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1 Introduction

External radiotherapy has become a very importaatttnent modality for cancer. With
the development of modern technology, the incidencewhal tissue complications has been
decreased, and at the same time, higher doses to tumearsd@me obtainable. However,
there will always be situations were the anatommedtion of the target makes it impossible
to avoid radiation injury in normal organs. Other difftcsituations occur with widespread
disease or with poorly defined boundaries of the tumour.

For such reasons, a more intelligent way of treatangcer with radiation has been
sought. What is needed is a method to position the i@diamitter within or on the target.
Furthermore, the radiation should have a range suitablfé size of the target. The solution
to these demands is what has become known as targetetieealny.

The idea is to label a cancer-seeking agent, the migsilea radioactive nuclide, the
warhead. ldeally, this provides a means to positionati@tor in the target volume. By
carefully choosing the radionuclide, the cancer a&is be exposed to radiation of the

appropriate quality and range.

1.1 Current Use of Targeted Radiotherapy in Clinical Practice

Among all the radioactive compounds used throughout ths &g greatest success
has been the use Bfi in the treatment of thyroid cancer. The capabilitytofroid tissue and
differentiated thyroid cancer to accumulate and retaquiating iodine makes this a very
effective treatment. At the same time, very modasiry is done to normal tissue, as the
accumulated amounts of radioactivity are low in othrglans, and the patrticle range is short.

Radioiodine has two roles in treating thyroid cancdter®the thyroid gland has been
removed by surgery?!l is administered to ablate residual thyroid activitymdtastases occur
later on, the radionuclide can be used again to treat.tAdthough the capability of the
metastases to accumulate iodine is not as good asrimal thyroid tissue, the treatment is
still effective, as there is no normal thyroid tisswéing as a competitive target.

Treatment with>!{ represents the simplest form of targeted radiotheramatural
uptake mechanism is exploited where the radionuclide iss#ik targeting agent. Another
example of this is the treatment of skeletal metastasth®*Sr. Strontium has no natural role
in the human body, but when injected as griCis incorporated in bone as a calcium

analogue.



With this form of treatment, the radionuclide is notessarily accumulated in the
cancer cells. Skeletal metastases often excite aplaastic response, and thereby formation
of bone in which calcium plays an important role o8tium-89 emitg-particles with
sufficiently high energy for targeting the canceréiat initiated the formation of bone, and
thereby an indirect effect is achieved.

As with all forms of targeting radiotherapy, the limg factor with®*Sr is bone marrow
toxicity. Being a bone seeking radioactive pharmaceufit@t,constitutes a much larger
problem thart*Yi. To improve on this, other bone seeking radioactivepmmds have been
invented. While awaiting the results of trials examining ptential of other compounds,
153Sm-EDTMP remains the most important alternative’o.

Physically, there are two important differences betw&sr and>*Sm. First, the mean
energy of the latter is much lower than that offdvener. This is believed to have a positive
marrow sparing effect. Second, the half-life"d8m is 46,3 hours compared to 50,5 days for
893,

Contrary to**!1 and®Sr, *°3Sm as such has no bone seeking abilities, so this ningile
to be bound to a bone-seeking agent. The compound theédadound to be the most
appropriate is ethylene diamine tetramethylene phosphoi¢ BOTMP).***Sm-EDTMP is
chemically stable, and preferentially concentrate&étesal metastases. Another example of a
targeting compound that is not naturally occurring in theyhis**i-m-IBG. This compound
is used for the treatment of tumours derived from theal@uest.

When the first monoclonal antibodies were developek®ir6, it was hoped that this
would lead to the construction of what has been cahealyic bullets”. However, it has been
difficult to find antibodies that only bind to cancelleeThe best results obtained with
radioimmunotargeting (RIT) have been obtained in Bigeijphomas. Non-Hodgkin
lymphomas have well-characterised differentiationgamts, and this type of cancer is highly
radiosensitive.

For a review of the current status of radionuclide geraefer to Gaze (1996),
Lewington (1996), Chatal and Hoefnagel (1999), and McEwan (2000).

1.2 Motivations for This Project

Most of the clinical trials concerning palliative or civa treatment with radioactive
compounds are focused on finding a direct relationship legt\@dministered activity and

biological effects. Included in biological effects #ne impact on metastases and primary
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tumours in terms of regression or delay of progressiigve of bone pain, and effects on
normal tissue with bone marrow suppression being the mpstrtant. The activity is given
to the patient and the observations are made.

However, knowledge of the direct relationship betwesmiaistered activity and
biological effects is not sufficient if one wantsgain insight into the mechanisms behind the
observed effects. From a physicist’s point of view,rthtural approach is to include an
intermediate step in the analysis: The administactiity results in energy depositions in
tumours and normal tissue, whittiereon give the observed biological effects.

It is the author’s opinion that more detailed studie$ lvélof major importance for the
progress of treatment with radionuclides. On onalhé#rere is the question on what
properties a radiopharmaceutical should possess, bathadieand physical. To answer this
guestion, we need to understand the effects of diffeypettof radiation as well as the uptake
patterns of the compound in different tissues. Somenmdtion can be gained by carrying out
classicain vitro survival studies of exposed cells. However, the more t®oygituation with
cells organised in an organ or tumour, can only be studiado. If more detailed studies of
the uptake of radiopharmaceuticals and the subsequent balleffects were available, this
would allow for a more direct study of the radiobiologyldhe resulting impact on tumour
size and organ functions.

To further increase the level of understanding, knownidigions of radionuclides in
the tissues must be converted into spatial dose distiis, or, even better, into
microdosimetric probability distributions. The observealdygical effects are a result of the
stochastic pattern of energy deposition, and can natyal be analysed solely in terms of the
deterministic dose or, even worse, in terms of themaggan dose. It is important to bear this
in mind when effects of different radionuclides, emitdifferent types of radiation (for
instancen-emitting nuclides an@-emitters), are compared.

Another aspect is related to the treatment planning. Itoné&l predict the uptake
pattern in a patient along with the resulting effebefpre administrating the activity, the
treatment with radionuclides could be adjusted foritdévidual patient. This should also be
investigated for approaches where radionuclide treatraarttrisidered adjunct to external
radiation.

Information on the uptake pattern could be obtained iars¢ways. One could measure
the uptake pattern of a tracer amount of the radiophaeutEal, one could measure the
uptake of a compound with equal chemical properties, or auld oely on empirical data that

describe the relationships between various patient cleaistacts and uptake patterns.
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Furthermore, to translate the predicted uptake into bicdbegitects, basic understanding of
the radiobiology has to be acquired.

The papers contained in this dissertation are conceritedopics at different stages of
this path towards an understanding of the effects followadhginistration of radioactive
compounds. Paper 1 deals with the special problems obdaisimetry with alpha-emitting
nuclides. Paper 2 addresses the problem of calculating dasbudions in trabecular bone
with bone seeking radioactive compounds. In paper 3 and Bodsetare developed for the
simultaneous measurement of the distributions of twlraclides in one section of tissue.
These methods may be used for a direct comparison apthke pattern of different
radioactive compounds. In paper 4, the uptake patteffiSoand>*Sm-EDTMP are

compared in dogs with osteosarcomas, using one of thett®ds.



2 Methods for Measuring Spatial Distributions of
Radioactivity

The first steps towards an understanding of the obseféects of targeted
radiotherapy, are measurements of the uptake of raalioyateuticals. This is also crucial for
monitoring ongoing treatment and for treatment planning.r&an dose to an organ is
proportional to theeumulated activity, the number of decays taking place in the source organs,
and therefore, an essential part of the researchrttsra new radiopharmaceutical is
measurements of the pharmacokinetics (Strand et al 1#¥| 8t al 1999, Stabin 1999).

With humans, the only way of obtaining this informatiemadionuclide imaging.
(Exceptions are measurements on drawn blood, urine, aresfaeBecause of limited spatial
resolution, such information must be supplemented by measunts of the sub millimetre
scale distribution in comparable animals and tumours. Adtography is therefore an
important tool to obtain sufficiently detailed distribartidata for estimation for estimation of

absorbed radiation dose.

2.1 Radionuclide Imaging

Over the last decades, there has been a rapid teclhoadldgvelopment of instruments
for radionuclide imaging (Links 1998). Today, mainly threg¢huds are used for imaging of
radionuclides in humans (Leichner et al 1993, Ott 198@har scintigraphy, single photon
emission computed tomography (SPECT) angbositron emission tomography (PET). SPECT
and PET investigations provide tomographic (3-dimensionaljynmdtion, while planar
scintigraphy only gives 2-dimensional information. Inva\vn all these methods are one or
several cameras that register photons emitted fromubkdes. This information is
processed, and planar images or 3-dimensional matricessegping activity distributions, are
found.

A gamma camera, used for planar scintigraphy and SPECT investigations)lysua
consists of a single scintillating crystal sandwichetiveen photomultipliers (PMT) and a
leadcollimator (Fig 2.1). Photons that enter the crystal may intesgttt the material, either
by the Compton process or by the photoelectric procedsraargy is transferred to electrons.
As the released electrons are slowed down and theliggims deposited, electrons in the

crystal are exited. When they return to their originates this is accompanied by emission of



photons. These photons are picked up by the PMTs and amcalguulse is created and sent
to the electronics.

GAMHA CAMERA
COHMPOMNENTS:

FHOTOMULTIFPLIERE TUBES

Electronics and
Computer

Sensors to convert

light into an electronic signal DETECT 10N CRYST AL

Each gamma-ray is converted
to light, one at a time

Collimator gives a sharp image
by accepting only gamma-rays
aligned with holes

COLLIMATOR

Figure 2.1 Schematic figure of a gamma camera.

The material and thickness of the crystal is optichiee specific energy intervals. In a
gamma camera, the crystal usually is optimised for éeetzelow 200keV, mainly because
the majority of the examinations are performed Witfrc, which emits photons of 140keV.
The most widely used crystal in gamma cameras cormdistsdium iodide (Nal) doped with
small amounts of thallium. This is a well-suited matidbecause of a high yield of photons,
its low self-absorption of scintillation photons, aadacceptable decay time (The time it
takes for a certain amount of the electrons to retutheir original state.). A rapid decay is
necessary for high count-rate acquisition.

When a photon hits the detector, the position of intenaen the detector is determined
by the electronics, but this gives no information aboubtiigan of the particle. The
collimator acts to select the directions of the inaayrphotons, and to define the geometrical
field of view. In a gamma camera, it usually consista bfock of lead with holes of a certain
length and cross sectional area through which the photagigravel.

Independent of the type of collimator ussthttered photons will degrade the images.
A photon that is emitted in a direction that is ingatible with detection may be scattered

into a new direction that is accepted by the collimdtothe case where there is only a small
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change in energy, the energy selection mechanigheajamma camera cannot distinguish

this photon from the unscattered photons.

With a parallel hole collimator, the intensity in ixgd is proportional to the activity in
the volume of the subject that is covered by this patédhuated by the mass located between

the activity and the gamma camera:
| O fA(x)ex - f ,u(x’)dx’]dx. (2.1)
Xy X

X, and x, are the distances between the camera and theiposted anterior sides of
the patient, andj(x') is the linear attenuation coefficient. A planainigram is more or less

the same thing as a photograph, the only differévedeg the energy of the photons.

With simultaneously acquired anterior and postearnmages together with transmission
data, an approximate calculation of the activitthim some source region can be done using
the conjugate view method. In the absence of attenuation, denotiagdtal intensities within

the region of interest (ROI) in the anterior andteoior images by, and| 5, the activity is

proportional to the square root of the producthefse numbers:

AO LI, . (2.2)
In order to find the absolute value &fthe product under the square root sign has to be
multiplied with a factor equal to the attenuatibrotugh the body, and a factor accounting for
the spatial extension of the source volume. Faaildeabout refinements of this method, refer
to Siegel et al (1999).

In SPECT studies, many planar images are acquirdifferent angles relative to the
object by letting the camera rotate around theathjéth the detector surface parallel to the
rotation axis. These images may also be considesgutojections of the 3-dimensional
information onto many different planes. The prajus$ are processed to reconstruct the 3-
dimensional activity distribution. The simplest@iighm used for this purpose (explained in
Swindell and Webb 1988) fdtered back-projection, illustrated in fig. 2.2. In the absence of

attenuation and noise, this algorithm perfectlyroejpices the source distribution.
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99 projection

n("

A

Figure2.2 The principle of filtered back-projection. A: Projections of the activity distributions are measured with the camera.
In thisexamplefive projectionsare measured. B: After afilter operation the projections are added into the reconstructed
Image. Images 1-5 show thereconstructed image after theinclusion of 1-5 projections, while the last image shows the result

when 99 projections are used.



By offering 3-dimensional information, SPECT hasuge advantage over planar
scintigraphy (Siegel et al 1999). With SPECT, passible to delineate 3-dimensional
volumes and find the activity within that volumauch procedures require, however, proper
corrections for the effects of attenuation andtscdt jungberg and Strand 1990, Ljungberg
and Strand 1991, Ljungberg et al 1994). Recerttdyaiive SPECT reconstruction methods
have been developed that take effecsts of att@emyattatter, and variation in resolution with
distance into account (Floyd et al 1986, Kim €1992, Liang 1993). Especially when
combined with CT- or MR-information, rather accerastimates can be obtained for the
specific activity.

In SPECT studies and planar scintigraphy, theitligions of radioactive nuclides are
found by detecting single photons emitted by thelides when they decay. PET, positron
emission tomography, is based on a different mashmarSome nuclides emit positrons, the
antiparticle of the electron. In the same way &b wiectrons, these are slowed down rather
quickly and absorbed by the medium, so a dire@atietn of positrons is impossible.
However, when a positron has come to rest or alsmfalcity, it annihilates together with an
electron, and two photons are created. These psotavel in approximately opposite
directions (Fig. 2.3).

Nucleus
P L7 (511keV)

r

"Q'g;é _Annfhflatfon

vy (511keV)

Figure 2.3. Emission of a positron and the subsequent annihilation.

If both these photons are registered together thi¢ir positions of detector interaction,
one knows that the decay of the nuclide took pfeewhere along the line connecting these
positions. Physical collimation is unnecessary, mmdh higher detection efficiency is
possible.

Most modern PET scanners consist of a barrel shdeede consisting of many

detectors. A less effective, but probably adegsatetion for many clinical purposes, is a

13



configuration consisting of two gamma cameras @bgje positions that rotate around the
patient. An event is accepted if two hits occuthimtsome time window and the deposited
energies fall within selected windows.

The photons created in the annihilation have easrgguivalent to the rest mass of an
electron, and is equal to 511keV. This is considigrhigher than the energy of the photons of
for example’®™Tc and*>*Sm (140keV and 103keV). This means that the detéet®to be
thicker, or have a higher density, to obtain a ldgtection efficiency. In modern PET
machines, the most common detector material is B&g5&0:2), which has a density that
is approximately twice that of Nal (7,1 g/&ws. 3,7 glcr).

A further advantage in PET compared to SPECT fkérreconstruction. When a
positron and electron annihilates, two photonseanéted in opposite directions, and both
photons have to be detected if a hit is to be dmmhrThis means that it is the total attenuation
along the line of travel, through the entire botiyat is of interest. One does not have to know
the attenuation as a function of position in theyp@nd this largely simplifies the
reconstruction algorithm. The necessary attenuataia are acquired by means of a point
source for which the transmission is measured aingles (transmission scan), but may also
be derived from a set of CT-images.

A source of noise that is not present in SPECTlamgr scintigraphy is what has
become known asandom coincidences. This occurs when two decays take place within a
sufficiently short interval of time. Then two phatoriginating from two different positrons
may be registered and interpreted as if the twdgiwcame from the same positron.
Obviously, this gives rise to errors in the recamstion. This form of noise is the most
difficult to deal with in PET because of its randoature.

The critical parameter is the length of the timadaaw in which the registration of the
two photons takes place. If this window can be nrateower, the probability of random
coincidences is reduced. This can be accomplisligritie introduction of new detector
materials with shorter decay times. An exampleughsa material is LSO (L.80Os) which has
a decay time that is 7,5 times shorter than th&®@D.

However, in total, a much better spatial resolui®abtained with PET than with
SPECT (Siegel et al 1999). This has several corsemps. With a small source volume, the
volume into which the activity is reconstructedisaller, giving a more correct specific
activity and a better signal to noise ratio. Thisams that it is easier to detect elevated activity
concentrations in small volumes. Furthermore, th&tn of an activity focus is better
defined.

14



The increased sensitivity of PET can allow for aausate pre-therapy dosimetry if a
radioactive positron-emitting compound exists, tieg equal chemical properties as the
therapeutic compound (Lundqvist et al 1999, Lubileet al 1999, Pentlow et al 1996). A
small amount of this compound is given to the patiie advance of the therapy, the
distribution of this activity is measured, and asswg the same distribution with the
therapeutic activity, the dose calculations cadde. Alternatively, and possibly the best
solution, the positron-emitting compound can beegitogether with the therapeutic
compound, allowing for a direct measurement ofkinetics.

The latest achievement in detector technologycismabined PET and CT (Beyer et al
2000). This apparatus does a simultaneous measuaref&ctivity and attenuation, which
allows for a very accurate correlation of actigtigith anatomical structures. Furthermore,
the attenuation data, necessary for reconstruciiancalculated from the CT-measurements
with a conversion that takes the difference in phatnergy into account, and a point source is

no longer necessary for transmission scans.

2.2 Autoradiography

In spite of the improvement in geometrical resointintroduced by the PET
technology, there is still a need for the capabsiof autoradiography. Intuitively,
inhomogeneities over distances of the order optrticle ranges are of importance. The
introduction of radionuclides emitting Auger-elamts ora-particles thus introduces the need
for micrometer resolution in measurements of radaide distributions. This is far below the
achievable resolution of PET.

Autoradiographic imaging modalities are capabléealivering this kind of resolution.
However, only 2-dimensional information is direcélyailable. Also, the image acquisition
can only be done with tissue sections, and measunsmvith live objects are therefore
impossible. For a detailed description of autorgcaphy techniques, see Upham and Englert
(1998).

2.2.1 Film

Autoradiography has traditionally been performethviiim. The technique is based on
the reduction of silver ions in a film emulsionaasgesult of energy depositions by traversing

B-particles. If localisation at the cellular or sebalar level is needed, the section must be
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brought into direct contact with the emulsion. Tisisccomplished by emulsion dipping or by
emulsion-coated cover slips that are brought ifdeeccontact with the sections. With less
strict requirements on resolution, film is appliab

For a certain exposure time, a lower activity thidd exists for a blackening of the
film. Furthermore, with high activities, saturationcurs, and thus the linear dynamic range is
limited. With most films, the linear dynamic ranigel,5-3 logs of activity. This limited range
necessitates a good estimate of the exposure timéviance of the exposure to avoid
underexposure or saturation.

For each quantitative measurement, calibratioréegasary. This is accomplished using
multiple standards with different activities, whiahe incorporated into each exposure. For
each standard, the optical film density is measwaad a graph can be obtained which shows
the relationship between activity and density.

The main advantage of film compared to other imggnodalities, is the very good
resolution. With®*H and*??, resolutions of 0,5-1j@m are possible. However, the laborious
procedures with the calibration limit its usefuladsr quantitative studies. Details of
dosimetry with film are investigated in Yorke et(4093), Humm et al (1993), Humm et al
(1994), Humm et al (1995), Roberson et al (1998) Mnthuswamy et al (1996). In Humm et
al (1995), Roberson et al (1995) and Muthuswanaf £1996), the possibilities for combining

autoradiographs of serial sections into a 3D agtiistribution are explored.

2.2.2 Storage Phosphor Technology

A phosphor screen imaging system is composed dfiimgeplates, a laser, and a light
detection system. The sample to be measured isgptae top of an imaging plate, which
contains photostimulable crystals, BaFBFEWVhen ionising particles deposit their energy,
electrons are brought into an excited state, angdbeacaptured, still in excited states, in
‘electron traps’. By exposing these crystals wél tight (633nm), with a laser spot scanning
the plate, the electrons are further excited imaastable state from which they return to their
original state with the release of blue light. Batettion of this light, an image of the activity
distribution in the sample can be built.

Compared to film, there are both advantages aratidentages with phosphor screen
technology. The most important advantages are tiehronger linear range (4-5 orders of
magnitude) and the higher sensitivity. WAtR, the sensitivity has been reported to be 250
times higher than with film, and 60-100 times higivith “C and®S (Johnston et al 1990).
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The higher sensitivity allows for shorter measuriimges while the longer linear range
reduces the risk of under exposure or over exposure

Compared to film, the geometrical resolution obadie is not equally good. With film
and with a given nuclide, the resolution is depahad the distance between the emulsion and
the sample, and on the emulsion itself. In otherdsoit only depends on the process of
energy deposition. With phosphor screen imaging résolution also depends on the scanning
system, for example the laser spot size.

Another disadvantage is the need for careful hagdiif the plates. Before exposure, the
plates have to be erased with light to remove @xof previous exposures. Furthermore, the
plates have to be cleaned properly. Finally, tlietbe signal fading, the process of the

electrons returning to the ground state withoumstation with laser.

2.2.3 Digital Instruments for Autoradiography

With film, it is possible to obtain quantitativestdts by digitising an analogue image,
and with phosphor imaging systems, digital imagesoitained in the scanning process. In
both cases, an analogue image with limited lingasidigitised. With digital autoradiography,
nuclear transitions are counted one by one. Thsns¢hat such systems features perfect
linearity. Furthermore, as the hits are detectedrbglectronic system, the cumulative images
are available at any time, and the need for acewgstimates of exposure times is thus
eliminated.

Several digital systems for autoradiography exisictv employ widely different
detection principles (Charpak and Sauli 1978, Batest al 1985, Ljunggren and Strand
1990, Barthe et al 1999). Examples are proportiondtiwire detectors and silicon strip
detectors. Both principles were originally develdger high energy physics, but have found
applications in autoradiography.

The instrument used in papers 3 and 4 is a silstom detector. A complete description
of the principles used for particle detection irstinstrument is outside the scope of this
thesis. For a detailed description of semicondudebectors, refer to Leo (1994). A brief
description is given in paper 3.

One of the strengths of this apparatus is its dipabf recording the energy deposited
in each hit. This gives us the possibility of sepiag the signals from two different
radionuclides with different particle spectra. Rapshows how this can be done even \@ith
emitters that have overlapping energy spectra.pentect linearity of digital instruments also

permits a separation of radionuclides using diffees in half-lives. This is only possible with
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very good linearity. In paper 4, this is exploited a comparison of the distributions BfSm-
EDTMP and®Sr in normal tissues, osteosarcoma, and metastases.

One important disadvantage with a silicon strigedtdr is that the geometrical
resolution is poor with energetfieparticles. In the particular instrument used ipgra3 and
4, the detector has a thickness of |B®@0 If the particle hits the detector with a largerance
angle (relative to a perpendicular hit), the p#timay travel a considerable distance before it
comes to rest or reaches the opposite side.

For a characterisation of a radiopharmaceutical esmpound with certain chemical
properties, it may be of interest to learn aboetuptake pattern at a very detailed level. In a
dosimetric perspective, it is not of much intettesinvestigate details of the uptake pattern
that have dimensions much smaller than the rangfeegbarticles. This means that, although
the FWHM increases with an increasing range indéttector, the measurements may be
useful.

With nuclides that emit very short-ranged partictbe geometrical resolution is limited
by the pixel dimensions. The pixels in the instramgsed in paper 3 and 4 have sidelengths
of 50um, and this instrument cannot compete with filmriaclides like®H. For the detailed
dosimetry with very short particles, this silicanis detector cannot be used.

Another problem encountered with the actual silistiip detector, is the limited area of
the detector. It is technically very difficult toake large area detectors, as the probability of
getting one or more dead strips is increased. Alsamount of electronics is increased. In
paper 4, the problem of a small area is dealt iytloutting a section into smaller parts. After

the imaging, the resulting sub images are mergdarito one image of the whole section.
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3 Methods for Dose Calculations

3.1 Definitions

It is of crucial importance to be aware that defosiof radiative energy is a stochastic
process. The energy is mediated by particles (ptsptelectrons, or positrons) that travel in an
unpredictable way. The quantum mechanical desoripif the processes that take place is a
theory formulated in terms of probabilities. Anyigithat happens to a particle takes place
with a certain probability. It is not possible taysfor sure that this particle will end up at a
certain position and undergo a given set of int&as. For this reason, it is necessary to
definestochastic variables.

Absorbed energy, is the amount of energy that is absorbed witbime volume with
the massn. Specific energy is defined by (Rossi and Zaidi96)

£, (3.1)
m

z

This definition may resemble that ddse. However, specific energy is a stochastic variable
which furthermore depends on the shape and siteeofolume. Dose is defined as the
expectation value afin the limit of an infinitesimally small volume @ss), and is a
deterministic quantity (Rossi and Zaider 1996):

D=limz. (3.2)

m-0

3.2 MIRD Formulation

In a clinical situation, it is important to be altecalculate doses without being an
expert on radiation physics. For this reason, tleelighl Internal Radiation Dose (MIRD)
Committee has developed a simple system, whickesethe mean dose in a target organ to
accumulated activities in source organs (Loevirgjexl 1988).

A certain radioisotope may emit several types ofiglas with different energies:
Photons, electrons, positrons, and alpha-parti€lesradiation typé, let the mean number of

particles emitted per transition be denotediyand the particles energy i . With a given
source orgam, a mean fractiorqo,(k - h) of E, will be deposited in target org&nFor

radiation typd, the mean energy deposited per transition wikdpeal to
n Eiﬂ(k - h)' (3.3)
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If this quantity is divided by the target organsssiahe result is the mean dose in organ
delivered per transition in source ordgahy radiation type:

S(k ~ h)=nEg(k « h)/m (3.4)
Summing over all radiation types gives the totadalper transition:

Sk ~ h)=>"S(k - h). (3.5)

These S-values have been calculated for all orgas pnd radionuclides that are of
interest, and can be found in published tables.ififoemation that must be obtained to find

the dose in orgakdelivered by orgah, is the cumulated activity defined by
A, = [ A bt (3.6)
0

where A(t) is the activity at time. In words, the cumulated activity is the total fenof
nuclear decays. The mean dose is now given by

D(k — h)=S(k < h)A,, (3.7)
and the total mean dose delivered by all sourcar® @ given by

D, =>.D(k « h). (3.8)

Evidently, the difficult part in applying this schemeasdetermine the cumulative
activity. In principle, it demands that the activityaach source organ is measured
continuously over a time period of infinite length. Howegvn many situations, it is possible
to adapt some mathematical model to describe the ambaativty as a function of time.

In the case of a radiopharmaceuticum that binds vesygly to some organ, it suffices
to measure the activity that has been accumulated ot Aini. With an assumption of a

very rapid uptake, the cumulated activity will then be gias
_tin2

A=[A,e %dt=A,T,/In2, (3.9)

O ey 8

WhereT}/2 is the physical half-life of the nuclide.

S-values have also been calculated for single datislfu et al 1997). This is applicable
for microscopic disease with single cancer cells ih#&teated with a radioactive targeting
compound. The radionuclides may be deposited in the cddusjdn the cytoplasm, or on the
cell surface, and likewise, the target may be anyeddltompartments.

The published S-values for various organs are calculated asmputational models.

In these models, all the organs are described in tekmsthematically defined geometrical
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objects with specific shapes and dimensions (ICRU 1992)rddudting S-values are
obviously only correct for these idealized persons. &hliee, the anatomical shapes and
structures differ considerably between individuals, eidhesame age and sex.
Furthermore, some assumption has to be made abadisthbutions of the radionuclides
within the source organs. For these reasons, the MéRDalism can only supply information

of limited accuracy.

3.3 Calculations with Dose Point Kernels

The increasing accuracy of the PET- and SPECT campeas @p new possibilities for
accurate dosimetry (Bolch et al 1999). For this purposesdheentional MIRD formalism is
not adequate, as only mean doses and uniform activitybdisbns are considered. With the
easily available computer resources of today, moreldétealculations can be done using
Dose Point Kernels (DPK) (Bolch et al 1999, Giap et al 1995).

A DPK is the mathematical description of the dose histion resulting from a point
source of unit activity. With the source centred in thgin, the value of the DPK at position
(x,y,2) is the dose delivered to this point by the point saut follows that the dose at a

certain point is given as the convolution betweenrattievity distribution and the DPK:

D(x,y,2)= [ AlX,y', Z)DPK (x= X',y = y', 2= 2 Jdxdy'dz = A(x, y,2)0 DPK(x, ,2)
\%

(3.10)
For computations with a computer, it is natural to dastdescription in the form of a

3D matrix, and the convolution is accomplished by a sutioma

D(ab,c)=>>> Ala,b,c)DPK(a-a’,b-b',c-c) (3.11)

The shortcoming of this simple and powerful metiwttis inability to deal with
volumes containing tissues of different densitigsl¢h et al 1999). Examples from the
human body are the boundary regions between lgsgdiand air, and the complex problem

of trabecular bone containing thin bone structgegzarated by bone marrow.

3.4 Monte Carlo Simulations

The physics of the interactions between radiatiwh matter is described by rather
complicated probability density functions (pdfsiwrthermore, as interactions take place,

particles are absorbed and created, and all iiit &ljmpossible to combine the pdfs of each

21



type of interaction in such a way that all posgie# are included. The only general and
reliable method for calculations on radiation,hie Monte Carlo method.

Monte Carlo simulation is a numerical method thed become useful as computer
resources became available. As the name suggesta, method where the calculated
variables are dependent on random events, and speddfically, they are functions of a
sequence of random numbers. This implies that gthaa returns stochastic variables, a
unique feature of this method.

The method of Monte Carlo simulation is applicablesituations where the problem
can be described in terms of one or more pdfs.sbh&ions to such problems are usually an
integral over parts of the sample space. If th&ist @o analytical expression for the pdfs, or
the number of dimensions is high, application dieotumerical calculations may be
difficult, or the time of computation may be veont. Another pleasant feature is the inherent
simplicity of this method. Instead of analysing fiteblem in question as a whole, one can
decompose it into smaller parts for which the @it known.

The scheme for radiation transport is briefly dfofes: Particles are generated
according to some assumption about the source ewhersource could be e.g. a linear
accelerator or some spatial distribution of radivacisotopes. Then each particle’s trajectory
is simulated according to the physics that is imq@eted in the code. Along its path, the
particle undergoes interactions with the matténaverses and the particle may change
direction, loose energy, be absorbed, or new pestimay be created. The patrticles that are
created may be subject to their own individual $atian process, or their energy may be
deposited locally as an approximation.

Today, several computer codes exist for simuladibradiation. Examples are EGS and
ITS for coupled electron/gamma transport and MCbifheutron/gamma transport. EGS was
used for the Monte Carlo simulations performedapegr 2.

The backbone of any Monte Carlo code isridr@lom number generator (RNG). Any
event that takes place is a function of one or maneom numbers. It is obvious that a
number that is returned by a computer is not realtglom. However, one tries to generate

sequences of numbers that passes several testsftmmness.

3.4.1 EGS

EGS (Nelson et al 1985) was originally developathigh energy physics at SLAC

(Stanford Linear Accelerator Center), and it waly @apable of handling particles in one
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medium in one region. Over the years, it has be&ended and modified to give reliable
results also at low energies, and for complex géoesecontaining many different media.

For microdosimetric calculations wifxparticles, some of the most important
improvements are connected to electron transpath Blectrons, an extremely high number
of interactions take place along their path (ofdhger of 16 when slowing an electron from
0.5MeV to 1keV). It is unrealistic to simulate tiese interactions, and for this reason, the
condensed history techniques were developed. The strategy of thetbads is to treat a
group of consecutive interactions as one interadbp means of pdfs that describe the
combined effects of multiple interactions.

As this code was intended for high-energy simutatibwas decided to use Moliére’s
scattering theory. This is a theory for small argglattering, i.e. the number of interactions
that is grouped must be limited. This is equivateran upper limit on the step-size, the path
length an electron is transported in each steparstmulation. With the small cross sections
for large scattering angles at high energies, & agplicable for the tasks that EGS was
originally meant for. Its validity is also limitedbwnwards to a minimum step-size
corresponding to a certain number of interactions.

In early versions of EGS, there were large problertl step-size artefacts, which are
characterised as the dependence of some resultthpaitep-size of the electrons. If the result
depends upon the step-size, some basic underlgimgiraint on the applied theories must be
violated. This problem was a result of inadequaitd fength corrections, ignorance of lateral
displacements and energy loss during a step, am@orourate boundary crossing algorithms.
All of these issues are related to the non-linedhg of electrons. (The path length correction
is a correction to the distance that the electravels along its original direction in one step.
Lateral displacement is the movement perpendigutarithe original direction.)

As a remedy for these shortcomings of the codesra¢ad-hoc algorithms were
introduced that were controlled by parameters whiath to be set by the user for each
physical situation that was to be simulated. A goode should work properly without having
to do thorough tuning of such parameters.

The inclusion of PRESTA (Parameter Reduced EleeBt@mp Transport Algorithm)
(Bielajew and Rogers 1987) very much eliminatedéhgroblems, and the number of
parameters were reduced. However, there weresglils of step-size artefacts, especially in
results depending on backscattering, and the stepass still controlled by a parameter set

by the user.
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In the latest version of EGS called EGSnrc (Kawrval2®00a,b), several substantial
changes were made. Some of the most important aveesv any-angle scattering theory, an
improved electron-step algorithm, a more accuragduation of energy loss, and an exact
boundary crossing algorithm. Simulation of ion clemresponse and calculations of
backscattered energy have been considered as #iestringent tests of electron transport
simulation. It has been shown that EGSnrc giveltesiat are within 0.1% of the
theoretically known results for these situationkisTversion of EGS was used for the
simulations in Paper 2.

The EGS code itself consists of a number of subresitthat must be called through a
main program that is written by the user. Codinghef geometry, containing the different
media, is accomplished through two subroutineedadHOW-NEAR and HOW-FAR, which
are also supplied by the user. HOW-FAR checks taova fparticle can travel in its present
direction before hitting a boundary. HOW-NEAR retsithe distance to the nearest surface in
any direction. Finally, the recording of the wantedults is done in another user-supplied
subroutine.

In addition to the reliability of the results olstad with EGSnrc, the organisation of the
program package gives other attractive proper@esnpared to other codes, the EGS code
system is very open and flexible. This demands rfiora the user, but it makes it a versatile

tool for any imaginable situation.

3.5 Radiobiological Models

Radiobiological models are needed to be able tskate a calculated dose into
biological effects. The model that is most freqliensed, and the only one that will be
presented here, is the linear-quadratic modelak derived by Chadwick and Leenhouts
(1973) on the basis of a few simple postulatesrdagg cell kill through the damages in the
DNA, and the mechanisms leading to these damagieslyBtheir philosophy is that the
critical damage is a double strand break, andttigste may be created directly or as a
combination of two single strand breaks.

Their final result is the following equation foreiprobability of cell survival:
S = glm?) (3.12)
D is the dose to the cell nucleus, andndf are constants that are specific to the cell type

and the type of radiation (quality and energy). Tirst term in the exponent reflects cell kill
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by direct double strand breaks, while the secona tecounts for the combination of two
single strand breaks.

Matters are complicated by a cell's ability to regablethal damages, i.e. single strand
breaks that could have become part of a doubledtreeak. If the dose is delivered in more
than one fraction, or the dose rate is low, thisnigortant with low LET irradiation. With

fractionated radiation, eq. 3.12 is modified to

s=[]el s, (3.13)

where d, is the dose in fraction This equation is only valid with high dose rateasd with

sufficiently long pauses between fractions for nepeocesses to complete. With
unfractionated, low dose rate irradiation, the selcterm in eq. 3.12 is reduced by a fagjor

given by
g=2(ut -1+ )/(ua)’ (3.14)
where 1 =1In2/ T, and T, is the repair half-time. For a derivation of edl4 the

corresponding factor for fractionated irradiatiothwincomplete repair, and the factor for

fractionated low dose rate irradiation, refer taames (1985) and Nilsson et al (1990).

3.5.1 Is the Mean Dose a Useful Quantity?

An organ in the human body consists of a vast numbeells which work together to
perform certain tasks. The performance of the odgpends on how many of these cells are
killed during the irradiation, and on their orgatisn within the organ.

Existing models for cell kill, with the linear-quedic model as the most commonly
used, are all formulated in terms of a probabititgt is a function of dose to the cell nucleus.
None of these models makes use of the organ da&sg.often, the organ dose is the only
available information, and the question is thus howelate the organ dose to biological
endpoints of the organ.

An organ may be classified by its inner organisatigth serial organisation and parallel
organisation as the extreme cases (Wolbarst €83)1 A serial organ consists of modules
that are connected in series, and the organ wilfuretion if only one of these is
malfunctioning. In a parallel organ, the modulesaprking in parallel, and the performance
of the organ is proportional to the number of medulnctioning.

Independent of the inner organisation, it is obsgithat the biological effect of

irradiation is not only dependent on the mean dbsgealso on its spatial variation. This is
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especially the case for tumours. In principle, saeviving tumour cell may be enough to give
a relapse, and it is therefore of crucial importate be able to irradiate all the tumour cells.
To illustrate the differences in the response af homogeneous dose distributions,

assume that each module receives a homogeneousaglesdoD, . Then, in a serially
organised organ the probability of retaining fuantlity will be given by

Pni:ial - |_| e—(aDi+ﬂDi2) ’ (315)

while for an organ with parallel organisation, fexrformance is proportional to

P parallel _ Z e_(aDi +ﬂ3i2) (3 16)

perf

The partial derivatives of these expressions are

op = serl
oD. = P (a + Z:BDi) (3.17)
and
6P parallel 5
gLDf — _e—(tJDi +D; )(a! + ZﬂDI ) ) (318)

This shows that for a serially organised orgais the maximum doses that are most
important. For the organs with parallel organisatia reduction in the dose to the parts of the
organ that receivers the lower doses has a grpasdive effect on the performance of the

organ than a reduction in the maximum doses.

3.6 An lllustration of the Dose Point Kernel Method and Monte Carlo

Simulation

There has been much discussion about the prefen@a@cteristics of a radionuclide.
Several factors are important: the range of thdtethparticles, the half-life, the chemical
properties, and availability. With homogeneity imsé deposition within a tumour as one goal,
it is rather easy to explore the consequencesediirigt of these properties, the range.

As part of this dissertation, the following investiion was carried out. Suppose we
have a promising new targeting agent and wanntbttie best radionuclide to attach to this
molecule. We limit ourselves to the radionuclid®s *>*Sm and"!. For solid tumours with

diameter2R, it has been found that the uptake of the radiopheaeutical varies according to

A(r) = ag™R™" (3.19)
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wherer is the distance from the centre of the tum&uis the radius of the tumour, aadnd
b are constants witb=0.5cm. The aim of this limited investigation isfied the dose
distributions in spherical tumours wikhequal to 0.2, 0.5, 1.0 and 2.0 cm.

Assume that external sources can be neglected. thegaroblem can be solved by
convolution between a Dose Point Kernel (DPK) dredactivity distribution. As a first step,
the DPK has to be found by means of Monte Carlaubition. The results of these
simulations are shown in figure 3.1.

In the simulations, particles are “born” at thegariaccording to the decay spectrum of
the specific nuclide. Because of the spherical sgtryrof this specific problem, it is not
necessary to spend CPU-time on generating randatidins of travel, and all the particles
are initially travelling in the same direction.

Space is divided into concentric spherical shetigiad the origin, and as the particles
move outwards from the origin, the energy deposgiare assigned to these shells. For each
nuclide, 100 000 decays are simulated. The towiggndeposited in each shell is divided by
the number of decays and the volume of the shejii® the dose. With very thin shells, a
guasi-continuous dose distribution is obtained.

To be able to carry out the convolution with théwaty contribution given by eq. 3.19,
both the DPK and the activity distribution mustrbpresented by matrixes. Finally, the
convolution may be performed.

Because of the spherical symmetry, it sufficesaioudate the dose distribution along a
given line through the origin. Furthermore, it islpnecessary to do the convolution with a
guarter of the DPK, and then multiply the resultfdiyr. Even so, the geometrical resolution
of the matrixes of the DPK and the activity digtition is limited by CPU-capacity and the

available amounts of memory. The results of thevoutions are shown in figure 3.2.
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Figure 3.1 Dose per decay around point sources. Doseisin unitsof MeV/cm?®. Vertical
solid linesindicate theradii of the spheres containing 90%, 99% and 99,9% of the
energy. (Unpublished data).

28



Doserate as a function of distance from center of tumour, Y-90

0.8

Doserate

0.0 0.5 1.0 1.5 2.0 2.5
Distance (cm)

Doserate as a function of distance from center of tumour, Sm-153

0.3

025\ ) O T S

L1

0.20 - e S e T

[LL]

o - B BT T T R e

Doserate

T
[11]

oo S R e R R e

L1

TTTT

T — -~ SRS O —

0.0

N L
&)

0.5 1.0 1.5 2.0
Distance (cm)

(@]
o [TTT]

Doserate as a function of distance from center of tumour, 1-131

0.2

[

0.15 : e T T

[ 111

O.T0f === === == mmmmmmmm el T e R TP PP PPPES

Doserate

[ 111

0.05 TS S — T —

[

0.0 0.5 1.0 1.5 2.0
Distance (cm)

N
&)

Figure 3.2 Dose rate as a function of radial distance. The constant a of equation 3.19is
set equal to 1 Bg/cm3. Thedoserateisin units of MeV/ecm®E (Unpublished data).

The figure clearly shows some of the advantages andwdistajes of the nuclides. The
long range of thé’Y B-particles ensures that the centre regions of the tumatiese the
activity is low, receives a quite high dose. With thgdst tumours (radius of 2 cm), the dose

in the origin is slightly higher than half of the maxim dose witi®Y, while it is
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approximately 2.5 times lower with the two other nuclideghe smallest of the tumours
(radius of 0.2 cm), the maximum dose is actually locatéldesorigin with®°Y.

At the edges of the tumours, the dose is of course onlpxippately half of the
maximum dose for all the tumours and nuclides. Howeveryttume in the outer parts of the
tumours that receives considerably lower doses tham#éxmum dose, is much larger with
%%y than with the other nuclides. Correspondingly, the s@sgside the tumours are high with
Oy,

A similar study has been performed by Nahum (1996). Usirgsammption of a
perfectly homogeneous activity distribution, this autradcalated dose distributions for six
different B-emitters, and from the data obtained, tumour controlgisibbies (TCP) that were
compared with corresponding results with external beatiotherapy. For a more complete
discussion of dosimetry of solid tumours, see Mereditd £993).

One possible approach to obtain an effective treatrhahspares the normal tissue, is a
cocktail containing a mixture of the different radiondes. The amounts of nuclides with
short and long ranges could be adjusted to the anticipieeibution of radii in the

metastases, and to the radiation sensitivity of thenabtissues surrounding these.
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4 Dosimetry in Trabecular Bones

For dosimetric purposes, the tissues of the human badye divided into two
categories: soft tissues and bone. Variations iémesities of soft tissue are negligible in
most cases. Bone has a density of nearly twice ftsmifotissues, 1.9g/chvs. 1.0g/cr
(ICRU 1989).

Dosimetry in volumes containing only one of these twesyof tissue is rather simple.
With a known activity distribution, the dose distributtis obtained by a convolution with the
DPK of the nuclide in question. The difficulties ariskem the volumes of interest contain
media of different densities. In that case, the oaljable and general method is the Monte
Carlo method.

The structure of the human body that presents the diffisult dosimetric situation is
the trabecular bones (cancellous bones). As adence of bad luck, they furthermore contain
the very important, and radiosensitive, bone marrovere/blood cells are produced (Cristy
1981). For all kinds of treatments with unsealed interrdibraiclides, the red marrow is the
dose limiting tissue (Lewington 1996). For these reasohssitbeen considered very
important to be able to calculate doses to this tisswktcatine cells that constitute the lining

of the inorganic bone masses, the endosteal layers.

4.1 The structure of trabecular bone.

Trabecular bone tissue is found at the ends of lomg%an flat bones, and in the
vertebrae. It resides in the interior of bones, surded by solid cortical bone. As illustrated
in fig. 4.1, it consists of an intricate network of thibne columns and plates with marrow
cavities in between (Singh 1978). The structure adds caabideadditional strength to the
skeleton with only a small increase in bone mass (desrs@ Mosekilde 1990).

Although irregular in its structure, it is possible to itigndifferences between various
sites in the skeleton. The orientations of the boalgettulae are isotropically distributed in
bone that carry no weight, such as the ribs, whilg #éne oriented parallel or perpendicular to
the directions of load in for instance the vertebfaaifer 1992). Furthermore, the dimensions
of the cavities and the trabeculae also vary betwdtsteht sites in the skeleton (Beddoe et
al 1976).
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Figure 4.1 A sample of trabecular bone.

The bone marrow is located in the cavities that sépéaine trabeculae. The bone
marrow can be either haematopoietically active (redj, can be inactive (yellow). The
marrow is separated from the inorganic bone massdsebgrtdosteum, a thin layer of cells.
This layer houses the osteoblasts and the osteoclasts.

The osteoblasts are responsible for the bone formafioey secrete the organic
component of the bone matrix, and they are responibl&e inclusion of extracellular
inorganic calcium salts. After finishing the bone forimat osteoblasts are converted to
osteocytes. The majority of these remain at theslsamfaces as lining cells, while about every
10th osteocyte is incorporated into the newly formedadt The osteclasts are the bone
removers. They are active in areas where bonegeharshape (Mosekilde 1989).

The dosimetrically important cells in trabecular bane the osteoblasts, the osteoclasts,
and the haematopoietic stem and precursor cells. Wjthdoses, total ablation of the red
marrow may become the result, and bone marrow tlanigtion is necessary to rescue the
patient. From the viewpoint of radiation protection,sehare all cells that may transform into
cancer cells. Mutations in the bone cells, osteabkastl osteoclasts, may lead to

osteosarcoma, while damages in the blood cells’ DNA ey to leukaemia.
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4.2 Calculations of Dose in Trabecular Bone

Fig. 4.1 clearly shows that the structure of trabedodares is not regular and composed
of many repetitive equal unit elements. It was earlpgecsed that it is impossible to give a
geometrical description of it in terms of mathemadlycaell-defined objects. For this reason,
a group at the University of Leeds (Beddoe et al 1976) designedteal bone scanner that
was capable of measuring cord lengths in trabeculae andnimmew spaces.

The apparatus consisted of a laser that was directeddswaaletector. A thin section of
trabecular bone was positioned between the detectoharldser. When slowly moving this
section over the light source, the light would rei@hsensor through the marrow cavities
while it was stopped by the bone trabeculae. By meastivintgngth of time when the light
hit the sensor and the periods when it didn’t hit the seesod lengths were obtained.

Cord length distributions were measured for seven eiffesites in the skeleton:
Parietal bone, cervical vertebra, lumbar verteblg,iliac crest, femur head, and femur neck.
These measurements showed that there are large ddésén the trabecular structures at the
various skeletal locations. Fig. 4.2 shows the cord kedgtributions for trabecular bone in a

lumbar vertebrae.
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Figure4.2 Cord length distributions for alumbar vertebrae.

Whitwell and Spiers (Whitwell 1973, Whitwell and Spiers 1976e&pet al 1978a,
Spiers et al 1978b, Spiers et al 1981) used these distribtiaadculate dose conversion

factors for nuclides of interest in health physicsekaEckerman (1985) calculated absorbed
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fractions of energy for monoenergetic electrons. 8suaning that the electrons travelled
trough the cavities/trabeculae in straight lines, tlodlem could be reduced to a 1-
dimensional Monte Carlo problem: Depending on the soemoéiguration, i.e. which tissue
contained the radioactive nuclides, the first path lemgth chosen from the appropriate cord
length distribution. The electron was assumed to titine length, and the energy loss of the
electron was calculated and assigned to the actual mediien a new cord length was
sampled from the other cord length distribution, and tbhegss was repeated. This procedure
went on until the electron had lost all its energy.r8peating this algorithm for a high

number of electrons, a mean deposited energy could belataid for the different tissues.

Despite its simplicity and obvious approximations, the tigraent of this method was
a breakthrough in dosimetry in trabecular bones. Eailibad been considered an intractable
problem to find absorbed fractions of energy in this cacaptd structure. Snyder et al (1975)
converted Whitwells (Whitwell 1973) results into S-valuasrfmno-energetic electrons using
the mearg-particle energy, and they were used in MIRD pamphlet.n&ckermans results
were included in the computer code MIRDOSE 3 (Stabin 199@nded for use in nuclear
medicine. In the work by Eckerman and Stabin (2000), thibodets used to find absorbed
fractions of energy for electrons in various skelegglions for individuals of different age,
and the results were weighted to give average skeletatladx fractions.

The accuracy of this model is limited by the non-lingaoitthe electron paths, and the
production of bremsstrahlung photons and delta rays (Kwak291, Johnson et al 1992).
To be able to include these effects, 3-dimensional MGaté® simulations are necessary.
However, this requires a 3-dimensional geometrical degmn of the marrow cavities and
trabeculae.

In the work by Bouchet et al (1999), also conducted to find rdeaes to tissues in
trabecular bone, it was realised that one can aheid¢dnstruction of an accurate geometrical
model of the entire bone by concentrating on the geortiedt the electron will see before it
comes to rest. For each time the electron leavesneagum, it is allowed to enter a
hemisphere for which the radius is calculated fromrd tangth that is sampled from the
measured cord length contributions. The electron etitereemisphere through the planar
side of the hemisphere, and the effect of backsuagtes taken into account whenever an
electrons reverses its direction of travel and Iedlie hemisphere through this plane. When
secondary particles are produced, these are treated psmugat particles.

Jokisch et al (1998, 2001a, 2001b) investigated the applicability & ktvbbtain

structural data for dosimetry. The data was used in twewko obtain cord length

34



distributions analogous to those collected by Spiers anslackers, and to perform Monte
Carlo simulations with a trabecular bone describeenms of voxels.

The cord length distributions obtained with this methodewe fairly good agreement
with those obtained with optical scanners. However résults indicated that the distributions
for trabeculae and cavities are not statisticallyepehdent. The independence of these
distributions was a fundamental assumption in the dakeilations used until this date, based
on cord length distributions. It was furthermore shohat the doses calculated with voxel
representation of the bones, were in close agreem#ntases calculated using the model of
Bouchet et al (1999) (calculated with cord length distramdiacquired from NMR data from
the same sample that was used for the voxel data).

All these previous methods are designed to ratgan doses to the various tissues,
bone marrow, endosteum, and the bone volume. It i®abvhat applying the mean dose to
calculate the fraction of surviving stem cells will imngeal not give the right answer. In
principle, the dose has to be found for each cell mscéong with the corresponding survival

probability. This can be expressed mathematically bydhawing:
S=[n(F)P(D(F))av (4.1)
\%

with n(F) being the density of cells at position
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