@tibn with our DIVA model
resulting in a flexible treatment planning systemHyperthermia using ferromagnetic
seeds. Shown is a result from the simulation deedrby van Wieringen et al. (1998)
All the previously described components are impleted in C++ using object
oriented techniques. The classes used as buildleggfor our model are described
in Chapter 6. The chosen software development seliaailitates the reuse of code at
two levels. The shared functionality of classes leamput in a separate base class (e.g.
a vessel bucket and a seed bucket are both ddrivedthe base class bucket). The
produced classes can be included in other progn@eding the modelled structures.
The described computer model is tested in situationwhich analytical solutions are
known. These are well defined situations; the campmodel parameters are taken
equal to the analytical model parameters, allowiago test the capability of the
model to include certain thermal phenomena. A éxggerimental verification has not
been done. Such a test poses the interesting oballef finding the optimal

parameter set for a given (clinical) situation.sTtalidation is currently undertaken
using heating experiments in bovine tongues. Optitat acquisition can be
employed in this test site to reconstruct as msghassible of the thermally
significant vasculature and tissue perfusion. Thegeriments should also result in
strategies for finding the optimal parameter sg#ifor situations where the clinical
data is sub-optimal.



