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1. Introduction 

Today, an increasing number of cancer patients are successfully treated due 
to improvements in the traditional therapy modalities: surgery, external ra-
diotherapy, chemotherapy and biotherapy. Still, therapy fails in about one-
third of the patients mainly because of metastatic spread. Hence, new ther-
apy methods under development, e.g. targeted radionuclide therapy (TRT), 
usually focus on the treatment of distant metastases.  

Several cancer treatment methods are based on the use of ionizing radia-
tion; e.g. external radiotherapy, brachy therapy and radionuclide therapy. In 
these techniques it is of the uttermost importance to calculate absorbed dose, 
not only in the organs at risk - to avoid complications - but also in tumour 
tissues - to obtain an objective measure to relate the therapeutic outcome. 
The more accurate the absorbed dose is estimated, the more can be delivered 
to the tumour while staying within the safety range of the risk organs. It is 
essential to maximize the gap between absorbed dose to tumour and organs 
at risk, usually referred to as the therapeutic window, to achieve therapeutic 
success.  

The main risk organs in radionuclide therapy using peptides are the kid-
ney and the bone marrow, as described earlier [1-5]. 

Different modalities have, from this aspect, reached varying degrees of 
sophistication. In clinical external radiotherapy the delivery of absorbed dose 
can be made with high precision, i.e. to within a few percent from the 
planned dose, whereas in brachy therapy, due to a combination of steep dose 
gradients and a more complex geometry, the accuracy is lower but still usu-
ally within 10%.  

In radionuclide therapy, remarkably, it is still acceptable to deliver the ra-
diation as a standard amount of radioactivity eventually scaled by body 
weight or by body surface. With such simplified methods, the individual 
absorbed dose to organs at risk can vary considerably. Hence, the adminis-
tered activity has to be given with an unnecessarily large safety margin; con-
sequently, in most patients the full therapeutic window is not used and the 
chances of a curative treatment decrease. 

Although individual dosimetry is to be preferred, its accuracy is still low 
compared to e.g. external radiation therapy. The total number of decays in 
each organ or structure needs to be measured but since they are distributed 
over a long period, e.g. 2-3 weeks for 177Lu, repeated measurements are 
needed, which is demanding both for the patient and for the logistics at the 
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nuclear medical department. Moreover, each measurement is marred by 
rather large errors due to imperfect measuring equipment and techniques.  

If the total number of decays is known, the next step to calculate the mac-
roscopic dose is straight forward and fairly accurate. However, since the 
radionuclide may be intracellularly distributed the biological effect can vary 
if e.g. the decays are in the cell nucleus close to the DNA. 

For many years two dimensional imaging with a gamma camera using an-
terior and posterior images [6] has been a golden standard to measure kinet-
ics. Assuming normal organ sizes, which is not accurate in cancer patients, 
the absorbed dose is then calculated from regions of interest (ROI) estimat-
ing the number of decays in a two dimensional (2D) image.  

In diagnostic imaging, dosimetry based on 2D imaging assuming normal 
organ sizes has been an acceptable method since the aim is to measure the 
effective dose relating to the risk of late effects in the patient. However, as 
was shown in Paper II the method is not accurate enough on a single patient 
basis to measure absorbed dose in organs at risk in order to optimize ra-
dionuclide therapy. Another problem in 2D imaging on patients undergoing 
radionuclide treatment, beside to determine the correct organ size is to de-
lineate the organs from each other and from the tumour tissue since these are 
not freely projected and an overlap frequently occurs.  

An improvement would be to use single photon emission computed to-
mography (SPECT), which can be done with better accuracy [7-12]. In a 
three dimensional (3D) data set, like SPECT, both the determination of or-
gan size and the organ overlap problems will be easier to solve.  

However, therapeutic radionuclides are usually not optimal for quantita-
tive gamma camera measurements and dose planning, and dosimetry calcu-
lations are often based on kinetic measurements using analogues [13]. Still, 
the most straightforward way to measure the kinetics of the therapy radionu-
clide would be to use the therapy nuclide itself since the kinetics will be the 
true one and no physical half-life corrections are needed.  

The energy released in the radioactivity decay can either be locally ab-
sorbed, distributed in the body, or may even leave the body. The word lo-
cally in this thesis refers to the resolution volume of the measuring equip-
ment used, which for SPECT means a sphere of about 1 cm3. Within this 
volume mainly the energy of charged particles and low energy X-rays will 
be absorbed whereas gamma radiation will be absorbed elsewhere.  

The amount of decay energy that is locally absorbed varies. Radionu-
clides for diagnostics emit a large fraction of distributed radiation energy 
whereas radionuclides for therapy mainly aim to deposit the decay energy 
locally. If all the energy is absorbed locally the relation between the activity 
concentration and the absorbed dose is just a multiplication factor. The en-
ergy that is not locally absorbed can either be deposited in another organ, 
referred to as cross-fire, or leave the patient.  

The calculation of absorbed dose from the time activity distribution can 
be made in several ways. Monte Carlo calculations tracking every decay in 
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detail are accurate but time and resource consuming and may, in radionu-
clides with mainly local energy distribution, not be necessary [14]. A more 
simple but often adequate method is to use predefined S-factors that are cal-
culated using the Monte Carlo method in a human phantom with standard 
organ sizes and positions. These factors convert the total number of decays 
in the organ of interest to absorbed dose, i.e. self dose, as well as the number 
of decays in surrounding organs to absorbed dose, i.e. cross-fire dose. How-
ever, this method from the committee on medical internal radiation dose 
(MIRD), developed to measure effective dose in diagnostics, must be, ac-
cording to the committee’s own statements, used cautiously in therapy. Pa-
tient organs often vary in size and position in therapy. Organs may also be 
contaminated with tumour tissues, which make it difficult to determine the 
total number of counts in the normal organ tissue. The MIRD technology 
assumes that the two kidneys are a single organ with the same kinetic which 
in the cancer patient is not always true. Finally, there are no S-factors for 
tumours. 

Another way, which was used in this thesis, is to assume that all energy is 
locally absorbed and that cross-fire radiation can be neglected. This ap-
proximation is acceptable if e.g. the gamma contribution of the decay is 
small, which is true for 177Lu, and in organs at risk such as the kidney and 
liver where the activity uptake is high. In these organs the cross-fire dose 
from neighbouring tissues with low activity can be neglected.  

However, the local energy absorption concept can not be applied in or-
gans with low activity uptake such as the bone marrow where cross-fire may 
still contribute substantially to the total absorbed dose. 

In nuclear medicine the software MIRDOSE and later OLINDA, based 
on the MIRD method, has for many years been a golden standard to calcu-
late the absorbed dose using 2D quantitative images to obtain the number of 
decays. Several groups have developed new 3D methods for better, more 
patient-specific quantification [15-17]. 

Many radionuclides have been suggested and evaluated in radionuclide 
therapy of neuroendocrine tumours. An early attempt with positive results 
was to use 111In [18]. However, due to its large gamma emission 111In is not 
an ideal therapy radionuclide since the cross-fire dose to healthy tissues is 
high. Later, 90Y, emitting pure high-energy beta particles, and recently 177Lu, 
emitting low energy beta particles with a low emission of gamma radiation, 
have been applied [2, 19-23]. It has also been suggested that 114mIn, which 
emits both gamma radiation suitable for quantification and a mixture of high 
and low energy beta particles and electrons, could be used [24] as well as 
64Cu that emits positrons and low energy beta particles [25-27].  

Using 90Y, 111In and 177Lu Konijnenberg and de Jong made a preclinical 
study on therapy dosimetry [28] where they compared the therapy effect 
with the three possible therapy radionuclides. From their paper the following 
quotes are given:  
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“Only 177Lu is capable of creating a high enough cell kill in tumours of all 
sizes, although its effect is reduced in the larger tumours”  

“Remarkably, 177Lu is able to cure small and medium size tumours over 
the whole range of clonogen density”  

Their findings are important and suggest that if 177Lu is included into pa-
tient treatment, the therapeutic outcome to these patients could be signifi-
cantly improved.  

The aim of this thesis was to develop a feasible clinical way to perform 
individual dosimetry using 177Lu-octreotate in targeted radionuclide therapy 
of neuroendocrine tumours.  

The four included papers deals with different aspects of this aim where 
Paper I covers activity quantification aspects of different imaging modalities. 
Paper II investigates how to measure the activity distribution and how to 
calculate the absorbed dose in solid organs in a pragmatic but still accurate 
way. Paper III raises the question whether the uptake and the kinetics of the 
radioactive ligand will change during therapy and if this will affect how ab-
sorbed dose is calculated for the different therapy sessions. Finally, Paper IV 
gives a clinically useful protocol of how to measure and calculate the ab-
sorbed dose in the bone marrow, an organ that together with the kidney is 
regarded to be the organs at risk in 177Lu-octreotate targeted radionuclide 
therapy.  
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2. Background 

2.1 Targeted radiotherapy 
In external radiotherapy, advanced calculations of dose distribution and dose 
monitoring during therapy are prerequisites for a favourable outcome. It is 
our belief that this approach is also applicable for a successful TRT. Admini-
stration of radionuclides according to body weight or surface is insufficient 
to individualize administration because the kinetic variations between indi-
viduals are large and unpredictable. Dose planning by determining the indi-
vidual kinetics before therapy improves the ability to predict the outcome but 
it is probably not sufficient because changes in the tumour mass and in organ 
function may occur during TRT. An accurate calculation of the absorbed 
dose is then best performed by following the actual uptake of the radionu-
clide in tumours and critical organs during therapy. 

2.2 Types of radiation 
In principle, radionuclides for therapy mainly emit charged particles (alpha 
and beta) and Auger and conversion electrons but only a small fraction of 
photon radiation whereas radionuclides for diagnostics do the opposite. One 
exception is positron emitters for diagnostics that can be pure beta-emitters.  

An alpha particle, through many small Coulomb-force interactions along 
the particle’s track, gives a dense track of ionisations and is regarded a high 
linear energy transfer (LET) radiation. That means that it is likely to induce 
double strand breaks of the DNA. One example of such a radionuclide is 
211At whose alpha particles have a range of 50-70 µm in water. 

Beta particles and electrons transmit their energy to the tissue in much the 
same way as alpha particles but the ionisation track is less dense. They are 
regarded as low LET-radiation and give a somewhat different biological 
damage pattern than alpha particles. They travel longer distances than alpha 
particles but due to their energy, the range can vary substantially from ra-
dionuclide to radionuclide. For example, the two beta-emitting radionuclides 
90Y and 177Lu used for therapy have maximum ranges of 12 mm and 2.2 mm 
in water respectively [29] and mean ranges of 2.5 mm [30] and 0.67 mm 
[31]. Of more interest for dosimetry is how their energy is absorbed and as 
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can be seen in Figure 1 [32], about 50% of the -energy is absorbed in a 
sphere with a radius of 6.5 mm for 90Y and 0.6 mm for 177Lu.  
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Figure 1: Energy absorption in percent of the total beta energy as a function 
of a sphere diameter. Based on data from De Jong et al [32]. 

When an inner-shell vacancy occurs, e.g. in an electron capture decay, elec-
trons from the outer shells are filling up holes created in the inner shells. The 
binding energy released in the process is creating a cascade of free so-called 
Auger electrons. An example of an Auger emitting radionuclide is 111In 
where most electrons have a range of <1 µm in tissue [33]. Internal conver-
sion occurs when an excited nucleus interacts with an electron in an inner 
atomic orbital, causing the electron to be emitted from the atom.  

High energy photons, e.g. gamma and bremsstrahlung radiation, can 
travel long distances before they interact. These photons lose their energy 
mainly in three processes; photo-electric and Compton effects, and pair pro-
duction, thereby creating high-energy electrons. Usually, gamma emitting 
radionuclides are not suitable for targeted therapy because they deposit their 
energy far from the point of the decay, i.e. the tumour, and cause substantial 
cross-fire. On the other hand, gamma rays can exit the body undisturbed 
carrying information about the point of decay and are for this reason useful 
for diagnostics and quantification. 

Examples of gamma emitting radionuclides used in this work are 99mTc 
and 111In. Notably, a small fraction of gamma rays in radionuclide therapy 
might be advantageous because this enables the measurement of the ra-
dionuclide distribution and the calculation of the regional absorbed dose. 
One such radionuclide is 177Lu. Other radionuclides for therapy, like 90Y, 
decay with no gamma emission and then problems occur since the emitted 
low abundant and continuous bremsstrahlung spectrum provides a major 
challenge for quantification of the radioactivity concentration. 
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2.3 Radionuclides used in this thesis 
177Lu is a low-energy beta emitter, average energy 133.1 keV, with mainly 
two gamma photons, 113.0 and 208.4 keV, of low abundance but suitable for 
imaging with gamma camera. The high-energy beta emitter 90Y, average 
energy 934.8 keV, emits a low intensity bremsstrahlung spectrum that is 
difficult to use for routine imaging and quantification purposes although it 
has been shown to be possible with dedicated software [34, 35]. Attempts 
have also been made to quantify 90Y uptake with positron emission tomogra-
phy (PET) [13, 36], using the low frequency emission of positrons (0.0032% 
[37]). This gave some positive results in imaging with high activity in a well 
defined volume as is the case in SIRTEX therapy of the liver, where the 
activity was delivered through the arteria hepatica. In a more distributed 
therapy such as octreotide/octreotate this is not a feasible option today. An-
other radionuclide suggested for use in radionuclide therapy is 114mIn, which 
emits both gamma rays suitable for gamma camera measurements and a 
mixture of high- and low-energy beta particles and electrons.  

For dose planning and dosimetry of 90Y-octreotate and 177Lu-
octreotate, analogues labelled with 86Y or 111In have been suggested [3, 13, 
38]. Preferably 86Y should be used in therapy with 90Y-octreotate because it 
has the same biological function and measurements performed with PET for 
quantification need only to be corrected for the different physical half-lifes 
of the two isotopes. However, 86Y was not available for us and in our analy-
sis of different imaging techniques for quantification (Paper I) 76Br was then 
used as a substitute since it is a positron emitter yielding extra gamma rays 
in coincidence with the positron, similarly to 86Y.  

For comparison 99mTc and 18F, routinely used for diagnostic imaging, 
were included. 57Co was used to measure the patient attenuation in whole 
body scanning and the short-lived positron emitter 11C was used to measure 
dead-time performance in the dual-headed gamma-camera in coincidence 
detection mode. Further physical characteristics of the radionuclides used in 
this work are found in Table 1. 
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Table 1: Physical characteristics of radionuclides 
 
Nuclide Decay mode 

(Abundance) 
[%] 

Half-life Beta mean energy 
[keV] 

Gamma energy 
[keV] 

(Abundance) 
[%] 

11C + (99.8) 20.38 min 385.6  
18F + (96.7) 109.77 min 249.8  

57Co EC (100) 271.7 d  122.1 (85.6) 
136.5 (10.7) 

76Br + (55.0) 

EC (45.0) 
16.2 h 1180 

 
559.1 (74.0) 
657.0 (15.9) 
1216.1 (8.8) 
1853.7 (14.7) 
2792.7 (5.6) 
2950.5 (7.4) 

86Y + (64.0) 

EC (36.0) 
14.7 h 660 

 
627.7 (32.6) 
645.9 (9.2) 
703.3 (15.4) 
777.4 (22.4) 
1076.7 (82.5) 
1153.5 (30.5) 
1854.4 (17.2) 
1920.7 (20.8) 

90Y - (100.0) 

- (0.1) 
+ (0.0032) 

64.0 h 933.7 
185.6 
660 

 

99mTc IT (100) 6.02 h  140.5 (89.0) 
111In EC (100) 2.81 d  171.3 (90.6) 

245.4 (94.1) 
114mIn/114In IT (95.6) 

EC (4.4) 
49.51 d 4.3 (Auger) 190.3 (15.6) 

177Lu - (11.6) 
- (9.0) 

- (79.4) 

6.68 d 47.7 
111.7 
149.4 

112.9 (6.2) 
208.4 (10.4) 

2.4 Imaging 
A gamma camera detects the number and energy of perpendicularly incom-
ing gamma photons from a patient yielding a 2D projection of a 3D radioac-
tivity distribution, which means that it may be difficult to separate two over-
lapping organs. If projections are obtained at different angles by rotating the 
gamma camera around the patient, the 3D-radioactivity distribution can be 
reconstructed (SPECT), which facilitates the separation of organs. The 
SPECT technique gives a spatial resolution of about 1 cm. An X-ray tomo-
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graphic computed tomography (CT) investigation made in the same patient 
volume provides not only useful detailed anatomical information but also the 
density variation that can be used to correct for photon attenuation. 

Positron emitting radionuclides are detected with a PET camera. PET, 
like SPECT, gives 3D information of the radionuclide distribution but with a 
better spatial resolution of about 0.5 cm. In the tomographic methods, the 
organ volumes are obtained in the procedure. However, in the planar method 
the organ volume is not known and usually a standard volume is applied. In 
patients affected by a severe disease this procedure may be incorrect since 
the size of the organ can vary dramatically. 

Quantitative imaging aims to measure the radioactivity concentration and 
distribution in an organ or a volume. It has been suggested that the parame-
ters that most affect the quantitative ability of SPECT are attenuation, scat-
ter, partial volume effect (PVE) and motion [8]. Motion can either be 
movement of the patient or changes in the radionuclide distribution during 
data acquisition. If the objects to be imaged are reasonably large, which risk 
organs usually are, it is mainly attenuation and scatter that influence quanti-
tative accuracy. In volumes with high uptake and little or no adjacent or 
nearby uptake, the influence from scatter is reasonably small. Attenuation 
and scatter also affect planar imaging. Attenuation can be handled in planar 
imaging with attenuation correction maps and in SPECT correction for at-
tenuation is included in the reconstruction software. The accuracy of quanti-
tative imaging using SPECT with 99mTc has been studied by many [7-12]. 
These studies include scatter and even in some cases PVE correction and the 
accuracy was better than 10%.  

2.5 Dosimetry 
2.5.1 General 
Absorbed dose is defined as energy per mass, unit J/kg or Gray (Gy). In nu-
clear medicine dosimetry, charged particles (alpha and beta particles) are 
usually assumed to be locally absorbed since their ranges are less than the 
spatial resolution of the nuclear medical detector. One exception may be 
high-energy beta radiation. Gamma radiation above 70 keV is locally ab-
sorbed to a low degree and yields a substantial crossfire of adjacent organs. 
A large fraction of the emitted gamma energy exits the body. 

Radiation causes damage by depositing energy that affects the DNA. Sin-
gle strand breaks can be repaired more efficient than double strand breaks. 
Depending on radiation type, absorbed dose and absorbed dose rate, these 
damages can be predicted. In external beam radiotherapy, radiation is usu-
ally administered by daily fractions with a high dose rate during several 
weeks. In radionuclide therapy the radiation is delivered continuously with a 
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low dose rate that also will decrease during therapy due to half-life and ac-
tivity elimination. The biological effect from different administration routes 
may vary considerably and organ dose limit obtained in external therapy has 
to be applied with care in radionuclide therapy [39-42]. Moreover, the radia-
tion dose in external therapy is delivered stochastically solely whereas in 
radionuclide therapy the local radionuclide concentration as well as the cel-
lular and intracellular distribution may affect the absorbed dose to the cellu-
lar DNA. This is particularly true when low energy electrons such as Auger 
electrons are emitted in the radionuclide decay. If such radionuclides are 
included into the DNA molecule itself, the relative biological effect (RBE) 
may increase substantially. 

2.5.2 Requirements for dosimetry 
In vivo dosimetry requires complete knowledge of the kinetics of the admin-
istered radionuclide. However, the determination accuracy of the radioactiv-
ity distribution is limited in current detector systems such as SPECT and 
PET. For example, the quantitative uncertainty at each measurement point is 
10% or more using SPECT. The patient’s general condition as well as the 
access to the imaging facilities renders further limitations. Consequently, the 
data collection has to be limited to a few time points, which adds to the un-
certainty concerning the kinetics and the calculation of the total number of 
decays. This error is likely to be dominating and may be as high as 20% or 
more. The final step to convert the total number of decays to absorbed dose 
is more accurate and adds less to the total error. 

The introduction of co-infusion with amino acids has, in the kidney, re-
duced the radioactivity uptake and hence the absorbed dose [5, 43-45]. 
Nonetheless, the dose-limiting organ in somatostatin receptor-based ra-
dionuclide therapy is the kidney or the bone marrow. In conventional frac-
tionated external radiotherapy, the experience is that an absorbed dose of 23 
Gy to the kidney gives an expected risk of 5% of nephrotoxicity within 5 
years [3]. This knowledge, however, can not be applied directly i.e. due to 
the lower dose rates in radionuclide therapy. For the bone marrow a maxi-
mum absorbed dose of 2 Gy is generally accepted [46, 47] and it gives ap-
proximately a 2% risk of developing leukaemia [48]. This emphasised the 
importance of an individualised kidney and bone marrow dosimetry in order 
to predict and circumvent toxicity as well as to maximise the absorbed dose 
to the tumour  

In the dose calculation not only the kinetics is important but also the spe-
cifics of the radioactive decay. Konijnenberg et al. discussed how the vary-
ing radionuclide distributions within the kidney affected the absorbed dose 
delivered by different therapeutic radionuclides [49]. High-energy beta ra-
diation from 90Y resulted in a fairly homogeneous absorbed dose distribu-
tion, whereas low-energy electron and beta emitters, 111In and 177Lu, gave a 
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higher absorbed dose in the juxtamedullary zone and in strands protruding 
into the cortex.  

In the literature there have been several suggestions on how to apply 3D 
dosimetric data to calculate absorbed dose in solid organs [15-17, 50]. For 
bone marrow dosimetry 2D methods have been applied [23, 51, 52]. . Ex-
perience can be gained from preclinical and clinical studies of octreotide and 
octreotate [53-56], also with other radionuclides [49, 57-63]. Guidelines on 
how dosimetry in radionuclide therapy should be performed are found in the 
literature [64, 65]. 

The nuclear imaging device measures the distributed radionuclide con-
centration in the patient. In a pure, low energy beta emitter this activity con-
centration can simply be transformed to an absorbed dose rate by multiply-
ing with a factor. This simple method is also a good approximation in organs 
with high uptakes and when the radionuclide emits relatively small amounts 
of gamma energy like in 177Lu.  

If a substantial fraction of the decay energy is released as gamma radia-
tion or if the activity concentration is low/moderate compared to the sur-
rounding, gamma radiation cross-fire has to be considered. A simple way to 
do this is to use the MIRD-concept with a standardised anatomy. The cross-
fire is calculated using standardised coupling factors between different or-
gans. Such factors can be obtained from dedicated software such as 
OLINDA [66]. The same dose conversion factors can also be found on the 
Internet; e.g. the RADAR web site [67].  
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3. Quantitative imaging 

To improve the dosimetry in patients undergoing radionuclide therapy, phan-
tom measurements were made to study the image quality and quantitative 
accuracy obtained with different radionuclides. Besides the measurements 
described in Paper I, which compare the performance of dedicated PET and 
gamma camera PET imaging using 18F and 76Br to SPECT using 99mTc and 
111In, some imaging performance measurements were done using the thera-
peutic nuclides 177Lu, 114mIn and 90Y.  

3.1 Camera systems 
In this thesis the following three detector systems were used.  

 
Millennium VG5 
The GE Millennium VG5 with Hawkeye low-dose CT and coincidence pos-
sibility, hereafter referred to as “VG”, was equipped with two detectors with 
5/8-inch-thick NaI crystals. This gamma camera allows for coincidence im-
aging opportunities to make measurements of PET isotopes. The Hawkeye 
was used for CT-based attenuation correction.  

 
CTI/Siemens ECAT Exact HR+ 

Dedicated PET measurements were made with an ECAT Exact HR+ 
scanner (CTI PET systems, Knoxville, Tennessee) with retractable septa and 
three rotating 68Ge line sources for transmission measurements [68, 69], 
hereafter referred to as “ECAT”. This scanner can acquire data either in a 
2D-mode (interplane septa in) or in a 3D-mode (interplane septa out). 
Transmission measurements were made either before (cold) or after (hot 
transmission) filling the phantoms with radioactivity. Hot transmission data 
were segmented before attenuation correction. All standard corrections were 
applied including scatter correction as part of the scanner software.  

 
Infinia 
Two identical GE Infinia with Hawkeye 4, hereafter referred to as “Infinia”, 
were used. Both were equipped with two detectors with 3/8-inch-thick NaI 
crystals. Hawkeye 4 was used for CT-based attenuation correction.  
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3.2 Performance measurements (Paper I and 
unpublished data) 
The National Electronics Manufacturers Association (NEMA) has developed 
several standards for how to perform measurements in nuclear medicine. 
These standards were developed to enable more or less objective compari-
sons of different systems. The standards used in this work were developed to 
be applied in PET, but with small modifications they were used to compare 
PET to gamma cameras as well as different radionuclides in different imag-
ing situations. The phantoms used in these measurements are mainly de-
scribed in NEMA-1994:2 Performance Measurements of Positron Emission 
Tomographs [70] and in NEMA-2001:2 Performance Measurements of Posi-
tron Emission Tomographs [71]. 

3.2.1 Resolution 
The spatial resolution in the SPECT measurements was measured with a 
phantom that consisted of a plastic catheter with inner diameter of 1 mm 
placed in a 40×20×5 cm3 polyethylene block at 0, 5, 10 and 20 cm from its 
centre. For further details see Paper I.  

As can be seen in Figure 2 below (see also Figure 2 in Paper I), the spa-
tial resolution of the gamma camera was about 2 cm using 90Y in the central 
parts of the phantom. The results for 114mIn were almost the same whereas 
the results for 111In and 177Lu where better and close to those of 99mTc. Run-
ning the gamma camera in coincidence mode with 76Br and 18F gave about 
the same resolution as was obtained with 111In, 177Lu and 99mTc. Dedicated 
PET camera measurements of 76Br and 18F gave the best spatial resolution.  

0

5

10

15

20

25

0 5 10 15 20 25

Distance to centre [cm]

R
es

ol
ut

io
n 

[m
m

]

90Y

114mIn

177Lu

99mTc

 
 

Figure 2 - Spatial resolution, mean of radial and tangential, of the Millen-
nium VG with 99mTc, 177Lu, 114mIn and 90Y. 
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3.2.2 Image quality 
Image quality measurements in SPECT were made with a torso phantom 
equipped with six spheres with diameters ranging from 10 to 37 mm and a 
lung insert, which is shown in Figure 3 and is described further in NEMA-
2001:2 [71].  

 

 
Figure 3: SPECT image of the image quality phantom filled with 177Lu 

As can be seen in Figure 4 below (see also Figure 4 in Paper I), spheres of 
different sizes and with a radioactivity concentration of eight times that of 
the background were used (the two largest spheres contained no activity). 
90Y measurements yielded little contrast and 114mIn was only slightly better. 
Better results were obtained with 111In, 177Lu and coincidence imaging of 
76Br while the best contrast, with the gamma camera, were obtained with 
99mTc and in the coincidence mode with 18F. With dedicated PET even better 
images were obtained with 76Br and the best result was obtained using 18F. 
The 90Y measurements were repeated with an activity contrast of 80, which 
made some of the larger spheres visible.  
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Figure 4 - Measured contrasts divided by real contrast in the spheres in the 
image quality phantom; hot spot contrast for the four smallest spheres and 
cold spot contrast for the two largest spheres. 
 

3.2.3 Scatter and attenuation correction accuracy 
A 20 cm diameter cylindrical water-filled phantom, containing activity of 
different nuclides, was used. Three cylinders of different densities, contain-
ing no activity, were placed inside the phantom. One insert was made of 
Teflon and the other two where plastic tubes containing water and air 
(NEMA 1994:2) [70]. 

After reconstruction counts could be measured in a central region of the 
cylinders. The reason that activity was registered in empty areas is a combi-
nation of scatter and attenuation correction errors. These counts were com-
pared to counts obtained in the water containing activity. In Table 2 is shown 
the relative amount of counts (%) for three therapy nuclides. For further 
details see Table 3 in Paper I.  

Coincidence imaging with 76Br gave images of reasonable quality. Im-
ages made with 76Br in dedicated PET produced slightly better quality im-
ages, followed by SPECT imaging with 111In and 177Lu, 99mTc, and by coin-
cidence imaging with 18F. The best images were found with 18F with a dedi-
cated PET.  
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Higher numbers in Table 2 indicate more scatter and errors in the attenua-
tion correction. The values obtained in the cylinder containing water most 
likely mainly reflect the scatter contribution. The values obtained in air, 
where scatter is not possible, are due to spill-over (PVE) and errors in the 
attenuation correction. The values in the dens material is a combination of all 
effects.  

 
Table 2 - Correction accuracy, residual errors (%) 

 
Nuclide Background Method Water Air Teflon

90Y 50 MBq OSEM 70.5 31.1 85.0
114mIn 50 MBq OSEM 48.9 25.0 64.6

50 MBq OSEMsc 39.9 24.1 27.9
177Lu 50 MBq OSEM 29.0 18.0 37.3

50 MBq OSEMsc 18.7 14.7 17.3  
 

3.2.4 Count rate performance 
A 20-cm-diameter uniform phantom was used to study the count rate per-
formance of each scanner. 

In Figure 5 (see also Figure 5 and 6 in Paper I), the results of the count 
rate measurements can be seen. The dead time of the gamma camera system 
was measured with 11C because it was possible to obtain a high amount of 
initial radioactivity of this radionuclide. The short half-life of 11C also made 
it possible to do the experiments within a reasonable time. Some experi-
ments were also made with 99mTc, 111In and 177Lu. The results show that the 
dead time is small for all radionuclides in the diagnostic activity range. In 
the therapeutic activity range, the dead time was small for 177Lu but consid-
erably higher for 111In. 
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Figure 5: Count rate linearity – total life-time (detected counts divided by 
extrapolated counts at low radioactivity) as a function of total amount of 
radioactivity in the field of view (FOV) of the Millennium VG for (a) 90Y and 
(b) 177Lu. 
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3.3 Calibration and sensitivity measurements 
To be able to perform quantitative imaging with whole body scanning tech-
nique as well as SPECT, the camera needed to be calibrated i.e. to obtain 
sensitivity factors converting counts to activity. In the whole body scanning 
technique the effective -values of 57Co and 177Lu also needed to be meas-
ured. 

A 100-ml sphere with a known amount of 177Lu, about 4 GBq, was placed 
centrally in a body phantom filled with water. The starting radioactivity con-
centration was chosen to be well above the radioactivity concentration in a 
patient. Measurements were made at least once a week until the radioactivity 
was below 10 MBq. Each imaging course consisted of four whole body 
scanning measurements with attenuation correction and four SPECT/CT 
measurements. 

Using the imaging parameters described in 4.1 the mean sensitivity factor 
kp for the planar geometry was calculated to be 7,396 counts/MBq at a radio-
activity level similar to the patient measurements for the VG with a meas-
urement time of 5.7 min/pixel. In the SPECT measurements (acquired for 
one hour) one sensitivity factor was obtained for large VOIs (kt1, mean value 
28,620 counts/MBq) covering the geometrical size of the source and another 
for centrally placed small (about 4 cm3) VOIs (kt2, mean value 36,814 
counts/MBq). 

For the Infinias the mean sensitivity factor for the planar geometry was 
calculated to be 1,900 counts/MBq for the first camera and 1,800 
counts/MBq for the second camera at a radioactivity level similar to the pa-
tient measurements with a measurement time of 5.7 min/pixel. In the SPECT 
measurements (acquired for one hour) the sensitivity factor for the centrally 
placed small (about 4 cm3) VOIs were for the first camera 15,750 
counts/MBq and for the second camera 15,500 counts/MBq. 

To measure the effective attenuation factors ( -values) a radioactive 
source of either 57Co or 177Lu was prepared, placed on the lower detector and 
measured by the other detector. A container that was step-wise filled with 
water (1 cm at the time) was placed between the source and the detector. 
From these measurements the effective -values were determined. 

For the VG, using 177Lu and the geometric mean images, an attenuation 
coefficient 0.132 cm-1 was obtained. In the single detector measurements a 
value of 0.130 cm-1 was obtained for 177Lu and 0.115 cm-1 for 57Co. The 
measurements were repeated for the Infinia with the same results. 
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4. Patient dosimetry aspects (Paper II, III and 
IV) 

4.1 Measurements 
Two different quantitative imaging techniques, whole body planar imaging 
and SPECT/CT, were used and compared. 

In whole body imaging the patient radioactivity was measured by an ante-
rior and a posterior detector with the energy window set for the therapy ra-
dionuclide 177Lu. The patient table was moved continuously (7 cm/min) until 
the whole patient was covered. Two images, an anterior and a posterior 
view, were obtained. 

To get attenuation information of the patient a new whole body scan was 
made with a planar flood source of 57Co placed on the lower detector. Here 
the energy window was set for 57Co and a scan speed of 30 cm/min was 
used. The procedure was repeated without the flood source to measure the 
177Lu background that was subtracted from the 57Co flood source measure-
ment. Using the measured 57Co attenuation coefficient an estimate of the 
patient thickness could be achieved.  

Problems with overlapping organs were addressed by excluding the parts 
of organs that were not freely projected. The size of the organs was deter-
mined with earlier CT examinations. 

SPECT was performed by a 360-degree measurement either by taking 60 
images, each with a measurement time of 60 s or by taking 120 images each 
of 30 s. Attenuation correction was performed using data from the CT im-
ages.  

4.2 Calculations of time-integrated activity or activity 
concentration 
Repeated measurements are necessary to sample the kinetic behaviour of the 
radioactivity and to calculate the total number of decays in different struc-
tures. More frequent measurements render a more accurate determination of 
the time-integrated radioactivity or radioactivity concentration, implying a 
more accurate determination of the dose integral. At least three measure-
ments in each phase of the kinetics are recommended according to the 
EANM dosimetry committee guidance document [64, 65].  
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177Lu-octreotate is a small peptide and two phases can be identified in its 
kinetics: one with rapid clearance from blood and fast organ uptake that is 
completed 6-8 hours after the administration, and a second slow elimination 
phase that can be represented by a single exponential function. According to 
the EANM guideline [64] six measurements should hence be needed to 
cover the full kinetics. However, during the uptake phase the change in ac-
tivity distribution will be fast and an imaging time of 40 min will give dis-
torted SPECT data. Also, to perform that many measurements was regarded 
to be both resource demanding (time on the camera and for the staff) and 
cumbersome for the patient. The decision was then made to determine the 
slow exponential phase only. Then, only two measurement points were 
needed, although three were desirable and recommended.  

The cumulative activity was estimated with either the trapezoid method 
or the exponential function method. In the trapezoid method an exponential 
function was fitted to the last two measurement points and this function was 
then integrated to obtain an estimate of the number of decays after the last 
measurement point. 

The trapezoid method is rather robust and accurate. The straight lines in 
Figure 6a between the measurement points approximate an exponential func-
tion, which slightly overestimates the time-integrated activity. On the other 
hand, the trapezoid can to some degree approximate the shape of the rapid 
phase, which then gives a better total estimate. 

In the other method an exponential fit was made to the measurement 
points obtained after 12 hours as can be seen in Figure 6b. The area under 
the curve was calculated and used as an estimate of cumulative activity. This 
is probably overestimating the total number of counts since the early phase is 
disregarded but as seen in Table 3 the difference between the two methods is 
small. 
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Figure 6: Typical kidney clearance curve integrated with the trapezoid 
method (a) or exponential fit method (b) in a patient treated with 177Lu-
octreotate. 
 

Ratios between residence time values using both the trapezoid method 
and the exponential fit to the last three measurements were made for planar 
imaging, SPECT/CT with the large VOI method and SPECT/CT with small 
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VOI methods. The ratios between time-integrated activity based on the 
trapezoid and exponential methods are presented in Table 3 as the mean ± 1 
standard deviation of all the patients.  

 
Table 3 - Ratio of the total number of counts obtained from the trapezoid 

integration method divided by the results from the exponential integration. 

Organ Planar SPECT 
Large  VOI 

SPECT 
Small  VOI 

Kidney  Dx 1.083 ± 0.051 1.063 ± 0.048 1.047 ± 0.036 
Kidney Sin 1.081 ± 0.058 1.061 ± 0.049 1.049 ± 0.039 
Liver 1.110 ± 0.303 1.046 ± 0.051 1.028 ± 0.040 
Spleen 1.057 ± 0.057 1.009 ± 0.026 1.000 ± 0.018 

  

4.3 Absorbed dose calculations in solid organs 
In Paper II two methods were compared to derive absorbed dose in solid 
organs from measurements of time-integrated activity concentration. One 
was using a commercial MIRD-based software OLINDA [66] that in princi-
ple includes cross-fire. The other method took advantage of the low gamma 
radiation fraction emitted in the 177Lu decay, which meant that, in organs 
with high activity uptake, cross-fire could be neglected. The absorbed dose 
calculation was then reduced to a multiplication of the total number of de-
cays with a dose factor (DF) that included the contribution from charged 
particles and the self-dose from gamma radiation. This method was applied 
in Paper III. In Paper IV that dealt with absorbed dose to the radiation sensi-
tive organ bone marrow, cross-fire could not be neglected since the self-dose 
in that organ is low compared to the organs with high activity uptake. In this 
paper both methods were applied. 

In the OLINDA input the derived time-integrated activity concentrations 
had to be recalculated to cumulative radioactivity per organ. OLINDA pro-
vides a set of standard organ weights but true organ weights can also be en-
tered into the calculations. The two kidneys are treated as one organ and 
individual kidney doses are not directly obtained. 

The manual of OLINDA clearly states that radiation protection is the 
main purpose of the software, i.e. to calculate the effective dose and to esti-
mate the risk of late effects such as radiation induced cancer. OLINDA is not 
intended for and should not be used in radiation therapy dose calculations. 
One reason is the standardised anatomy used. Another and maybe more im-
portant reason is that OLINDA is organ based. It uses as input the mean 
number of radioactivity decays in the organs and does not consider that the 
radioactivity distribution in an organ such as the kidneys may vary consid-
erably. It can also, for many reasons, be difficult to outline what is normal 
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organ and what are metastases in a patient with spread cancer disease. Nei-
ther does OLINDA give any tumour dose information. Still, due to the lack 
of other clinically available methods, OLINDA has been frequently used to 
calculate absorbed dose in radionuclide therapy and is today to be regarded 
as the standard in the field. 

In therapy the effective dose is of less concern but the main interest is to 
calculate the absorbed dose in organs with high radioactivity concentrations, 
usually the kidney, the liver and the spleen. These solid organs then act like 
strong radioactive sources irradiating adjacent organs, but since adjacent 
organs have lower radioactivity concentrations the cross-fire back is rela-
tively small. 

Radionuclides used in therapy usually emit a limited amount of gamma 
radiation energy. For 177Lu about 20% of the total decay energy is in the 
form of gamma radiation. Only half of this energy is actually absorbed in the 
body, which means that the cross-fire contribution as a whole is small and 
especially so in high activity organs that receive a cross-fire dose less than 
2% of the total absorbed dose. A larger gamma contribution (in the order of 
5% of the total absorbed energy) is the self-absorption of gamma radiation 
energy released in the organs themselves. 

We believe that we can for 177Lu neglect the small contribution of cross-
fire to the solid organs with high activity uptake, since the measuring uncer-
tainty combined with the estimation of the time integrated activity with our 
methods in SPECT is in the order of 20%. Absorbed dose to the bone mar-
row where cross-fire plays a more important role has to be calculated using 
another method described later. The self-absorption of gamma radiation en-
ergy can be included by choosing a dose factor corresponding to the true 
weight of the organ. Since organs can be severely deformed and have more 
or less any shape in a cancer patient, a good approximation may be to take a 
dose factor of a sphere with the same weight as the organ. Such dose factors 
are available e.g. on the Internet, see Radar home page [67].  

S-factors convert the time-integrated activity to absorbed dose 
[mGy/MBq×s]. If the S-factor is multiplied by the weight of the sphere, this 
gives what we called DF, which is absorbed energy per time-integrated ac-
tivity concentration [nGy×kg/MBq×s]. For 177Lu spheres of 0.01 g and 6000 
g have DFs of 21.8 and 25.3, respectively. Most organs are between 100 g 
and 2000 g in mass and have a DF between 23.9 and 24.8.  

The DF method can easily calculate the individual absorbed dose in the 
kidneys as well as in the tumour structures. Because the absorbed dose can 
be calculated in small structures, only the spatial resolution of the measure-
ment sets the limits, and more details can be obtained of the absorbed dose 
distribution in e.g. the kidney.  

Using data from the three different methods used (2D, 3D whole organ 
and 3D small VOI), dose calculations were made using both the DF method 
and OLINDA. The patients included in section 4.3 are the 24 patients from 
Paper II. 
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The results from the dose calculations using the dose factor method are 
presented in Table 4. 

 
Table 4: Absorbed doses to organs derived with the DF method 

 
 2D 3D whole 3D small 
Kidney right 6.7 ± 3.5 5.5 ± 2.1 5.3 ± 2.3 
Kidney left 7.8 ± 6.8 5.0 ± 1.6 4.4 ± 1.3 
Liver 4.1 ± 3.0 4.3 ± 3.7 2.8 ± 1.7 
Spleen 5.7 ± 3.2 5.8 ± 2.9 5.7 ± 2.7 

 
The results from the dose calculations using the OLINDA method are 

presented in Table 5. 
 

Table 5: Absorbed doses to organs derived with OLINDA 
 

 2D 3D whole 3D small 
Kidney right 7.0 ± 3.7 5.3 ± 1.8 4.9 ± 1.7 
Kidney left 7.0 ± 3.7 5.3 ± 1.8 4.9 ± 1.7 
Liver 3.9 ± 2.7 4.3 ± 3.7 2.8 ± 1.7 
Spleen 5.7 ± 3.2 5.8 ± 2.9 5.7 ± 2.7 
 

The differences between the individual calculations are presented in Ta-
ble 6 as a ratio DF method to OLINDA. Because OLINDA calculates kid-
neys as one organ an extra row, Kidney 2, excluding patients with large side 
differences, is included. 
 

Table 6: Ratio between calculated absorbed doses with DF-method and 
OLINDA 

 
 2D 3D whole 3D small 
Kidney 1.031 ± 0.035 1.037 ± 0.044 1.023 ± 0.031 
Kidney 2 1.035 ± 0.038 1.031 ± 0.039 1.009 ± 0.005 
Liver 0.988 ± 0.277 1.010 ± 0.008 0.997 ± 0.003 
Spleen 1.009 ± 0.012 1.001 ± 0.004 1.004 ± 0.002 

4.4 Measurement of organ sizes 
The volume of kidneys and spleen were calculated for each of the 24 patients 
in Paper II based on dedicated CT images made prior to treatment. Three-
mm slices with iodine-based contrast media in the venous phase were evalu-
ated applying the Syngo volume programme on a Leonardo work station 
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(Siemens, Syngo MMWP VE 30A, syngo VE 32B, WinNT 5.2, Service 
Pack2, COEM VE 10D 64 Bit).  

According to these measurements the size of the kidneys varies from 130 
to 330 ml and the spleen from less than 100 to more than 900 ml. This is 
clearly a considerably difference to those values that are assumed in the 
“standard-man” used in OLINDA: spleen = 170 g, kidney female = 160 g, 
kidney male = 180 g. These results are presented in Figure 7 a-c. 
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Figure 7: Frequency distribution of volume of right (a) and left (b) kidneys 
as well as spleen (c). 

4.5 Calculation of absorbed dose in later therapy 
sessions 
To investigate whether critical parameters such as uptake, effective half-life 
and absorbed dose changed between the sessions of therapy, full dosimetry 
was made at therapy session 4 or 5 and compared to the starting information, 
Paper III and IV.  

Parameter data from the late session were divided by those of the first 
session in 30 patients giving ratios that were statistically analysed. From this 
a comparison of the difference of the absorbed dose, activity concentration 
after 24 h and affective half-life was made. It was performed on solid organs 
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in the 30 patients in Paper III and on bone marrow on the same patient group 
in Paper IV. 

The results of the ratios are presented in Table 7 below for the kidneys 
and in Paper III as histograms where each dot represents one patient for all 
solid risk organs. 
 
Table 7: Ratios of absorbed dose, activity concentration and effective half-

life between session 4-5 and session 1 for the kidney 
 
Unit Organ 1st quartile Median 3rd quartile Mean

Kidney Dx 0.98 1.14 1.33 1.17
Kidney Sin 1.06 1.22 1.43 1.24
Kidney Dx 1.01 1.14 1.46 1.24
Kidney Sin 1.05 1.17 1.48 1.24
Kidney Dx 0.87 0.97 1.01 0.95
Kidney Sin 0.91 1.01 1.05 0.99

Absorbed dose

Activity concentration

Effective half-life

 

4.6 Bone marrow dosimetry 
The absorbed dose to the bone marrow has two contributions: the self-dose, 
similar to that in the solid organs, and the cross-fire dose from surrounding 
organs. Bone marrow dosimetry calculations were performed on the 200 
patients in Paper IV. 

With the assumption that the blood and the bone marrow activity concen-
trations are the same, the self-dose can be calculated from a set of blood 
samples. Since the bone marrow is a distributed organ the DF is much lower 
than for a solid organ, 14 nGy×kg/MBq×s. 

The cross-fire dose has the origin from time integrated activity in whole 
surrounding organs and not from their time integrated activity concentra-
tions. Because of this, the time-integrated activity has to be calculated for the 
whole organs. Then the absorbed dose to the bone marrow can be calculated 
by multiplying the time-integrated activities by the appropriate S-factor. The 
easiest way to estimate the organ activity at a certain point is from whole 
body images. By drawing ROIs the obtained data was divided into solid 
organs, i.e. kidneys, liver, spleen and tumours, and the remainder of the 
body. 

For the solid organs the time-integrated activity was estimated with the 
exponential function method described in 4.3.2. Only the total activity is 
important, which means that the organ size is of no interest, and the problem 
with overlapping organs is not a large issue because they will have more or 
less the same S-factor.  

During the first 24 h up to nine urine samples were collected from 30 
male patients. The integrated urine activity at 24 h was added to the whole 
body activity obtained from the whole body measurement at 24 h and was 
found to represent the administered activity. The administered activity minus 



 35 

the integrated urine activity at different times was then taken as the time 
activity curve for total whole body activity during the first 24 hours. To this 
was added three whole body measurements made at 24 h, 96 h and 168 h. In 
these three measurements the main solid organs were delineated and their 
activities were fitted to exponential functions that were subtracted from the 
whole body activity to obtain the time activity curve of the reminder of the 
body. This data set was then fitted to a bi-exponential function. 

From this function the time-integrated activity for the remainder of the 
body could be calculated. A conservative value of the half-life in the early 
phase obtained from these 30 patients was implemented as an approximation 
for all patients.  

The contributions from self-dose and cross-fire to the total bone marrow 
dose for 200 patients are shown in table 8. The results are also presented as 
histograms in Paper IV. 
 

Table 8: Absorbed doses in 200 patients. 
 

Organ 1st quartile Median 3rd quartile Mean
Bone marrow 0.094 0.121 0.163 0.137
Bone marrow (self dose) 0.060 0.043 0.099 0.085
Bone marrow (cross dose) 0.029 0.072 0.064 0.052
Kidney Dx 3.62 4.58 5.55 4.69
Kidney Sin 3.02 4.35 5.32 4.58
Liver 1.52 2.18 3.62 3.25
Spleen 3.78 5.16 6.93 6.22  

4.7 Main risk organ 
The organ in which the accumulated absorbed dose first reached its absorbed 
dose limit was assumed to be the organ at risk. In external beam therapy 
limits of 2 Gy are used for the bone marrow [47, 72] and 23 Gy for the kid-
ney [44]. These limits were adopted for TRT even if radiobiological consid-
erations and clinical experience indicate that these limits could be higher 
[49, 73]. How much higher these limits could be would be a suitable topic 
for future research. Calculations to determine the main risk organ was per-
formed on the 200 patients in Paper IV. 

Based on our calculations, we found that the absorbed dose to bone mar-
row exceeded 2 Gy before the absorbed dose to the kidneys exceeded 23 Gy 
in 3 out of 200 patients. 
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4.8 Possible number of treatment sessions 
Of uttermost clinical interest is the number of treatment sessions that can be 
given to each patient without exceeding the absorbed dose limits of the or-
gans at risk. Based on the dosimetry performed in 200 patients (Paper IV) it 
was found that more than 50% of all patients were able to receive five treat-
ment sessions or more; some even as many as ten (Figure 8). 
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Figure 8: Number of possible treatment sessions. 

4.9 Factors affecting quantitative imaging 
In quantitative imaging several problems occur and it has been stated that 
attenuation, scatter, PVE and motion are the parameters that most degrade 
the SPECT measurements [8]. If objects are reasonably large, which risk 
organs usually are, the two parameters that mostly influence imaging are 
attenuation and scatter.  

The main effect is attenuation; photons originating from the centre of the 
body travel through more matter and thus are more attenuated before reach-
ing the detector. With anatomical knowledge attenuation can be included in 
the reconstruction algorithm.  

The other main effect is scatter; the initial direction of photons can 
change because the photons interact with matter inside the body and the sub-
sequent photons have sufficiently high remaining energy to enter the energy 
window of the detector. Scatter can be corrected for in several ways, but 
with varying results. The most common way is to collect images with energy 
windows close to the measuring window assuming that data represents scat-
ter. These data is then subtracted from the ordinary images. It is still a matter 
of discussion how accurate this method is and it is also doubtful whether it 
can be applied in 177Lu measurements since a scatter window might also see 
events coming from the low energy gamma in the decay. The second way is 
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to use anatomical knowledge and Monte Carlo calculations to backtrack the 
possible origins of the detected photon. This method is much more accurate 
but is not readily available. Future reconstruction software will most likely 
include scatter reduction based on Monte Carlo data.  

PVE can be corrected afterwards but may also in the future be included 
into the reconstruction software. Patient motion finally is difficult to correct 
for today, but with the latest SPECT/CTs available the imaging time can be 
decreased, which reduces this problem.  

The two most significant effects not corrected for in this study, for both 
whole body scanning and SPECT/CT, are scatter from adjacent activity in 
the neighbourhood of an organ and PVE that occurs for small objects. Scat-
ter from organs close to the target volume increases the measured number of 
counts and overestimates the radioactivity. Consequently organ activities are 
overestimated and activity in objects such as small tumours is underesti-
mated. However, to measure the activity concentration using small VOIs 
reduces the influence of scatter that will be in equilibration much the same 
way as the calibration source. PVE is related to the resolution of the detector 
system and has more effect in small objects that appear to have a lower ra-
dioactivity concentration.  

In whole body scanning, other factors such as determining the size of the 
organ and overlapping structures make quantification of individual organs 
more difficult. Also, to estimate the effective half-life of overlapping tissues 
is a problem because e.g. tumours and organs have different kinetics. 
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5. Discussion 

5.1 Phantom measurements 
A single set of phantom measurements was used to assess image quality and 
quantitative accuracy of SPECT in comparison to gamma camera coinci-
dence imaging and dedicated PET. For SPECT measurements, five different 
radionuclides, i.e. 99mTc, 111In, 90Y, 114mIn and 177Lu, were used. For coinci-
dence and dedicated PET measurements the pure positron-emitting radionu-
clides 11C and 18F and a positron-emitting radionuclide that also emits 
prompt gamma radiation, 76Br, were used. The purpose of these measure-
ments was not mainly to compare the different imaging modalities, but to 
determine whether coincidence imaging could be a valid alternative to 
SPECT or dedicated PET for absorbed dose estimation in radionuclide ther-
apy dosimetry.  

Spatial resolution of coincidence imaging with gamma camera, using the 
clinical settings of the scanner, was slightly better than SPECT resolution of 
99mTc, 111In and 177Lu and considerably better than that of 114mIn and, more 
so, 90Y. Reconstruction of coincidence images by filtered back projection 
using the sharpest ramp filter yielded a spatial resolution of 5.5 mm for 18F, 
comparable to that in dedicated PET. However, due to the low number of 
acquired counts, a smoothing filter that reduced the spatial resolution was 
needed to obtain interpretable images. Count rate performance and dead-
time measurements also indicated that better statistics could only be obtained 
by longer scanning times, not by injecting more radioactivity. 

Scatter and attenuation correction accuracy was better for dedicated PET 
and 99mTc-SPECT. Here, the results for coincidence imaging with gamma 
camera were not favourable compared to SPECT with the radionuclides 
99mTc, 111In and 177Lu. Correction accuracy was worse for 114mIn and 90Y. 
Moreover, due to the long half-life of 114mIn the therapeutic activity amounts 
would be low and the image statistics poor.  

With 90Y and 177Lu it was shown that the response of the VG was linear 
up to at least 1 GBq of radioactivity in the FOV, as well as up to several 100 
MBq for other single photon emitters. For coincidence imaging, however, 
there were significant dead time effects already with 10 MBq in the FOV of 
the scanner. The 50% dead time point was reached at about 100 MBq for 18F 
and at about 40 MBq for 76Br. No dead time correction was available for the 
VG, without which coincidence imaging with this system is not a quantita-
tive alternative. 
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Earlier studies have shown that it is possible to make quantitative dedi-
cated PET measurements in the presence of large amounts of single photon 
emitting radionuclides [38]. This allows the use of PET for dosimetry also 
during, and not just prior to, radionuclide therapy by adding a tracer amount 
of an analogous PET radionuclide to the therapy radionuclide. The observed 
peak NEC rates for 76Br are less than one tenth of those for 18F, which is a 
much larger degradation than expected from dedicated PET and limits the 
amount of radionuclide that can be administered to below 100 MBq. Longer 
scan times could be applied to improve scan statistics and reduce image 
noise. 

5.2 Patient dosimetry 
General 
Traditionally, the error in absorbed dose estimates in targeted radiotherapy is 
much higher compared to external therapy due to difficulties in accurate 
estimation of the time-integrated activity concentration with present instru-
mentation [8]. The introduction of SPECT/CT has improved quantitative 
accuracy and is suitable to assess regional absorbed doses with the use of 
dose calculating models such as Monte Carlo methods [74]. However, this 
procedure is time- and resource-consuming and generally not readily avail-
able. At present, the MIRD concept [66, 75], where repeated SPECT or 
whole body examinations estimate the residence times in whole normal or-
gans, is the common way to perform internal dosimetry in TRT. Organ self-
dose and cross-fire doses are then calculated in a standardised anatomic ge-
ometry. 

In patients suffering from substantial tumour burden, this standardised 
anatomical geometry is not readily applicable. For example, it was demon-
strated that kidneys and spleen vary substantially in size. Only when 3D 
information was added, either from dedicated CT or from the summed in-
formation gained from fused SPECT/CT data, could a valid correction for 
the calculation of the organ activities/activity concentrations be applied. 
Beside correction for organ size, overlap of organs also was a large problem 
in 2D-imaging. In fact, in most patients, planar imaging had to be signifi-
cantly adjusted by 3D information to produce results that appeared to be 
robust. 

 
Quantification method 
Radioactivity measurements by planar scintigraphy have the advantage of 
being able to monitor the total body radioactivity. However, the obvious 
problem to distinguish between activities in overlapping organs decreases 
the usefulness of this method. As reported by Valkema et al [76], 6 out of 43 
patients could not undergo kidney dosimetry due to this fact. Using 3D 
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methods based on SPECT instead, this problem could be overcome. Since 
most of 177Lu-octreotate is taken up in organs that can be measured in one 
single SPECT session, there is, strictly for dosimetry purposes of solid or-
gans with high uptake, no longer any need to use planar imaging. However, 
for cross-fire calculations to distributed organs with low uptake such as the 
bone marrow, whole-body imaging is still of value. Another reason to use 
SPECT is that this allows for measurement of activity concentrations instead 
of total organ activity. Since absorbed dose is defined as deposited energy 
per unit mass, there is no need to know organ volumes when using SPECT, 
whereas knowledge of organ size is crucial in planar imaging.  

However, there are other reasons for using whole body imaging by planar 
scintigraphy. Early whole body imaging was in the present study performed 
merely for safety issues, to detect extravasation of the radioactivity that oc-
casionally may be encountered. Since all patients were hospitalised for one 
day, the 24 h whole body scanning was found to be the most pragmatic im-
aging time point for diagnostic purposes to compare tumour extent, uptake, 
and lesion size between treatments. The highest tumour-to-background ratio 
was achieved at 96 h, which was found to be the best time to evaluate the 
tumour burden.  

 
Time-integrated activity estimation 
Repeated measurements are necessary to sample the kinetics of the radio-
pharmaceutical and to calculate the total number of decays in different struc-
tures. More frequent measurements render a more accurate determination of 
the time-integrated activity. There is a recommendation in the EANM do-
simetry committee guidance document [64] that at least three measurements 
should be performed during each exponential phase, which would also allow 
for an error estimate of integrated activity. However, performing more than 
three measurements on a patient is both resource demanding (time on camera 
and for the staff) and cumbersome for the patient.  

177Lu-octreotate is a small peptide, which in the body has in principle two 
phases. The first phase shows rapid activity clearance from blood and a fast 
organ uptake. During this phase the activity distribution changes rapidly and 
a SPECT acquisition time of 40 min would most likely not give useful in-
formation. A shorter acquisition time may be possible today but with earlier 
reconstructions the imaging statistics would be too poor. The second phase is 
an exponential phase with a half-life of several days.  

We decided to measure just during the second phase, which starts at 6-8 h 
after the activity administration. The first uptake phase was approximated by 
the exponential function derived from the second phase, which gives an 
overestimation of the total number of decays that is less than 10%. To de-
termine the exponential function only two measurement points are needed 
but as was recommended [65] three measurements were performed.  
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Measurements should be distributed in time in such a way that an expo-
nential function can be fit to the data, and preferably more than 80% [65] of 
the decays should be within the first and last measurement point, In the pre-
sent study, we showed that scans at 24 h, 4 and 7 days after treatment served 
well to reach this goal in normal organs. Because normal organs had an ef-
fective half-life of about 3 days, less than 20% of the administered radioac-
tivity remained after 7 days. The time point at 4 days after administration 
was mainly chosen to meet logistic demands, to avoid imaging during week-
ends. 

Dosimetry based on planar imaging can estimate the effective half-life in 
normal organs, but with a slight overestimation. Complemented with a 24 h 
SPECT/CT that gives the radioactivity concentration, an absorbed dose es-
timate can be obtained. This could reduce the camera time, but will be less 
accurate than dosimetry based on serial SPECT only. Neither will any in-
formation on tumour dosimetry be available if tumours are not freely pro-
jected. 

 
Physical absorbed dose aspects 
177Lu has during the last years become the radionuclide of first choice in 
clinical trials with TRT. It has suitable gamma energies for scintigraphy and 
the low gamma abundance, i.e. about 20%, also makes it possible to image 
therapy patients without severe pile-up effects. 177Lu emits low energy 
charged particles (beta particles, Auger electrons and conversion electrons) 
with a mean energy of 147 keV per decay. More than 96% of this energy is 
locally absorbed in a 1-g sphere of water. The energy emitted as photons, i.e. 
gamma and X-rays, is about 22% of the charged particle energy. This energy 
is diffusely distributed and only a fraction is absorbed in emitting organs and 
tissues themselves. Calculations using OLINDA [66] and the standard man 
phantom showed that the photon contribution to the absorbed dose was about 
9% of the charged particle contribution, assuming that radioactivity was 
evenly distributed throughout the body. Results of calculations according to 
OLINDA were compared to results from the DF method, which simplified 
the calculation for the absorbed dose by neglecting photon cross-fire contri-
bution. According to our expectations, the difference of the two dosimetry 
models was negligible in solid organs at risk, i.e. kidneys, liver and spleen. 
There, the cross-fire adds at most a few percent to the self-dose.  

In organs with less radioactivity uptake, the relative contribution of cross-
fire increases but in most cases still does not exceed 10%. The exception is 
the bone marrow, where cross-fire can contribute to more than 50% of the 
total absorbed dose. Thus, other factors such as the crude assessment of the 
kinetics and problems to differentiate between normal and tumour tissues 
will to a higher degree contribute to the error of the absorbed dose calcula-
tions than the assumption of zero cross-fire doses in solid organs. An obvi-
ous problem in OLINDA as compared to the simpler DF method is the fact 
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that the kidney dose is calculated for both kidneys together and side differ-
ences in kidney function can not be detected in a single calculation. To cal-
culate the side differences in absorbed dose to kidneys, two separate 
OLINDA calculations need to be performed, one for each kidney. In the first 
calculations the measured organ activity for the right kidney has to be dou-
bled and entered into OLINDA to get the absorbed dose to the right kidney. 
This procedure has then to be repeated for the left kidney. 

More general problems in the quantification of nuclear imaging methods 
are attenuation and scatter. Attenuation correction is included in the recon-
struction software of SPECT/CT but, even so, errors in the order of 10% 
cannot be excluded. Studies about quantitative accuracy have shown accura-
cies from 3-8% with 99mTc including scatter and PVE corrections [7-12].  

In our study, scatter was not corrected for. Because scatter is larger in the 
patient than in the calibration phantom, the radioactivity concentration will 
always be overestimated and hence so will the absorbed dose. Our experi-
mental set-up for the first 79 patients, where the counts from two energy 
windows were summed, also unnecessarily increased the amount of scatter. 
Using the upper energy window only gave an adequate counting statistics 
but a lower scatter contribution.  

If error contributions due to sparse sampling of kinetics and uncertainties 
in determination of absolute activity concentrations are added together an 
absolute error as large as 20% can not be excluded. 

 
Clinical absorbed dose aspects 
In this clinical trial with 177Lu-octreotate, we tested a simplified absorbed 
dose calculation model for the kidney, liver and spleen where, besides the 
tumour, most of the radioactivity accumulates. Outlining the entire organ 
made it difficult to avoid tumour-affected parts and spill-in effects from ad-
jacent organs. There were also problems due to PVEs and the absolute cali-
bration with this method.  

The use of small VOIs to quantify radioactivity concentrations in solid 
organs has several advantages. Firstly, it is easier and faster to confine to a 
tumour free volume within the organs. Partial volume effects also affect a 
small VOI (in a large volume) less because spill-in and spill-out cancel out. 
A potential disadvantage might be that a radioactivity concentration in a 
small VOI is not representative for the whole organ. However, the variation 
of several small VOI in the normal liver was surprisingly small (< 8%). 

As Konijnenberg et al [49] suggested, the dose distribution by low-energy 
beta emitters as 177Lu in peptide receptor radionuclide therapy (PRRT) is 
inhomogeneous in the kidney, resulting in highest doses in the juxtame-
dullary area. They also concluded that this means that the kidney can most 
likely tolerate a higher absorbed dose than 23 Gy, a level that is derived from 
external therapy.  
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So far, in our patient group, this prescribed accumulated radiation dose to 
the kidney was not exceeded. However, the spatial resolution of the small 
VOI method makes it possible to a place a small VOI that can be confined to 
the parenchyma of the cortex and one in the outer medulla, including the 
juxtamedullary to visualise the differences in absorbed dose. In the future 
this may be a method to improve the kidney dosimetry. 

With most patients it is safe to estimate the absorbed doses in later ther-
apy sessions assuming an unchanged teff. This results in a negligible error or 
in worst case an overestimation of the absorbed dose. Patients with increased 
risk for kidney dysfunction need to be monitored in more detail. 

During therapy an increase of the kidney absorbed dose was seen, most 
likely due to decreasing tumour mass, which gave a larger pool of free pep-
tide that was taken up by the kidney. A mean increase in absorbed dose to 
the kidneys of 5% for each consecutive therapy session was found. This 
value was used to calculate accumulated absorbed dose in the kidney and 
when determining the number of therapy sessions that were tolerable for 
each patient. 

In the calculation of the absorbed dose to distributed organs with low ac-
tivity concentration levels such as the bone marrow, absorbed dose from 
both the self radiation and the cross radiation has to be considered. Care 
must be taken in what factors are used to calculate the respective absorbed 
doses. Bone marrow is highly vascularised, whereas the surrounding cortical 
bone contains vessels to a much smaller degree, and an S-value from the 
remainder of the body without beta contribution should be preferred to ob-
tain a more correct cross-fire dose to bone marrow. 

In the calculation of the bone marrow self-dose the red marrow to blood 
concentration ratio (RMBLR) was set to one. This is true as long as the bone 
marrow is not contaminated with tumour cells and for the first clearance 
phase during the first 6-8 hours when 177Lu is bound to the octreotate. There 
is blood activity at later times that most likely are bound to degradation 
products and the RMBLR can then very well be lower than one, which re-
sults in an overestimation of the absorbed dose to the bone marrow. 

With the methodology used and limits of the absorbed dose of 2 Gy to the 
bone marrow and 23 Gy to the kidneys, the maximum tolerable number of 
treatments was limited by the bone marrow in only 3 out of 200 patients 
(1.5%). These three patients also had a very high and rapid tumour uptake 
and considerable activity in the blood during a long time. This resulted in a 
very low absorbed dose to the kidneys and a relative high absorbed dose to 
the bone marrow. 

Even if very few patients reach the 2 Gy absorbed dose limit of the bone 
marrow, it is important to calculate the absorbed dose to the bone marrow as 
accurately as possible. This is because many of the patients are pre-treated 
with chemotherapy and other drugs that might make them more sensitive to 
the radiation from the therapy and it is therefore important to know the ab-
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sorbed dose even when the absorbed dose is less than 2 Gy to check for pre-
treatment risk factors. 

 
Clinical use 
Using 2 Gy and 23 Gy as bone marrow and kidney absorbed dose limits, 
79% of all patients were able to complete four full treatment sessions with 
7.4 GBq of 177Lu-octreotate. With the higher kidney absorbed dose level, i.e. 
29 Gy, suggested by Konijnenberg et al [49] nearly all patients would have 
been able to undergo four sessions. At the 23 Gy limit about half of the pa-
tients were able to undergo five treatment sessions or more. This result 
shows that calculations of the absorbed dose are required to give each indi-
vidual patient the best possible treatment. Moreover, further investigations 
are needed to enable a more accurate determination of the absorbed doses to 
patients in TRT. 

After clinical analysis of the accumulating data, our aim is to increase the 
ordered total activity to optimize the treatment. In clinical practice, we al-
ready increased the number of treatment sessions to patients with low dose 
estimates to the kidneys. Most often, these patients suffer from a large tu-
mour burden with high receptor density, leaving lower amounts of circulat-
ing activity to irradiate normal tissue. These patients, on the other hand, of-
ten pose large problems for dosimetry according to 2D-imaging because the 
risk of overlap is high. Without 3D-imaging, these patients would have re-
ceived four treatments with an activity of 7.4 GBq for safety reasons. Guided 
by 3D-dosimetry data, the maximum accumulated activity can be increased 
up to 66.6 GBq in total, so far without any signs of nephrotoxicity. 
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6. Conclusions 

When comparing the performance of dedicated PET, coincidence imaging 
and SPECT, PET gave the best spatial resolution and quantification ability. 
However, if PET were to be applied in 177Lu-therapy it would require the use 
of analogues labelled with a positron emitter that might have different kinet-
ics. Measuring the therapy nuclide directly with SPECT was therefore con-
cluded to be better and more practical because SPECT measured the kinetics 
of the therapy nuclide directly with acceptable quantification and spatial 
resolution.  

For 177Lu-octreotate therapy, SPECT is better than planar gamma camera 
for measuring the kinetics as a basis for organ dosimetry. The high radioac-
tivity used in therapy results in adequate statistics. The fast initial kinetics of 
the small peptide results in exponential kinetics already after 6-8 hours 
which means that only two, but preferably three measurements are sufficient 
for determination of the total number of decays with a reasonable accuracy. 
Overlapping organ and tumour tissue, being a problem in 2D imaging, were 
easily separated in 3D imaging. Furthermore, organs at risk in 177Lu-
octreotate therapy can be imaged in a single SPECT field of view. 

Still, whole body imaging remains a valuable tool for monitoring the total 
tumour mass and treatment effect, as well as for surveying of complications 
and for bone marrow dosimetry.  

The MIRD concept, which measures the total numbers of decays in 
whole organs, is problematic in organs containing metastases because it is 
difficult to delineate healthy tissue. The use of small VOIs to measure radio-
activity concentration in tumour and healthy tissues is easier and also en-
ables estimation of the spatial distribution of absorbed dose in organs at risk 
such as the kidney.  

Simplified dosimetry, based on the assumption of unchanged teff, is suffi-
cient to guide the number of therapy sessions that the individual patient can 
tolerate. The kidney was found to be dose-limiting in nearly all, i.e. 98.5%, 
patients. About half of the patients could receive five treatment sessions or 
more. 

In the on-going programme of 177Lu-Octreotate therapy at our department 
we have showed that quantitative SPECT is feasible and can be used to as-
sess absorbed dose in the individual patient. More treatment sessions to pa-
tients can then be given without exceeding dose constraints to organs at risk, 
increasing the chances of curative treatment. 
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7. Outlook 

Reconstruction methods with improved attenuation, scatter and PVE correc-
tions will yield more quantitatively accurate data. However, due to technical 
limitations, the spatial resolution of SPECT data will always be limited. The 
use of analogues labelled with positron emitters such as 68Ga can give im-
ages with better spatial resolution and also reveal information about the early 
distribution phase, which is not feasible to measure with SPECT. The even-
tual difference in kinetics between peptides labelled with different isotopes 
needs to be measured. Furthermore, the inter-observer variability of the 
small-VOI method needs to be addressed. 

More understanding of the early distribution phase of 177Lu-octreotide, 
and estimation of the error induced by the assumption of single exponential 
kinetics used in the present study could be obtained by pharmacokinetic 
modelling of early distribution data. The 68Ga-labelled analogue could be 
applied to model the receptor concentration in the tumour. 

The absorbed dose constraints in organs at risk have been derived from 
external radiation therapy where the radiation is given at high dose rates and 
during short times. This is not the case in TRT, which can be regarded as a 
super-fractionated therapy. Obviously there is a need to determine dose con-
straint levels that are more relevant for TRT. Furthermore, it may also be 
that the concept of biological effective dose (BED) is even more relevant 
than absorbed dose itself, which has to be investigated further. 

Absorbed dose is important in organs at risk and tumour tissue where it, 
in external therapy, is used as a prognostic parameter. We believe that ab-
sorbed dose should be as valid as a prognostic parameter in TRT as in exter-
nal therapy and we anticipate analyses of the clinical outcome of 177Lu-
octreotate therapy. 
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8. Summary in Swedish / Sammanfattning på 
svenska 

Trots att en ständig förbättring av de traditionella behandlingsformerna av 
cancer, kirurgi, strålbehandling och cellgifter, leder till en ökande andel av 
kurativa behandlingar så misslyckas terapin i ungefär en tredjedel av cancer-
fallen. Detta beror främst på att sjukdomen har spritt sig och nya behand-
lingsmetoder, t ex terapi med målsökande radionuklider, brukar oftast rikta 
in sig mot att behandla metastaserande sjukdom. 

Flera behandlingsmetoder bygger på användning av joniserande strålning 
(extern strålbehandling, brachy-terapi och radionuklid terapi). För dessa 
metoder är det av största vikt att beräkna och mäta den absorberade dosen, 
framför allt i riskorganen för att undvika komplikationer men också i tumö-
ren för att kunna på ett objektivt sätt relatera det terapeutiska resultatet. Ju 
bättre beräkningen av den absorberade dosen kan utföras desto bättre kan 
hela det terapeutiska fönstret utnyttjas, vilket ökar chanserna för framgångs-
rik behandling. 

De olika behandlingsformerna har ur denna aspekt nått olika grader av 
förfining. I extern strålbehandling kan den absorberade dosen i en klinisk 
situation levereras med en hög precision (några procents felmarginal). I 
brachy-terapi kan man på grund av en kombination av branta lutningar i 
dosfälten och en mer komplex geometri inte uppnå samma noggrannhet men 
ligger fortfarande vanligtvis med ett fel på < 10 %. För terapimetoder med 
radionuklider är det fortfarande på många kliniker acceptabelt att leverera 
strålningen som en standardaktivitet till varje patient eller beräknas utifrån 
kroppsvikt eller kroppens yta. Användningen av sådana förenklade metoder 
kräver en stor säkerhetsmarginal vilket betyder att hela terapeutiska fönstret 
inte används och att chanserna för en botande behandling minskar. 

Ett bättre men mer arbetskrävande sätt är att uppskatta det individuella 
stråldos mönstret genom att mäta den regionala kinetiken för den terapeutis-
ka radionukliden. Men terapeutiska radionuklider är vanligtvis inte optimala 
för kvantitativa mätningar med gammakamera. Beräkningar av den absorbe-
rade dosen är ofta baserade på kinetiska mätningar med andra liknande ra-
dionuklider. Ändå skulle det enklaste sättet vara att använda terapiradionuk-
liden eftersom kinetiken kommer att vara den sanna och inga korrigeringar 
för den fysikaliska halveringstiden behöver utföras. 

 



 48 

Mål, utförande och resultat 
Vid Akademiska sjukhuset bedrivs en omfattande verksamhet med målsö-
kande radionuklider, främst av patienter med endokrina tumörer. Fn genom-
förs 6-8 behandlingar per vecka och det totala antalet patienter närmar sig 
300. Behandlingen är fraktionerad dvs. samma patient genomgår behand-
lingar var sjätte till åttonde vecka under loppet ungefär ett halvår. En klinisk 
frågeställning är hur mycket absorberad dos som kritiska organ, främst njure, 
benmärg, lever och mjälte, får och huruvida patienten kan genomgå ytterli-
gare behandlingar utan att riskera komplikationer i dessa organ. 

Syftet med denna avhandling är att utveckla ett kliniskt rimligt sätt att ut-
föra beräkningar av den absorberade dosen på enskilda patienter i riktade 
radionuklid terapier av neuroendokrina tumörer. Vid behandling av neuroen-
dokrina tumörer användes tidigare 111In med vissa positiva resultat. Det är 
dock på grund av sin stora andel gammastrålning inte en idealisk radionuklid 
för radionuklidterapi behandlingar eftersom korseldsdosen till frisk vävnad 
kommer att vara hög. Senare har den rena betastrålande radionukliden 90Y 
och den beta och gammastrålande radionukliden 177Lu använts i radionuklid-
terapi.  

 
Arbete I 

 
Den första artikeln handlar om de avbildande egenskaperna hos några radio-
nuklider som används för att märka analoger av terapeutiska radionuklider 
(111In and 76Br). Dessa studerades och jämfördes med de diagnostiska radio-
nukliderna 99mTc och 18F. Senare studerades även de terapeutiska radionukli-
derna 90Y, 114mIn och 177Lu. Mätningar i fantom studier visade att radioaktivi-
tets koncentration av de terapeutiska radionukliderna 90Y och 114mIn under-
skattades medan de resultat som erhölls med 177Lu var bättre och jämförbara 
med 111In och 76Br. Dock var resultaten med 99mTc ännu bättre och det bästa 
resultaten erhölls med 18F och PET. 

 
Arbete II 

 
I det andra arbetet utvecklades en mätmetod för att mäta absorberad dos i 
patienter som behandlas med 177Lu–terapi. In vivo dosimetri kräver detalje-
rad kunskap om kinetiken av den administrerade radionukliden men begrän-
sas av den osäkerhet som finns hos detektorsystemet, SPECT, som användes. 
Patientens allmäntillstånd samt tillgång till mätutrustning begränsar ytterli-
gare möjligheterna att göra upprepade mätningar. 

Vanligtvis är njurar eller benmärg det dos begränsande organet i somatos-
tatin receptor baserad radionuklidterapi. Vid konventionell fraktionerad 
strålbehandling, är erfarenheten att en absorberad dos av 23 Gy till njuren 
ger en förväntad risk på 5 % nefrotoxicitet inom 5 år. Denna kunskap kan 
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dock inte tillämpas direkt på grund av den lägre doshastigheten i radionuklid 
terapi. 

Konijnenberg et al har diskuterat hur fördelningen av olika radionuklider 
inom njurarna påverkar den absorberade dosen som levereras av olika tera-
peutiska radionuklider. Den högenergetiska beta strålningen från 90Y resulte-
rade i att den absorberade dosen fick en ganska homogen distribution, medan 
nuklider som avger låga energier av elektroner och beta (111In och 177Lu) gav 
en relativt sett högre absorberad dos till juxtaglomerulära apparaten och i de 
trådarna som infiltrerar njurbarken 

Vårt primära mål var att utveckla en individualiserad och pragmatisk do-
simetri för patienter med metastaserande neuroendokrina tumörer som upp-
repade gånger behandlades med 177Lu–octreotate. En slutsats var att antalet 
mätpunkter, för att beräkna det totala antalet sönderfall i ett organ, kunde 
begränsas till tre. En annan slutsats var att SPECT-mätningar, som ger akti-
vitetsfördelningen i tre dimensioner, gav bättre resultat än 2D-mätningar 
med gammakamera då bland annat överliggande organ bättre kunde separe-
ras. Ytterligare en slutsats var att en bestämning av aktivitetskoncentrationen 
i små volymer gav en bättre kunskap om absorberad dos, t ex i normal lever, 
än då man försökte att använda hela organet. Anledningen var att levern i 
många fall innehöll små metastaser med höga upptag av aktivitet och små 
volymer kunde lättare placeras i till synes opåverkad vävnad än då man för-
sökte utlinjera hela den ”friska” levervävnaden. 

 
Arbete III 

 

I det tredje arbetet undersöktes hur kinetik (effektiv halveringstid) och ab-
sorberade dos förändrades under terapin genom att jämföra dessa parametrar 
vid terapitillfälle ett och fyra. För att beräkna den totala absorberade dosen i 
hela terapin (som ofta består av fyra terapitillfällen a 7.4 GBq) måste den 
absorberade dosen i de olika terapitillfällena vara känd. Den absorberade 
dosen för ett senare terapitillfälle (efter den första) kan uppskattas med olika 
antaganden. Det första och enklaste sättet är att göra antagandet att den ab-
sorberade dosen i ett senare terapitillfälle är lika med den absorberade dosen 
i det första terapitillfället. Om detta antagande är för grovt kan bildtagning 
och beräkningar underlättas betydligt om kinetiken är densamma i de olika 
terapitillfällena. 

Resultatet av detta var på en individuell bas att det var en för grov upp-
skattning att säga att den absorberade dosen var den samma från ett terapi-
tillfälle till ett annat. Däremot så visade sig halveringstiden av aktiviteten 
vara invariant åtminstone i njurarna. 
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Slutsatsen var att man från en fullständig mätning av dosimetrin vid tera-
pitillfälle 1, vilket omfattade minst tre mättillfällen, så kunde man för kom-
mande terapitillfällen nöja sig med en mätning (24 h) och använda samma 
kinetik vilket avsevärt förenklade hanteringen. Detta gällde flertalet patien-
ter. I ett fåtal patienter, ofta med stor tumörbörda, där en mekanisk obstruk-
tion av njurarnas utsöndring förelåg kunde man dock se stora förändringar i 
kinetiken och dessa patienter måste genomgå fullständig dosimetri oftare. 

 
Arbete IV 

 
Den fjärde artikeln ägnades åt utveckling av en klinisk genomförbar metod 
för att bestämma den absorberade dosen till benmärgen. Denna beräkning 
sker i två delar där egendosen (orsakad av radioaktivitet i vävnaden själv) 
beräknas för sig och är i huvudsak baserat på blodmätningar. Den andra de-
len är ”cross-fire” från omliggande organ orsakad av den radioaktivitet som 
fördelas till omgivande vävnad och som externt bestrålar benmärgen. Denna 
komponent beräknades från mätningar av hela kroppen gjorda med gamma-
kamera vid olika tidstillfällen. För att validera att dessa mätningar gav kor-
rekta värden på aktiviteten så samlades även urin från patienter. Aktiviteten i 
urinen adderat till den av kameran mätta helkroppsaktiviteten måste vara lika 
med den administrerade aktiviteten vilket också visade sig vara fallet. Ge-
nom att sedan ringa in olika organ, bestämma deras aktivitet som funktion av 
tiden och genom användning av publicerade kopplingsfaktorer mellan aktivi-
tet och dos så kunde benmärgsdosen beräknas.  

Slutsatsen var att tekniken gav en kliniskt användbar metod att beräkna 
benmärgsdos. Den dominerande komponenten kom från egendosen. Njurdo-
sen och inte benmärgsdosen var hos de flesta patienter (>98%) begränsade. 
Mer än 50% av alla patienter kunde genomgå fler än 4 behandlingar (vilket 
hittills varit standard) vilket väsentligen förbättrar chansen för ett bra terapi-
resultat. 

Generell slutsats 
Man kan vid terapier med 177Lu-octreotate på ett säkert och relativt pragma-
tiskt sätt bestämma den absorberade dosen till riskorgan med hjälp av bild-
tagning med en gammakamera och blodprover. Med stöd av denna informa-
tion kan man i många fall (>50%) ge mera än de stipulerade fyra terapitillfäl-
lena. Detta är viktigt för att inte underbehandla patienterna och ge den bästa 
möjliga behandlingen. 
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