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1.Introduction 

 

1.1. Internal radionuclide therapy 
 

The philosophy behind the internal radionuclide therapy is to deliver destroying level of radiation to 

tumor cells and metastasis which are too small to be treated by surgical resection or external beam 

radiation therapy (EBRT). In other words, radionuclide therapy targets diseases at a cellular level 

rather than on a bulky anatomical level. Because the radionuclides are predominantly beta emitters 

(for completion, Auger electrons and alpha particles as well), internal radiation therapy takes 

advantage of the finite range of beta particles emitted during the radioactive decay and uses its 

radiation to preferentially cure the tumors. In this way, the absorbed dose by tumors may be a way 

higher than it can be delivered by EBRT to a planning target volume (PTV). What is relevant here is 

the dose rate. The factors leading to choose an appropriate radionuclide for particular therapy are 

based on its physical half life, linear energy transfer (LET), the type of radiations, the rate at which 

absorbed dose is delivered, the radiobiological characteristics of the tumor and the normal tissue 

etc. Different diseases such as thyroid malignancies, hepatocellular carcinoma (HCC), 

neuroendocrine tumors, non-Hodgkin’s lymphoma, metastatic bone pain and others exploit the 

advantages of radionuclide therapy with different radionuclides (mostly iodine-131 (131I) and 

yttrium-90 (90Y), but the list is not conclusive) over traditional treatment methods because of its low 

toxicity profile. In contrast to conventional EBRT, where anatomical target volume is well defined on 

a treatment plan and the exploited radiation beams are positioned to treat this volume as uniformly 

as possible and as a result, the tumor within the PTV receives almost uniform dose no matter how 

big it is, the situation for radionuclide therapy is different. Depending on the energy spectrum of the 

directly ionizing charged particles, its range will be varied resulting in non-homogeneous distribution 

of the absorbed energy per unit diseased tissue mass. Moreover, the size of the tumor in contrast to 

the range of the ionizing particles will contribute to the heterogeneous distribution of the radiation 

dose. In this way, a microscopic tumor within the PTV will receive a different dose than a gross 

tumor. 

1.2. Liver cancer and treatment possibilities 
 

In the current thesis we will focus on internal radionuclide therapy with 90Y microspheres of liver 

cancer, namely hepatocellular carcinoma (HCC), which is not resectable. It usually comes with a poor 

survival prognosis for the affected individual depending on a staging of the cancer. Additionally, the 

liver is a frequent site of metastasis for the patients with a history of colorectal carcinoma, 

pancreatic malignancies, breast cancer, and other tumor types. First, let us review what kind of 

treatment options are there. Of course, surgery supported with chemotherapy is the most efficient 

method for prolonging the life expectancy of the patient. However, in most of the cases, hepatic 
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tumor will be disseminated which leads to be unresectable. Alternative treatments have been 

proposed, such as EBRT, hepatic arterial chemotherapy, transarterial chemoembolization, 

radiofrequency ablation, and here is where the internal radionuclide therapy comes into the picture, 

radioembolization with 90Y microspheres. The goal in radiotherapy is to deliver dose that can destroy 

the tumor cells while sparing the adjacent non-tumor tissue. In general, normal hepatocytes have 

lower tolerance to the effects of ionizing radiation than tumor tissue. It has been estimated, when 

using conventional fractionation of 1.8 Gy/day, in order to destroy tumors, dose greater than 70 Gy 

is necessary to be delivered to the whole liver while the tolerated dose by the normal liver is 

substantially lower, approximately 35 Gy. Having in mind from radiobiology that the liver is a so-

called parallel organized tissue where the risk of developing complication depends on dose 

distribution throughout the whole liver rather than the maximum dose to small area. In the recent 

years, with the advancements in the radiation therapy techniques, conformal and stereotactic 

radiotherapy have been developed and they can be used to deliver much higher radiation doses to 

the smaller areas within the liver. Nevertheless, in most of the cases of hepatic tumor and 

metastasis, they are multifocal with irregular shape and only limited number of patients is eligible 

for such therapies. 

1.3. 90Y microsphere therapy for liver cancer 
 

From what we have discussed in the previous paragraph, radioembolization with 90Y microspheres, 

also called selective internal radiation therapy (SIRT), a kind of brachytherapy technique, looks like a 

promising alternative for the patients that are not optimal candidates for other treatment 

modalities. What is special for this technique is its low toxicity profile. It is catheter-based liver-

directed modality for patients with inoperable primary and metastatic liver cancer. The reason for 

making this treatment option feasible is the unique vascular system of the liver, a dual blood flow 

through the liver tissue from the hepatic artery and the portal vein. In healthy individuals, up to 80% 

of the blood supply is fed by the portal vein and this contrast with both, primary malignancies and 

metastasis in the liver, where natural pathway to tumor cells evolve 80% to 100% from the hepatic 

artery rather than from the portal circulation. This difference in perfusion is exploited by SIRT, 

whereby, microspheres loaded with 90Y radionuclide irradiate tumors in the liver with beta radiation 

by selectively delivering the microspheres to diseased tissue through the hepatic artery. 

1.4. 90Y 

1.4.1. Physical properties 

Before we proceed further, few words about the physical characteristics of 90Y radioisotope. It is 

produced in a nuclear reactor with neutron activation by bombarding yttrium-89 with neutrons (14). 

Its average energy is (0.9267 ± 0.0008) MeV, with a short half-life of (2.6684 ± 0.0013) days, or 

approximately 64 h. Concerning decay scheme, 90Y decays predominantly via β- decay to ground 

state of zirconium-90 (90Zr) (99.98 %) but a minor fraction decays via β- decay to the excited state of 
90Zr (~0.01%) and while de-excitation process to the ground state via internal conversion, pair 

production is happening, with branching ratio of (31.86 ± 0.47)x10-6. This completeness we 

mentioned because we will exploit this property later. Mean tissue penetration of the 90Y beta 

particles is 2.5 mm, with maximum range of 11 mm.  
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1.4.2. Commercially available products 

 

The current situation worldwide, concerning microspheres products, is consisting of two brands: SIR-

Spheres® (Sirtex Medical Limited, North Sydney, Australia) and TheraSpheres® (Nordion Inc., 

Ottawa, Canada). The former is composed of 90Y tagged resin while the later consists of insoluble 

glass microspheres, where 90Y is an integral part of the glass. When arguing about the size of these 

microparticles, the upper limit is guided by the diameter of the hepatic artery (less than that), in 

order the delivery through it to be enabled, whereas the minimum value is dictated by the 

dimensions of the capillary bed between arterial and venous circulation, in order microspheres to be 

trapped within. This sets the range of the size between 20 and 40 μm. There are some differences in 

properties between the two products as shown in Table 1. 

Table 1: Properties of Resin and Glass 90Y Microspheres 

90
Y microspheres SIR-Spheres TheraSphere 

Material Resin Glass 

Diameter 20 - 60 20 - 30 

Activity per particle [Bq] 50 2500 

Activity in single vial 
[GBq] 

3 
six sizes: 3, 5, 7, 
70, 15, and 20 

# of spheres/vial (40 -80) x 106 (1.2 - 1.8) x 106 

Density [g/mL] 1.6 3.29 

Relative pressure 
 for infusion 

Low High 

Contrast injection 
during infusion 

Possible Not Possible 

As the microspheres do not demonstrate any leaching, they will remain intact and will not be 

degraded which makes them eligible to selectively deliver beta particles to the tumor and in that 

way, sparing normal liver tissue. TheraSpheres are recommended for treatment of unresectable HCC 

while SIR-Spheres for treatment of colorectal metastasis. TheraSphere product is distinguished high 

specific activity and a relatively small number of microspheres while for SIR-Spheres product, it is 

opposite situation; vast number of sphere with lower activity (Table 1). In practice, there is no 

standardized method for comparing neither the activity nor the total number of individual spheres 

declared by the manufacturer, and only approximate methods exist which makes the actual 

dosimetry difficult.   

1.5. Patient selection 
 

Patients with primary liver cancer limited to the liver and metastasis in liver which are not eligible for 

surgical resection neither transplantation nor radiofrequency ablation (RA) with poor response to 

systemic chemotherapy are suitable candidates for selective therapies with trans-catheter arterial 

chemo- or radio-embolization. Experience in transarterial chemoembolization has been proven as a 

less efficient modality (33, 34). As a result, the modality of choice for downstaging the tumor to 

render conventional treatments (surgery, transplantation or RA) is radioembolization with 90Y 
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microspheres. To the concept of reducing the size of tumor is attributed with the idea of 

preservation of the healthy liver function. Additional requirements for SIRT are liver dominant tumor 

burden, life expectancy of at least 3 months and preserved liver function according to the markers 

for bilirubin, albumin and liver enzymes. 

1.6. Administration procedure of 90Y microspheres 
 

The term like “normal” vascular anatomy of the hepatic arterial bed is not suitable because of the 

large variations in it from patient to patient. This anatomy is very complex and for any patient 

directed to SIRT with 90Y microspheres for catheterization and trans-arterial hepatic therapy, an 

angiographic detailed evaluation should be performed in order to accurately position the catheter 

for microspheres delivery within the whole liver (non-selectively), in the right or left lobe 

(selectively) or in the segments or sub-segments (super-selectively). In this way, the catheter will be 

positioned to the desired treatment target area and the microspheres can be safely administered. 

For the sake of uninterrupted flow of the microspheres’ fluid carrier through the catheter (large 

enough, in order to avoid resistance during injection) suitable pressure should be applied.  

From other hand, spread of microspheres is possible to different extrahepatic gastrointestinal sites 

which elevate the risk from radiation complications in organs where the microspheres are not 

intended, such as stomach, duodenum, or pancreas. For this purpose, the embolization of all the 

aberrant vessels is necessary to isolate the hepatic circulation by occluding extrahepatic vessels. 

Furthermore, microspheres can directly enter from arterial into venous circulation, bypassing the 

arterioles in the tumor, creating so-called shunt. In this way, microspheres might be found into the 

lungs and the chances of developing radiation pneumonitis are high. For this purpose, an angiogram 

must be supplemented with technetium-99m macroaggregated albumin (99mTc-MAA) prior to the 

SIRT 90Y microspheres. A whole body scintigraphy is sufficient to calculate the percentage of lung 

shunting, in order to prevent possible pulmonary side effects. 

1.7.  Definition of the problem 
 

In summary, no matter we are talking about internal radionuclide therapy or EBRT, to the extent of 

curing the tumor, the absorbed dose in the tumor should be suitable with an appropriate dose rate 

and a right fractionation; all the tumor cells (clonogenic) that maintain its reproductive integrity and 

proliferation have to be sterilized; and the atoms and molecules of the tumor cells have to respond 

on ionizing radiation and hopefully their damage will follow later. The main difference between 

internal and external radiotherapy is caused by dosimetry. In internal radionuclide therapy, directly 

ionizing particles emitted during the radioactive decay of the radionuclide lose their energy through 

excitations and ionizations and at the same time, the energy is absorbed by the tumor. Distribution 

of radionuclide near or within the tumor will be influenced by the permeability of the tumor 

vascularity and its biological properties. Additionally, radiation dose will also be affected by the 

physical characteristics of the radionuclides and the size of the tumor. The effect of this is a 

heterogeneous dose distribution (higher in tumoral regions). 

Let us try to define the current problem in the internal radiation dosimetry. It is based on the 

measurement of the biokinetics of the radionuclide by suitable scanners. By definition, dosimetry 
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means quantification of energy which is absorbed per unit mass for each tissue. Additionally, for 

cancer therapy, prediction of toxicity is essential as well. However, the absorbed dose itself would 

not predict the biological effects of tissue and this leads to underestimation or overestimation of the 

effects. Furthermore, individual anatomy of the patient has to be taken into account because it will 

certainly affect dose distribution.  

What we want to achieve, is to take advantage of the use of tomographic data from functional 

imaging and register it with anatomical information and later, calculate dose based on convolution 

of the radioactivity distribution, and at the same time to apply different dose kernels which depend 

on the anatomical information.  
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2. Nuclear medicine and internal dosimetry 

2.1. Overview 
 

Diagnostic and therapeutic techniques using ionizing radiation have been exploited by the physicians 

since the moment of its discovery and the medical exposure has become a significant part of the 

total radiation exposure of the human population. Nuclear medicine is a practice which uses 

radionuclides for the purpose of imaging of internal organs, evaluation of different physiological 

functions or to treat particular cancer. For the purpose of this thesis, in terms of radiation 

protection, medical exposure is the type we will be dealing with. According to the International Basic 

Safety Standards for Protection against Ionizing Radiation and for the Safety of Radiation Sources 

(BSS) it is defined in following way: 

“Exposure incurred by patients as part of their own medical or dental diagnosis or treatment; by 

persons, other than those occupationally exposed, knowingly while voluntarily helping in the support 

and comfort of patients; and by volunteers in a programme of biomedical research involving their 

exposure.” 

The benefit from diagnostic or therapy should outweigh the risk that ionizing radiation might cause 

in order the procedure to be justified. If the practice is justified, the doses from medical exposure 

should be kept at the necessary minimum to the tumor tissue for the required diagnostic or 

therapeutic objective but any further reduction might be deteriorating for the patient. In other 

words, dose limits are nonexistent for medical exposure. 

2.2. Radioactive decay 
 

Nuclear medicine as a discipline exists because of the instability of particular atomic nuclei which 

result in the emission of α, β (electron or positron) and γ radiations in order to minimize their 

binding energy due to the greater number of neutrons required to provide the attractive strong 

nuclear force to counteract the repulsive Coulomb force between protons. This excess energy makes 

an unstable nucleus to transit in a more stable state through different possibilities but still each 

subject to quantification rule from quantum mechanics towards energy constrains. We will not go 

into details in explanation of the weak interaction, which is fundamental to the existence of nuclear 

medicine, but rather limit on macroscopic theory of radioactivity wherein groups of unstable nuclei 

are considered in contrast to single nuclei. In practice, considering clinical cases, a vast number of 

nuclei undergo radioactive decay and it can be considered to be a non-stochastic phenomenon. 

If we consider atomic nucleus in an excited state which is energetically unfavorable it decays 

(probability of transition) to another nuclear state which is more stable during the time interval dt. 

The probability of such disintegration is proportional to the time interval with proportionality 

constant λ with units of reciprocal time, λdt. This decay constant has particular value for each 

nucleus. Activity is defined as the number of disintegrations per unit time: 

              
   , where              

   

    
                                         ( 1 ) 
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A half-life (T1/2) is the time in which half of the remaining material is removed. We operate with 

physical and biological half-life depending on remaining radioactive nuclei and removal by biological 

processes, respectively. In a case of radioembolization with 90Y microspheres, radioactive source is 

permanently implanted in the patient without a biological removal from the region. It implies that 

the effective half-life is equal to the physical half-life. 

2.3. Calculation of absorbed dose 
 

The absorbed dose to a volume of medium of mass dm is the quotient of the mean energy imparted 

by ionizing radiation,   , to the mass dm of that volume of the medium, 

  
   

  
                                                                           ( 2 )     

A relation between charged particle fluence and absorbed dose is as follows: 

    
    

 
                                                                        ( 3 ) 

In terms of absorbed dose where the interest is on the energy locally deposited only collision 

stopping power will be employed rather than the total stopping power as the later would include the 

energy lost in the form of bremsstrahlung. The SI unit for absorbed dose is gray (Gy). 

Bearing in mind the definition of the absorbed dose, for the organ of interest we must calculate 

energy and mass. First, let us make an assumption that we have a uniform distribution of the 

radioisotope present throughout the target. The present activity is crucial for the dose rate of the 

produced radioactivity while other important characteristics are the type of the used radioactive 

material and the energy of the emitted radiations. Of course, an organ has a mass which should be 

determined in a way that will be mentioned later. As we know in advance the type of radioisotope 

included in the study, the available electronic look-up tables have been created throughout the 

previous years of research with information for the energies per decay for each isotope. 

Furthermore, distinction between directly and indirectly ionizing radiation should be made in terms 

of penetration distance. For electrons and beta particles, the energy is preferably absorbed within 

the object while for photons part of the emitted energy will be taken away. As addition, it is 

essential to take into consideration the dose to a critical organ originating from activity in other 

organs.  

Relating to everything what we have said in the previous paragraph, an equation for the absorbed 

dose rate can be written as: 

   
          

 
                                                                 ( 4 ) 

where    is absorbed dose rate (Gy/s), A is activity (MBq), nj is number of radiation with energy E 

emitted per disintegration j, E is energy per radiation (MeV), Φ is fraction of energy emitted that is 

absorbed in the target, m is mass of target region, and k is the proportionality constant  
     

         
 . 

A Committee of the Society of Nuclear Medicine called Medical Internal Radiation Dose (MIRD) has 

created extensive tables to facilitate dose calculation for all the commonly used radionuclides and in 
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this way it has diminished the extremely complicated problem of workable magnitude. If we attempt 

to calculate the absorbed dose, the calculation will involve not only information from those tables 

for the quantities previously explained but it will require an additional biological information such as 

the biological half-life (not relevant for the SIRT 90Y microspheres as we explained), as well as 

anatomical information concerning the shapes and sizes of different organs, and the geometrical 

relation between them which vary from patient to patient. Back in time, a standard phantom 

representing the average man was developed for creation of those tables.  

Applying the pattern developed by the MIRD Committee for 90Y microspheres dosimetry with 

assumption of uniform activity distribution throughout the mass of interest with approximation that 

no bremsstrahlung radiation was produced and for beta particle, decay energy is 100% absorbed 

within the mass. We started to analyze the case for 90Y microspheres where the effective half-life is 

equal to the physical half-life. Because of the continuous beta spectrum, we further operate with an 

average energy emitted per disintegration    and equation (4) becomes: 

   
     

 
                                                                         ( 5 ) 

The estimation of absorbed dose is required. If we analyze the formulas above, the activity is the 

only quantity which is time dependant and in order to calculate the cumulative dose, the time 

integral must be calculated from the activity, the so-called integral of the time-activity curve or 

cumulated activity given in MBq·s. After substitution the equation for activity, absorbed dose is: 

  
      

 
              
 

 
   

    

 

       

      
                                    ( 6 ) 

where A0 is the activity in the mass of interest, T1/2 is the half-life of radioactive source while 
      

      
 

would be accumulated activity. 

For the specific case of 90Y, which is β- emitter, making assumption that all the energy is absorbed in 

the tissue (2.5 mm average tissue penetration), the constant term in the equation (6),     
    

      
, can 

be calculated taking into account the physical values for 90Y: average energy                    

and T1/2=2.6684 days: 

    
    

      
  

          

   
  

             

   
  

    

 
  

       

     
  

          

   
  

      

   
        

     

   
   ( 7 ) 

2.3.1. MIRD Schema 

Unlike the International Commission on Radiological Protection (ICRP) dealing with nuclear medicine 

radiation dosimetry with a focus on radiation protection of individuals occupationally exposed to 

ionizing radiation, the MIRD Committee has authority to deal with nuclear medicine patients. This 

Committee has published numerous pamphlets where an expert scientific overview for nuclear 

medicine applications can be found and dosimetric data helping in dose estimation for each 

approved radiopharmaceutical (17-20). For completion, we should mention other methods for 

internal radiation dosimetry calculations such as Marinelli/Quimby Method for dose calculation from 

a beta emitter and the RAdiation Dose Assessment Resource (RADAR) which established a web site 

and produced software code known as OLINDA with input data from its website. 
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MIRD schema nowadays is widely accepted standard for dose assessment from 

radiopharmaceuticals in the field of nuclear medicine. It provides an estimation of the absorbed 

dose to target regions due to time-dependent activity in a source organ. This formalism implies 

target region to designate the tissue where the absorbed dose will be assessed while source region 

means a source organ (or suborgan region of tissue with homogeneous composition and with 

uniformly distributed activity). In case of a number of source organs, the absorbed dose to the target 

region is summed over all of them. If we denote the source region with rS and the target region with 

rT than the absorbed dose to a target region at time t from activity contained in a source region is 

given by: 

                          
  
  

                                                        ( 8 ) 

where      is the total number of nuclear disintegrations in the source region at time t and is well 

known as cumulated activity and            is known as S-factor (sometimes referred to as the 

dose factor (briefly explained later) in RADAR schema for instance) which is calculated in advance for 

different combination of rS and rT for different photon and electron energies (18). In practice, the 

target region will be irradiated by multiple source regions which require summation from NS source 

regions. The concept of MIRD schema is that the absorbed dose to target region is calculated on the 

basis of the total number of radioactive decays occurring in source regions with homogeneous 

composition (referring to macrodosimetry).  

From the definition of S-factor, we can write: 

           
                 

   
   

                                                    ( 9 ) 

where we summed over all nuclear decays. For the i-th decay, Ei is released photon energy or 

average energy of the emitted β particle, ni is number of radiations with energy E emitted per decay, 

            is the absorbed fraction of energy Ei released by the source organ and at the same 

time absorbed within the object at time t. Strictly speaking, volume and morphology of source 

regions can vary with time and irradiation geometry can change over time, so         is mass of the 

target region at time t. In nuclear medicine dosimetry, for empirical calculations, volumes and 

shapes are taken to be fixed. After what we have said so far, S-factor includes consideration of the 

type and energy of the emitted radiation, size and shape of the source and target regions and 

distance between them. 

Cumulated activity represents time integral of the activity with physical meaning of the number of 

radioactive decays occurring in the source region rS: 

           
 

 
                                                             ( 10 ) 

It incorporates characteristics of uptake and retention of activity in regions of interest and in a case 

of microspheres embolization, a radioactive source of 90Y is permanently implanted in the patient 

without a biological removal from the region, so it includes only consideration of physical half life of 

the 90Y.  
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In conclusion, the estimation of absorbed dose is dependent upon two types of information: 

cumulated activity, which is time-dependent and dose distribution time-independent factors, 

lumped together into S-factor.  

For intravenous injected radiopharmaceuticals, an uptake of the source region should be evaluated 

and retention of activity as a function of time must be determined. The reminder of the body should 

not be omitted as a potential source of radioactivity. When performing internal dose assessment, an 

adequate number of data points must be obtained. The bigger the number of measurements the 

better the estimates of the parameters. When the emphasis is on the permanent embolic particles 

and delivery of the microspheres, the number of data points is irrelevant because we are dealing 

only with physical decay and only one measurement is sufficient for dosimetry purposes.  

The data related with the source regions can be obtained from quantitative imaging, but also from 

an external counting with NaI probe, blood specimen or excreta spectrometric counting (α, β or γ). 

The distribution of a microspeheres in the body is quantified by imaging methods obtained from 

planar images for the purpose of extrahepatic shunting identification and recommended SPECT 

imaging for therapy planning using surrogate for the therapy (99mTc) or tomographic bremsstrahlung 

SPECT and PET images from the therapy isotope (90Y). In this way, imaging of liver disease plays 

important aspect of both diagnosis and following patient response post therapeutically. For 

determining region volume, especially for tumors, independent anatomical imaging modalities such 

as CT or MRI are recommended. 

2.3.2. Dosimetry methods recommended by the microspheres’ manufacturers 

SIR-Spheres therapy doses are based on activity determination. The manufacturer suggests two 

methods for the activity calculation: 

a) Body surface area (BSA) method: 

                                                                                     ( 11 ) 

               
            

                  
                                              ( 12 ) 

b) Empiric method for activity calculation based on the degree of liver involvement by tumor, 

treated lobe and the lung shunting 

                                                                               ( 13 ) 

where LSM is lung shunt modifier and LPM is liver part modifier. 

TheraSphere therapy doses are based on the desired radiation dose to target mass typically between 

100 and 120 Gy and therapy must maintain lung dose lower than 30 Gy because the maximum 

activity depends on the lung-shunt fraction 

       
           

     
                                                               ( 14 ) 

where m is a target mass (whole liver, liver lobe or liver segment) 
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2.4. Imaging modalities 
 

In the broadest meaning, medical imaging aims to provide us with information in order to detect a 

disease, to grade the extent of the disease, to determine the cause of the disease, and to guide and 

monitor the treatment. Medical imaging can be divided into anatomical/morphological imaging on 

one hand, with computed tomography (CT) and magnetic resonance imaging (MRI) as the most 

important ones while functional imaging such as gamma camera imaging, both planar scintigraphy 

and single-photon emission computed tomography (SPECT) and positron emission tomography 

(PET), based upon the properties of the used radionuclide.  

For a single photon emitters, gamma rays are attenuated and scattered in the body while imaging is 

performed with gamma camera outside of the patient’s body, consists of a collimator, scintiallator 

and electronics (a number of photomultiplier tubes PMTs). The collimator allows only gamma rays 

that incident perpendicularly to the detector while attenuates all others. The most commercial septa 

are usually made from lead in order to attenuate those rays originate from other holes. The parallel 

hole collimator is the most widely used one, recommended for quantification of radioactivity 

because it exhibits less distortions compared with other types of collimators (e.g., multi-pinhole, 

fanbeam and conebeam collimators). The drawback of using collimators is the low efficiency of the 

measurement because only small fraction of emitted photons will eventually reach the scintillator, 

absorbing the majority of them. Those that have passed through the collimator strike the crystal and 

first are converted into light photons through photoelectric effect and then, in the second step of 

conversion process into an electrical signal by the photocathode from the PMTs connected in 

network using Anger logic for position determination. The sum of the signals is proportional to the 

energy of the absorbed gamma rays. According to this we can differentiate scattered from non-

scattered radiation, i.e. non-useful from useful information for image formation. Limitation of 

energy resolution is influenced by the minimal number of electrons leaving the photocathode in the 

aforementioned conversion process. In SPECT, gamma cameras are rotated around the patient 

where a number of planar images are acquired from different angles in order 3D images to be 

reconstructed. 

Radionuclides used in PET decay under positron emission which travels short distance before 

annihilates with an electron, emitting two gamma rays with an energy of 511 keV detected by the 

detectors surrounding the patient. In comparison with SPECT, the energy of detected photons is 

higher and physical collimator is excluded because of the electronic collimation and the need for 

coincidence detection electronics.  

2.5. Dosimetry of non-uniform activity distributions 
 

As long as the practice used in the nuclear medicine is for diagnostic purpose, the absorbed dose to 

target organs is sufficient for the estimation of the risk from ionizing radiation as the activity of the 

imaging isotope is relatively low. Back in time, when gamma planar imaging was the only modality 

performed in order to quantify the activity from radiopharmaceuticals, the possibilities were limited 

to whole organs and the regions of interest were delineated based on 2D images (planar 

scintigraphy). Dose assessments followed the MIRD schema (18) explained in 2.3.1 with assumptions 
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that activity is uniformly distributed within each source organ while the absorbed dose fractions 

were calculated based on the Monte Carlo (MC) photon transport in an anthropomorphic phantom 

simulating an average man. In (17) S values were published based on those MC simulations. This 

formalism was implemented on the OLINDA software where tumors were approximated as spheres 

with unit density. It is simple to use but the downside is that only average absorbed dose can be 

estimated. Furthermore, heterogeneous composition of the tissues is not taken into account, 

neither individual anatomy of the patient. Later, with the advancements in technology, SPECT and 

PET imaging modalities have been introduced as 3D tomographic imaging modalities in nuclear 

medicine. This was a step further from planar scintigraphy because it was feasible to assume the 

dose in sub-regions within the organs and, the activity was no longer needed to be considered as a 

uniformly distributed at organ level but still with an assumption of uniform distribution within the 

sub-regions, able to apply the MIRD schema (20). With other words, nothing impedes us from 

application of the same MIRD formalism to smaller regions. 

For therapy with radionuclides like in the treatment of liver cancer with 90Y microspheres, voxel 

dosimetry is associated with tomographic imaging. It is defined as “the calculation of radiation 

absorbed dose to tissue regions with dimensions ranging from few centimeters to hundreds of 

micrometers” (20). In this case, a nonuniform activity distribution of the microspheres is acquired 

and the patient-specific doses are estimated. During the course of the SIRTwith 90Y microspheres, 

there is a broad variation in the activity distribution among the patients that underwent therapy, the 

absorbed doses are large and the normal liver toxicity is possible. We should emphasize that dose 

nonuniformity is intentionally used in microspheres radioembolization. As the nonuniform 

microspheres distribution leads to nonuniformity in the absorbed dose profile, the term mean 

absorbed dose is not suitable for evaluation of the results. The more suitable terms are dose-

volume-histogram (DVH) and isodose lines. Because of the short range of beta particles in a case of 
90Y, the dose profiles will be more nonuniform compared to X- and gamma-rays. Our worry is that 

the spots where the doses are low may allow the re-growth of the primary and metastatic hepatic 

cancer from survived cells. 

In summary, given information from SPECT and PET about the activity distribution on a voxel level 

and patient specific organ based anatomy from CT or MRI, the MIRD schema can be used to 

calculate the absorbed dose in the voxels of different activity levels. We must emphasize that this 

voxel dosimetry assumes a homogeneous tissue composition and uniform distribution within the 

individual voxels.  

2.5.1. Dose point kernel convolution approach 

Dose point kernel convolution is based on the idea of convolving the activity distribution within the 

source organ with a dose deposition kernel at a target point within a homogeneous medium. The 

dose at that given point is obtained by the superposition of the contributions from all point sources 

(voxels) in the concerned medium, surrounding the target point. The activity distribution accounts 

for the total number of radioactive transitions occurring in the source regions with homogeneous 

composition, whereas the dose point kernel describes the type and energy of emitted radiation. As 

convolution is a time-consuming process, aiming to speed up calculations, fast Fourier or fast Hartey 

transforms are used.  The disadvantage of this approach is the requirement for homogeneous tissue 

composition. It does not account for variations in atomic number throughout a tissue. Furthermore, 

within regions of tissue-air or tissue-bone interfaces, dose point kernel convolution leads to 
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significant errors in dose distribution. Liver is situated in the abdominal region which is consisted of 

soft tissues with small differences in density and not taking into account tissue heterogeneities 

would not lead in big difference in the dose calculation.  

2.5.2. Monte Carlo radiation transport approach  

Monte Carlo is another calculation method used to generate dose distribution. It is a random 

sampling technique wherein results are attained by following the histories of a large number of 

particles as they emerge from the source region and undergo multiple scattering interactions. 

Monte Carlo techniques are able to accurately model the physics of particle interactions by 

accounting for the user-defined geometries and tissue compositions (soft tissue, bone, lungs, or air). 

As a consequence, tissue heterogeneities are explicitly integrated and the data from MC simulations 

can be directly coupled with the patient-specific 3D activity distribution from SPECT or PET and 

calculate the absorbed dose distribution, in conjunction with fused anatomical patient-specific 

images which would be used to assign an effective atomic number Z and tissue density in each voxel. 

However, this approach is computationally demanding and time-consuming. Nevertheless, in the 

course of the past ten years with the substantial increase in the power of computers, MC radiation 

transport method is expecting to be more exploited for voxel dosimetry. 

2.5.3. Voxel S value approach 

For nonuniform activity distribution within the target organs (and tumors) MIRD formalism can be 

applied to quantify data. Nowadays, in vivo imaging of activity distribution is possible at the voxel 

level with the help from SPECT and PET and as a result, a cumulated activity per image voxel can be 

calculated. First, let us define an S voxel value; it is the “mean absorbed dose to a target voxel per 

radioactive decay in a source voxel, both of which are contained in an infinite homogeneous tissue 

medium” (20). If the voxel S values for 90Y can be calculated then the MIRD schema may be applied. 

To assess the dose in a target voxel k, 3D summation of N surrounding source voxels h will be 

performed, including dose contribution from the target voxel as well): 

                                     
 
                                      ( 15 ) 

With this equation, the calculations for each target voxel in the ROI can be evaluated. The same 

impediment as in dose point kernel convolution is also present in this approach: the tissue is 

considered as a homogeneous medium. However, in contrast to MC simulations, this approach is a 

way more efficient because it is faster. The tabulation of S voxel values for 90Y for voxel size of 6 mm, 

3 mm and 0.1 mm can be found in (20) for a homogeneous soft tissue while for the voxel sizes used 

in clinical practice for particular scanner, interpolation between the stated voxel sizes should be 

used.  
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3.Materials and Methods 

 

3.1. 99mTc-MAA analysis 
 

Earlier dosimetric studies (8, 13, 21-23) have shown technetium-99m macroaggregated albumin 

(99mTc-MAA) is possible to simulate 90Y microspheres biodistribution. Nevertheless, due to 

differences in physical properties between 99mTc-MAA and 90Y microspheres in particles size, 

catheter placement, density and injected load, 99mTc-MAA is not perfectly substitute for 90Y 

microspheres and cannot 100 % mimic post-therapy microspheres distribution. Therefore, for these 

reasons, predictive dosimetry can only provide estimation of the intended absorbed dose to the 

tumor. It can be performed by planar scintigraphy and lately, to the extent of improved accuracy, 

tomographic data from SPECT, and with a new development of hybrid modalities, with SPECT/CT.  

From what we have discussed above, the planning target volume, a term used in EBRT, is assigned to 

the intended part of the liver to be treated with microspheres. Usually, the margins of PTV are 

delineated by catheter based liver directed angiography and it serves as the perfused area 

specifically related with 99mTc-MAA and its corresponding catheter position. SPECT/CT improves 

qualitatively and quantitatively the accuracy by allowing anatomical localization, attenuation and 

scatter correction that is superior to the one imaged with SPECT and planar scintigraphy.  Based on 

the work of Garin et al (13), from phantom studies it was shown that 99mTc-MAA SPECT/CT volume 

measurements are accurate and reproducible. In our case, visual co-registration with angiographic 

image slices was not possible because of the absence of contrast angiograms and contours of the 

PTV were drawn onto the axial CT slices. Corresponding perfused volume according to the SPECT 

counts was separately created based on functional imaging. 

Tumor ROIs were contoured on each axial CT slice for all visually detectable lesions and by 

interpolating these ROIs, discrete tumor VOIs were created. All tumors for each patient (if there 

were more than one) were summed into a single one and it represented PTV. Non-tumor liver was 

calculated as the Boolean difference between whole liver delineated on CT scans and the tumor VOI. 

Generally speaking, based on a literature study, it is not common to find serious disagreement 

between hepatic angiography versus 99mTc-MAA SPECT/CT. According to Kao et al (12), “severe 

imaging discordance is defined as the complete or near-complete imaging mismatch between tumor 

angiographic contrast hypervascularity as sees on hepatic angiography versus the corresponding 
99mTc-MAA SPECT/CT”. According to their experience, in their institution this was a case in only 4 % 

of the patients eligible for SIRT with 90Y microspheres (3 out of 74 cases). After their careful review of 

the angiograms from digital subtraction angiography (DSA), the conclusion they have withdrawn 

from it revealed odd microcatheter tip placement against the arterial wall in all patients with 

discordance. Because the literature is scarce of explanation about this phenomenon, they postulated 

three factors as possible reason for it, including difference in injection rates between the 

angiographic soluble contrast and chemotherapeutic agents, the difference in soluble molecule 

versus microparticle arterial flow hemodynamics and microparticle trajectory selection. Keeping in 

mind that our studies are done without injection of angiographic contrast, only third factor can be 
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used for explanation of our disagreement. Namely, exploiting the results from computer modeling of 

microspheres released in hepatic artery, studies published in the articles (24, 25), trajectories of the 

microparticles are affected by the pulsatile arterial flow and the placement of the catheter within 

the artery cross section (Figure 1).  

 

Figure 1: Illustration of the concept of microparticle trajectory selection by computer modeling of a hepatic 

arterial system; Figure from Y H Kao (12) 

3.1.1. Liver-to-lung shunt  

 

Arteriovenous shunting is a property of tumor vasculature (usually in metastatic liver tumors) which 

may lead to pulmonary shunting of injected 90Y microspheres and may be manifested as radiation 

pneumonitis if significant shunting is present. Correspondingly, large shunting fraction makes 

therapy not only inefficient but also toxicity will be increased. For this objective, the calculation of 

liver-to-lung shunt fraction (LSF) is crucial for safe 90Y microspheres implantation. Depending on the 

calculations for the shunt fraction, the whole calculation of the activity to be administrated might be 

changed and differ from the intended one based on mapping during angiography.  

The best way to assess the degree of shunting into lungs is during administration of 99mTc-MAA. 

Whole body planar scintigraphic anterior and posterior images (Axis, Philips) were used to 

determine any shunting possibilities. Regions of interest (ROIs) were manually drawn around the 

whole body, liver and lungs on both, anterior and posterior images and geometric mean values were 
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calculated. The lung shunt fraction was calculated as a quotient of the total lung counts (C lung) to sum 

of lung and liver counts (Cliver) 

    
     

            
                                                            ( 16 ) 

Injected activity of 99mTc-MAA in the hepatic artery has been in range between 169 and 196 MBq. 

Region of interests (ROI) were manually drawn on a Hermes software (Hermes Medical Solutions, 

Sweden). Depending on the shunt volume, a reduction in the total administered dose to liver might 

be necessary. The highest tolerable dose to the lungs according to previous clinical studies with 90Y 

microspheres can be up to 30 Gy with a single injection (up to 50 Gy to multiple injections) 

3.1.2. Tumor-to-liver activity uptake 

 

In favor of delivering the highest possible dose to the tumor during microspheres implantation while 

maintaining radiation dose to the lungs and normal liver, tumor-to-normal (T/N) uptake ratio should 

be predicted and later, it will alter the activity to be delivered. This requires two measurements to 

be completed: measurement of the volume of tumor and normal liver determined and delineated 

from an anatomical CT scan and measurement of the activities of 99mTc-MAA that dwell in the tumor 

and normal liver from the SPECT scans. To determine the T/N ratio, the following equation should be 

used: 

 
   

      

            
 
            

      
                                                             ( 17 ) 

Because here we are dealing with quotients and assuming that the density in the liver is equal to the 

density of the tumor, we can rewrite the above equation in the following form: 

 
   

             

                   
 
            

      
                                                         ( 18 ) 

Numbers of counts in the tumor and normal liver, as well as the volumes were quantified with the 

Planet software. This ratio can also be quantified from diagnostic scintigraphy with 99mTc-MAA but it 

is a less accurate way to perform the calculations simply because it is a 2D imaging.  

3.2. Dosimetry Assessment Using Partition Model 
 

For the purpose of my thesis, I used partition model to retrospectively estimate the mean dose to 

the tumor liver and normal liver. Basically, it is a model used before implantation of microspheres in 

the patient beneficial to delivering of the highest possible activity to the tumor while limiting the 

radiation dose to the healthy liver (and lungs as well). It is based on a MIRD schema with assumption 

that the normal liver and the tumor are separate organs and it stands on the grounds of the 

calculated LSF, T/N ratio and masses of the tumor and the normal liver.  

Assuming that administrated activity is deposited in the normal liver, tumor, and lungs: 

                                                                              ( 19 ) 

We can adapt the equation (15) in the following form: 
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                                                                                ( 20 ) 

Thus, based on the general formula (13), dose to the lungs is given by: 

       
                

      
                                                             ( 21 ) 

assuming the total mass of both lungs to be 1 kg. 

If we say that the liver is a sum of the normal liver and the tumor, the dose to the normal liver and 

the tumor will be given with formulas (21) and (22), respectively: 

             
                    

                       
                                              ( 22 ) 

       
 

 
                                                                     ( 23 ) 

The rational in this method, recommended by (8) is to limit the dose to the normal liver (70 Gy) and 

the lungs (30 Gy) and from those limitations to calculate the activity from the above equations. This 

represents a way how to calculate the activity of the 90Y microspheres separately from their 

manufacturers. Expressing Atotal from the equation (22), we can write the following formula: 

       
                           

 

 
        

             
                                       ( 24 )  

The amount of activity in corresponding tumor will be:  

                        
            

            
                                   ( 25 ) 

The absorbed doses (in Gy) in tumor can be finally calculated based on the amount of activity in 

tumor (in GBq) determined from (25). 

       
         

      
                                                                   ( 26 ) 

3.3. Scanners, acquisition and reconstruction 
 

Pre-treatment 99mTc-MAA planar and SPECT images were performed on Axis dual-head gamma 

camera (Koninklijke Philips Electronics NV, the Netherlands). Planar images have been acquired on a 

256 x 256 matrix using (112 – 168) keV energy window (20% of 140 keV) and a low-energy high-

resolution (LEHR) collimator over 300 s. SPECT imaging was performed with 120 projections 

(20s/projection) over a 360° and matrix size 128 x 128. 99mTc-MAA SPECT/CT projections were 

acquired on a Brightview gamma camera (Koninklijke Philips Electronics NV, the Netherlands) with 

energy window 20 % of 140 keV (112 projections over 360°, 130 x 130 matrix, 16 s per projection 

and 120 kV). Reconstruction algorithm was 3D-OSCM (3 iterations, 8 subsets) on Philips workstation 

with CT-based attenuation correction, scatter compensation and Astonish resolution recovery 

algorithm for sharper images using deconvolution of point-spread function with scaling factor 

[0040,9225] to match the number of counts in the reconstructed images. 

Post-treatment 90Y bremsstrahlung SPECT data were acquired on the same Philips Axis system. The 

Axis is a dual detector SPECT scanner with NaI(Tl) crystal. The performance of the experiments and 
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the patient scans were performed with the mounted medium-energy general purpose (MEGP) 

collimator which proved to be the best option for 90Y continuous bremsstrahlung photon spectrum 

according to the doctoral dissertation of E. Rault (15). 90Y Bremsstrahlung SPECT data have been 

acquired in a (50 – 150) keV energy window, using 120 projections (30 s per projection) over 360° 

and 128 x 128 matrix with a pixel size of 4.669 x 4.669 mm2. Images were reconstructed with 3D 

ordered-subset-expectation maximization (3D OSEM) reconstruction algorithm using 4 iterations 

with 6 subsets with post-reconstruction filtering on Hermes workspace without attenuation 

corrections neither scatter compensation.  

90Y bremsstrahlung SPECT imaging has also been performed on a hybrid SPECT/CT Philips Brightview 

XCT system (Koninklijke Philips NV, the Netherlands) with dual headed gamma camera with NaI(Tl) 

crystal and fan beam CT with a MEGP collimator. Acquisition parameters have been set as follows: 

(50 – 150) keV energy window; 130 x 130 matrix (4.664 mm cubical voxel); 180 projections (30 

s/step). Low dose CT has been acquired (120 kV, 20 mA) for attenuation correction. SPECT and CT 

images have been co-registered and reconstructed with the 3D OSEM algorithm using 4 iterations 

with 4 subsets, with correction for attenuation and with introducing correction for the scatter. The 

total and average counts were provided by Hermes software. For the studies in this thesis, the 

projection data were filtered with a Butterworth standard filter with a 1.3 cycles/cm, order 8, to 

improve image quality. 

PET/CT was the Philips Gemini 16 Power which uses pixilated GSO crystal with 17864 detectors and 

ring diameter 90 cm. Its image reconstruction is with RAMLA 3D algorithm with blobs. The resulting 

image is corrected for attenuation, scatter, randoms, dead time, and normalization. 90Y PET 

acquisition is possible because of the positron fraction of 3.186 x 10-5 from 90Y decay. 

3.4. Phantom set up 
 

For the quantification purpose with each exploited modality, a phantom was scanned to convert the 

counts in the images to activity and the calibration coefficients were calculated. In order to quantify 

the studies, NEMA IEC Body phantom (Data Spectrum Corporation, USA) was used for all 

experiments. The phantom consists of a fillable torso-shaped compartment with volume of 9700 mL 

which contains six fillable coplanar spheres with inner diameters: 10, 13, 17, 22, 28 and 37 mm and a 

cylindrical insert. The initial 90Y activity concentration in the spheres was 0.22 MBq/mL; the phantom 

was scanned without activity in the phantom background with bremsstrahlung SPECT, 

bremsstrahlung hybrid SPECT/CT and PET/CT. After performing this experiment, 90Y was added to 

the background for the second experiment, resulting in activity concentration of 0.01 MBq/mL. The 

total activity in the phantom was 10.50 MBq and 108.0 MBq for the first and the second experiment, 

respectively. The same set of scans was performed for the second experiment. The measurements 

were performed at the same day and corrections for the decay were applied for the time elapsed 

between the measurements of the activity in a dose calibrator and the moment when the scans 

were performed.  

The pre-treatment 99mTc-MAA planar scintigraphy, SPECT with Axis and SPECT/CT with Brightview 

images were quantified by calculation of calibration factors (counts/MBq) obtained from the scans 

of the same phantom filled. The spheres were filled with 99mTc activity concentration of 0.30 
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MBq/mL while the activity concentration in the background was 0.02 MBq/mL. The total activity in 

the phantom was 224.4 MBq. Decay correction was also applied when the calibration factors were 

calculated.  

SPECT reconstructed data on Axis camera were with the voxel size 4.669 x 4.669 x 4.669 mm3 and for 

the purpose of better analysis of the phantom scans; they were fused with CT data from hybrid 

SPECT/CT modality with a voxel size of 4.669 x 4.669 x 1.032 mm3. The fusion was done with Osirix 

software (Open source for processing DICOM images). For that purpose, a correction factor was 

estimated simply by comparing the total number of counts in the SPECT reconstructed images and in 

the same ones fused with CT, calculated as a simple quotient between them. Additionally, for 

determination of the total number of counts in the spheres, sum of all the counts per slice were 

taken into account but read out with a slice thickness of 1.032 mm. The same procedure was 

repeated for the exact same batch of data from the exact scanner but with a slice thickness of 4.669 

mm and the conversion factor was derived to accompany the number of counts from other 

modalities and correct them for slice thickness.   

Image contrast was obtained from the experiments done with the activity present in the phantom 

background for both, 99mTc and 90Y. Circular ROIs were contoured for each visible so-called hot 

sphere (because it is filled with activity) out of six present in the phantom. In this way, going through 

all the slices we covered all the spheres. Delineation was performed with a help from CT scan from 

the hybrid modality. The same CT was exploited to fuse the images done with Axis SPECT for the 

purpose of easier spheres delineation. A background ROIs were delineated on the same slices, where 

we summed all the counts per slice and divided them by the total number of pixels, resulting with an 

average number of counts per pixel, weighted for an area of the drawn ROI. For each 99mTc-MAA 

SPECT, 99mTc-MAA SPECT/CT, 90Y bremsstrahlung SPECT and 90Y bremsstrahlung SPECT/CT, contrast 

recovery coefficients were calculated for each sphere with the following equation:  

   

       

     
  

   
                                                               ( 27 ) 

Here,         is the number of counts per voxel in the hot sphere,       is the number of counts 

per voxel in the background and R is the true contrast (sphere-to-background ratio of activity 

concentrations). 

3.5.  Patients 
 

A total of 3 patients with paired post-implantation 90Y bremsstrahlung SPECT with 90Y PET studies 

were analyzed and the results were calculated with different dosimetric methodologies: phantom 

based dosimetry by OLINDA software, partition model which implements the well known MIRD 

schema and 3D image based voxel dosimetry.  

Patient 1 

A 56-year-old man with inoperable advanced diffused pattern of HCC who had no previous 

treatment of the liver has been referred for 90Y radioembolization. He underwent pre-therapy 

mapping hepatic angiography with 99mTc-MAA planar scintigraphy for determination of LSF (6%) and 
99mTc-MAA SPECT of the abdomen according to standard technique. Clinically, tumor has been 
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delineated on 18F-FDG PET/CT. 196 MBq of 99mTc-MAA has been injected into the right hepatic artery 

and the patient has been transported to Axis gamma camera suite 30 min after injection to undergo 

scintigraphy. 75 min after injection, SPECT scan recorded the abdomen region and according to the 

recordings, an intense concentration of 99mTc-MAA activity has been recorded in the tumoral 

regions. The hepatic biodistribution of 99mTc-MAA has shown near complete matching with 18F-FDG 

PET/CT scans with no indications of extrahepatic tracer deposition. After confirmation of his 

eligibility for SIRT with 90Y microspheres, the patient underwent intra-arterial treatment with 90Y 

glass microspheres (TheraSphere) and there has been 5.3 GBq net activity delivered in the 

Interventional Radiology Department at the University Hospital in Gent.  During the activity 

calculation, target volume of 1924 mL has been contoured and taken into account during 

calculations of 120 Gy absorbed dose to be delivered, recommended by the manufacturer of the 

microspheres. At the post-therapy imaging with SPECT and PET/CT, no evidence of tracer deposition 

outside the liver has been present. However, partly accumulation of the microspheres in the non-

tumor liver has been noticed outside the tumor, characterized with a low T/N ratio resulting in 

suboptimal distribution of the microspheres within the liver.  

Patient 2 

A 68-year-old man with colorectal liver metastasis spread within both lobes with history of 

chemotherapy has been referred for 90Y radioembolization. He underwent pre-therapy angiographic 

evaluation according to standard techniques and was administrated 195 MBq of 99mTc-MAA through 

the right hepatic artery 1h and 35 min after preparation. 30 min later, a whole body planar 

scintigraphy with Axis camera was conducted and the SPECT shot of the abdomen region with the 

same system. Tracer accumulation in the pulmonary region has been absented after visual 

inspection; after quantification on planar imaging LSF has been calculated as low as 3 %. Established 

practice in UZ Gent for tumor delineation is to take advantage of 18F-FDG PET/CT scans done before 

the implantation. The tomographic recordings from 99mTc-MAA SPECT accumulation have shown 

partly good matching with the findings from the 18F-FDG PET scans that had preceded. The word 

“partly” was used because of the elongated 99mTc-MAA accumulation in one of the liver segments 

but after consultation with interventional radiologist, angiographic correlation has not been 

established withn extrahepatic site accumulation and the patient has been directed to therapy with 
90Y microspheres. A day before the therapy the entire process of mapping liver angiography with 
99mTc-MAA scintigraphy has been repeated but now for the left hepatic artery and again, no 

significant pulmonary activity has been noticed. After quantification, only 2 % LSF has been 

recorded, followed injection in left hepatic artery. The repeated 99mTc-MAA SPECT uptake showed no 

extrahepatic tracer deposition. In light of the imaging findings in both set of studies, 90Y 

radioembolization was deemed suitable. The therapy has been conducted with administration of 

resin SIR-Spheres where the net administrated activity, corrected for the resident activity, has been 

3.2 GBq. The calculations were based as of the volume on the right and left hepatic lobes of 1142 mL 

and 523 mL, respectively. Calculation of activity has been done according to the partition model but 

also recommendations by the manufacturer’s suggested BSA model have been performed (1.62 

GBq). The microspheres have been proportionally distributed between the right and left liver lobe 

and no evidence of pulmonary uptake has been seen on the whole body scans. According to the 

findings from 90Y bremsstrahlung SPECT recordings, the accumulation of the radiopharmaceutical in 

the known liver lesions has been in concordance with the findings from 99mTc-MAA SPECT 
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tomography. In order to specify which lesions have been appropriately targeted, a further 90Y PET 

scan has been performed.  

Patient 3 

A 70-year-old man with cholangiocarcinoma has been referred for SIRT with 90Y microspheres. 

Previous treatments consisted of hepatectomy (surgery) followed by EBRT and chemotherapy and 

twice treatment with glass microspheres. Injection of 195 MBq 99mTc labeled MAA in the common 

hepatic artery followed 25 min after preparation. Whole body scan was performed 1 hour after 

administration without evidence of the tracer deposition within the lungs, quantified with LSF value 

of 3 %. After comparison of the tomographic SPECT 99mTc-MAA SPECT images with 18F-FDG PET scans 

that had conducted earlier to this one, the conclusion of a good agreement between the activities 

concentrations of the radiopharmaceutical with the known spots, defined on the gold standard for 

the tumor. Additionally, no convincing clues for extrahepatic deposition of MAA in the abdomen 

region has been found and a team consensus decision has been made to proceed with therapy with 

glass 90Y microspheres. The activity has been planned according to the TheraSpheres 

recommendation delivering targeted dose of 120 Gy but because of the history in this patient with 

EBRT, the right targeted volume of 1145 mL was treated with an activity of 1.9 GBq calculated with a 

reduced targeted dose of 100 Gy. While 99mTc-MAA had been administrated through the common 

hepatic artery, TheraSpheres were given in the right hepatic artery. Post-radioembolization90Y 

bremsstrahlung SPECT recordings and Y-90 PET/CT have shown satisfactory activity deposition. 

3.6. Tissue quantification 
 

Medical imaging plays a crucial role as an image provides not only visualization of the personalized 
anatomy of the patient and functional information but also supports quantitative assessment. When 
performing dosimetry for the patients eligible for internal radionuclide therapy, accurate 
quantification is becoming feasible when the data acquired using different modalities like SPECT, 
PET, CT and MRI are suitably evaluated. Information about the location, the size and the volume of 
the organs and the tumors can be obtained by tomographic anatomical images while functional 
tomographic imaging provides complementary information about the tracer kinetics and tumor 
functionality. Predictive dosimetry and personalized therapy planning are just about to become 
reality in nuclear medicine departments as expedient software that implement dose point kernel 
convolution, MC radiation transport or voxel S values approach for 3D dose calculation have become 
commercially available. It must be emphasized that the imaging isotope (99mTc) is different from the 
therapeutic one (90Y) and their behavior should be correlated by the developer.  

3.6.1. Planet Software 

Planet Dose software was developed by Dosisoft, France and it offers complete solution for SIRT 90Y-

microspheres dosimetry for 3D dose calculation. This software provides pre-implantation dosimetry 

based on 99mTc-MAA fused SPECT and CT exams and post-implantation dosimetry based on 90Y-

microspheres fused PET and CT exams. Additionally, it offers comparison possibilities between 

treatment planning predictive dosimetry from 99mTc-MAA SPECT/CT examination and treatment 

validation from 90Y-microspheres PET/CT. Planet Dose takes advantage from all the advanced 

functionalities of Planet Onco software (Dosisoft, France) designed for review of multi-modalities 

(CT, MRI, SPECT, PET) and their registration, import and export of registered images, advanced 

segmentation and contouring for the treatment of series from molecular imaging. Planet Dose and 
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Planet Onco applications run on PC computer with the Lunux operating system Red Hat Enterprise. 

The graphic window includes icons for access to visualization tools, 2D transverse, coronal and 

saggital views and 3D view. 

Planet Onco contains different tools for quantification and analysis of imaging data. When the 

software is run, the main window appears as it shown on Figure 2 (a) 

 

Figure2: Screenshot from the main application window in PLANET (a) Subjects, studies and series lists; (b) 

Creation of a new study 

The subjects, studies and series lists give an overview of the data imported in the software from 

where we can access to the actual images, create a new study or load an existing one. When a new 

study is created for a patient, suitable anatomical and functional images are selected from the 

imported series Figure 3 (b).  

In the next step (Figure 3), as we used images from different reference frames, we register the series 

to be used for dosimetry and position them in such a way that their contents show the best overlap. 

To this means, we define one CT scan and then match the other series (SPECT and PET) with it. In a 

case of studies done by hybrid SPECT/CT and PET/CT the previous step is omitted which was not our 

case. As soon we are confident with the registration process, after visual validation of the registered 

images with the tools that the Planed Onco offers, registration to the same time point was 

performed. It is necessary step if we are planning to perform dosimetry based on different 

segmented VOIs which will be propagated to that time point. This part of the registration process is 

based on matching between anatomical images (CT scans in our case). As long as the same CT scan is 

used for fusion with functional images this step represents sheer formality as it was the case in my 

batch of studies. In addition, image registration panel displays the parameters used for the shift and 

rotation actions of the registration, Figure 3(b). 

 

Figure 3: Screenshots from registration window (a) Automatic registration (b) Manual registration 

Image 

regist 

panel 

a b 
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In the image segmentation step we create volumes of interest (VOIs) in the series. They are 

important markers for the dosimetry process. This can be done automatically, semi-automatically or 

manually on either anatomical or functional images with a help from the tools present in 

“Segmentation section” (Figure 4). The functionalities for manually creating VOIs are only applicable 

in the axial view. Manual segmentation is time consuming and cannot be consistently replicated. 

Voxel based technique for threshold values are implemented and in this way the voxel values from 

the image can be used to separate the object from the background. To speed up the procedure of 

creation the desired VOI, instead of drawing contours in axial view in each slice, interpolation 

between the slices with existing contours previously added is feasible. The moment we are satisfied 

with the created VOI, the structure should be locked and with the help from bundle box tool, 

quantification of VOIs will be possible for the sake of dosimetry. Propagation of the created 

structure to the same time point is necessary for the dosimetry part within the same treatment 

stage. Toggle between VOIs created in anatomical or functional mode is always possible as well as 

2D and 3D display of structures. Segmentation method of uptake for SPECT and PET functional 

modalities uses fixed thresholding segmentation algorithm to compute iso-contours relative to a 

local maximum threshold. This method may be impaired especially when used in an area of low 

contrast and it is up to the user to assess the results.   

 

Figure 4: Screenshot from PLANET: Segmentation window 

In the dose calculation step with Planet Dose (Figure 5), we can add different treatment phases if 

there are (right or left lobe liver treatment for instance) and afterword, within the treatment phase 

we can create and add different internal dosimetry whether it is predictive with 99mTc-MAA 

SPECT/CT or post 90Y-microspheres therapy quantification with PET/CT. 90Y bremsstrahlung SPECT/CT 

is not meant for quantification in this software but with some adjustments it can be estimated 

(explained in the next paragraph). The first step in dose calculation is to define the basic settings that 

will affect the next steps of the dosimetry process. Because in the registration step we performed 

registration to the same time point, all registered functional series will appear in the dropdown 
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menu. If we choose SPECT series then the software by default will perform predictive dosimetry with 
99mTc imaging isotope. Here we can define the radioactivity in megabecquerel (MBq) used for the 

imaging purpose at the time of a SPECT scan (the value should be corrected for the elapsed time 

between injection and acquisition). Acquisition time and date are taken automatically by the 

software from the DICOM header. For the purpose of quantification of SPECT (or PET) images and for 

dose computation, the software needs the values for the calibration coefficient (Bq/counts). Based 

on the values from calibration factor we are able to convert the image values to the necessary 

activity values in Bq. Calibration factors were calculated from the phantom examinations. As they 

depend on acquisition parameters and reconstruction algorithm, at the moment of the phantom 

scans we used the same settings of the camera. Different values were calculated for different 

camera types for both radioisotopes, 99mTc and 90Y. Furthermore, the software gives estimates for 

the activity per injection and per acquisition as if the total activity is present in the liver volume. The 

last field to be filled is to define the radioactivity in MBq that is planned for the therapy injection.  

From Figure 5 can be seen that the selected series are displayed in the viewer section.  

 

Figure 5: Screenshot from PLANET Dose 

As I mentioned above, SPECT is not really quantitative modality. As the patients included in my 

thesis after administration of 90Y-microspheres were scanned not only with PET modality but also 

bremsstrahlung SPECT scans were available. I did calculations as if imaging radioisotope was 90Y 

instead of 99mTc and the radioactivity values for imaging and therapy were matched. Moreover, 

there is a limitation by the software itself in imaging activity that can be entered in this field to 999 

MBq. In contrast, the activity injected for therapy purpose was above this value in all analyzed 

patients and the rescaling of the values was performed. This issue will be further discussed in 

Discussion chapter. 

To confirm the input values and starts the dose calculation, calculate button should be pressed and 

after the calculation is finished, dose profiles, dose volume histograms (DVHs), differential 

histograms and isodose contours can be analyzed, as well as statistics from the calculations. 
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Furthermore, different internal dosimetries can be compared at the level of same treatment stage. 

The juxtaposition of two different dosimetries, their subtraction and superposition, comparison of 

DVHs, similarity between the dosimetries according to gamma index and direct point to point dose 

comparison are available with Planet Dose.  

3.6.2. STRATOS Software 

The STRATOS application is an advanced software package as a part of Imalytics Research Workspace 

(Koninklijke Philips Electronics N.V., the Netherlands) for 3D image based dosimetry for targeted 

radionuclide therapy which allows not only calculation of dose but also to visualize dose maps for 

internal therapy with radionuclides (26). The drive for developing this kind of software is the new 

paradigm of molecular medicine to cure diseases before the symptoms become apparent. With 

other words, the aim of the molecular medicine is to identify characteristic biomarkers for particular 

disease, allowing much earlier diagnosis and personalized therapy tailored to individual patient. For 

effective translation of this new concept for molecular imaging and targeted therapy into clinical 

practice, Philips developed Imalytics, so-called translational research workstation. In contrast to 

Planet Dose software which was exclusively developed for SIRT with 90Y-microspheres in adjunction 

with 99mTc-MAA predictive dosimetry, STRATOS additionally offers the following combinations of 

imaging and therapy isotopes: 111In, 124I, for imaging and 90Y, 131I, for therapy, respectively and the 

same isotopes 131I, 166Ho and 177Lu for imaging and therapy. From other hand, STRATOS is still for 

research only and not for patient diagnosis or patient treatment planning. Calculation of dose maps 

is based on antibodies and peptides. These are targeting molecules labeled with therapeutic 

radionuclide into the patient which selectively attach to cancer cells.  

The basic look and structure of STRATOS is shown on Figure 6. Subject information panel provides 

access to information on the selected patient. 

 

Figure 6: STRATOS Software; Main application window (Figure taken from User’s manual (26)) 
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Procedure for dose calculation with this software is consisting of five steps when starting from 

scratch from definition of information related with the patient, through image registration and 

segmentation, to dose calculation and evaluation. These are process steps which can be chosen from 

dropdown menu; the way how to move from one step to another. Viewer section changes with 

every step of the process. It provides the user with advanced options for viewing the series in four 

views (axial, coronal, sagittal and a 3D volume view) and large sets of viewing tools. Control panels 

are different for each of the five process steps.  

In “Patient information” step we set the dosimetry protocol from drop-down list (selection of 

predefined imaging and therapy isotope) and other important settings for the dosimetry process. It 

consists of injected imaging activity in MBq, injected therapy activity in MBq, injection date and time 

for the software accurately to correct the injected activity for the time post injection (acquisition 

time and date are taken from the DICOM header), calibration factor and offset for all datasets. 

In “Image Registration” step we define one of the series as reference (CT scan) and then we register 

and position the other series to be used for dosimetry, called target dataset (SPECT and PET scans). 

 

Figure 7: Registration with STRATOS (a) Automatic (b) Manual (Figures taken from User’s Manual (26)) 

Registration can be done automatically (Figure 7a) with one of the four available modes (rigid, 

rotation, and two translation modes) and after registration we can always check the result in viewer 

section (Figure 7b) where with the tools that are available there, we can manually post-process the 

result (or register manually from scratch). Parameters resulting from translations and rotations are 

available in read-only table.  

In “Image Segmentation” step, as it is expected, VOIs are created in the series and, as it was 

previously emphasized, they are very important markers for the dosimetry process. We can always 

create VOIs in viewer section manually or it can be done automatically using one of the five 

preprogrammed algorithms. This special panel offers creation of VOI in the form of box, sphere, and 

ellipsoid or it can be created on the basis of thresholding algorithm or based on a seed point and two 

thresholds (upper and lower).  
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In “Dose Calculation” step we specify the rectangle in coronal plane that encloses all created VOIs 

needed for dosimetry and specify interpolation mode (linear or nearest neighbor) used for 

downsampling (Figure 8). 

 

Figure 8: Dose calculation step in STRATOS (Figure from (26)) 

The “Dose Evaluation” step offers a wide variety of tools for analysis of the dosimetry results like VOI 

statistics tables, display of time activity curves, DVHs and differential histograms to illustrate the 

activity distribution in created VOIs. 

3.6.3. OLINDA 

 

OLINDA (Organ Level INternal Dose Assessment) is a code for personal computer, using the 

structured programming approach of Java language (27, 28). It is used for standardizing and 

automating internal dose calculations in the nuclear medicine departments which brings together 

the best current decay data and phantoms for internal dose calculations and dose factors for 

internal dose assessment for over 800 radionuclides. 

Dose equation used by the MIRD system can be rewritten in the following form: 

                                                                                       ( 28 ) 

where τ is the residence time, equal to      , the accumulated activity divided by the patient’s 

administrated activity A0. MIRD’s concept of residence time is sometimes confusing because indeed 

its unit is time but it expresses the number of nuclear disintegrations that occur in the source region. 

In favor of overcoming this confusion, the following conceptual approach was used in the OLINDA: 

                                                                                      ( 29 ) 
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where N is the number of disintegrations that occur in a source region and DF is the dose factor 

which mathematically is the same as S value defined in equation (8). OLINDA uses the same DFs that 

are provided on the RADAR website (29). This N is actually the integral of time-activity curve for a 

source region and if we use the total number of nuclear transitions that appear in the source region 

then we will calculate the dose to selected target region. Nevertheless, if we use the number of 

nuclear transitions per unit of administrated activity then we define N in units Bq h/Bq, which is a 

common form of input values in OLINDA software. In summary, assessment of radiation dosimetry 

with OLINDA is based on the MIRD method, with data derived from planar imaging, using methods 

described in MIRD Pamphlet No. 16 (19). 

There are 10 whole body phantoms provided with the program: the adult male, adult female, 15-

year-old, 10-year-old, 5-year-old, 1-year-old, newborn and the 3-, 6- and 9-month pregnant female 

phantoms. What does it mean? The organ masses for different phantoms are different and then the 

fractions of radiation energy absorbed in the target, φ, will vary (for α- and β-emissions the result 

will be linearly scaled in relation with the mass while for photons, the absorbed fractions increase 

with the cube root power of the mass of the organ). OLINDA can be used to simply produce DFs for 

these phantoms, but its greater utility is found in combining these DFs with the number of 

disintegrations occurring in different source regions to produce dose estimates for different target 

regions.  

In addition, the OLINDA code has incorporated results for a number of different organ systems not 

included in these whole body phantoms, specifically a model of the prostate gland, peritoneal cavity, 

head and brain, kidneys, and the sphere model (used to estimate doses to tumors and to have 

uniform activity distribution). None of these modes has been used in my calculations. 

 

 

Figure 9: Screenshots from OLINDA 

 

 

 

Nuclide Input Form 

 

 

 

Models Input Form 

 

 

 

Kinetics Input Form 
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In spite of dose calculation, in the “Main Input Form” of OLINDA software, we needed to perform 

the following three steps – choose a nuclide in “Nuclide Input Form”, choose one or more body 

phantoms in “Model Input Form”, and enter some kinetic data “Kinetics Input Form” (Figure 9). This 

process is quite straightforward, first just click on the choices that we want from “Nuclide Input 

Form” menu. We first click on an element (yttrium for instance) and then the available isotopes are 

shown in the isotope window, and we must click on one of these to select it (Y-90). In “Kinetics Input 

Form” we just enter the values of the number of disintegrations for all applicable source organs 

(liver, lungs and the rest of the body) in MBq-h/MBq administered. 90Y microspheres once implanted 

they stay forever in place and decay to infinity. This simplifies the dosimetry calculations because 

time-activity curve is not necessary to be constructed and one point is enough for calculations unlike 

in therapy with radiopharmaceuticals injected in systemic circulation. After clicking on the button 

“DOSES” in the “Main Input Form”, the OLINDA output shows total doses to all organs, breaking 

down the photon, electron, and alpha contributions, and showing the contribution of each organ to 

the effective dose and effective dose equivalent values (expressed in Sv).  

3.7.  3D Dosimetry Assessment 
 

Tumors were analyzed using cumulative 90Y PET and 90Y bremsstrahlung SPECT DVHs generated by 

voxel dosimetry in all three analyzed patients. All tumors were manually contoured slice by slice 

according to CT anatomical margins. We avoided using tumor VOIs generated by PET or SPECT 

images. We also did volumetric isocontour thresholding based on these functional modalities but 

they rather represent heterogeneous microsphere biodistribution than true tumor anatomical 

extent. 

The dosimetry assumes no post-implantation redistribution of microspheres, leaching, nor 

destruction of microspheres in vivo. Dose distribution heterogeneities were limited to the size of the 

reconstructed voxels; true dose heterogeneity at the microscopic level was not assessed. All tissue 

absorbed doses were decay corrected back to the time of 90Y radioembolization. 

3.8.  Statistical analysis 

 
The 3D dose maps and the descriptive statistics: Dmean, Dmed, Dmin and Dmax (in Gy) in tumor- and 

normal liver were calculated with the Planet. Dmean calculated with the Planet Dose was compared 

with Dmean calculated with the standard partition model for the tumor liver and with OLINDA for the 

dose in the whole liver. Additionally, values for Dmean were estimated with the manufacturers’ 

recommended dosimetric methodologies. DVHs were computed for tumor- and normal liver.  
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4.Results  

 

Table 2 lists the separately performed phantom experiments for 99mTc SPECT, 99mTc SPECT/CT, 90Y 

bremsstrahlung SPECT and 90Y bremsstrahlung SPECT/CT. PET data were excluded from evaluation 

because the injected activity in the phantom was too low to be imaged on PET modality. The table 

reports the calibration factors (counts/MBq) obtained in each modality according to the total 

number of counts present in reconstructed images, number of counts present in the spheres and 

number of counts in the background. 

Table 2: Phantom experiments 

Modality Camera ASph [MBq/mL] ABKGR [MBq/mL] R 
Calibration factors [counts/MBq] 

Total Spheres Background 

99m
Tc  SPECT Axis 0.260 0.019 

14 
5.41 10

4
 1.95 10

4
 2.70 10

4
 

99mTc SPECT/CT Brightview 0.232 0.017 20.8 104 68.1 104 51.7 104 
90Y bremsstrahlung  

SPECT 
Axis 0.206 0.010 

20 
0.65 104 0.04 104 0.07 104 

90Y bremsstrahlung 
SPECT/CT 

Brightview 0.204 0.010 6.54 104 5.80 104 5.25 104 

 

Figure 10 shows that 99mTc SPECT/CT images are characterized with higher contrast recovery than 90Y 

bremsstrahlung SPECT/CT what we expected. SPECT contrast recovery coefficients were 

substantially lower than those of SPECT/CT for both isotopes. With other words, all SPECT/CT images 

showed higher contrast than SPECT. 

 

Figure 10: Contrast recovery as a function of sphere diameter for all scanning modalities 
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In the 3 patients, lung shunting fraction was assessed by 99mTc-MAA planar scan before the 

treatment and the same planar imaging was used to assess the absorbed dose in the liver with a use 

of OLINDA software, a phantom based dosimetric methodology. Anterior and posterior conjugate 

views for all three patients are shown on Figure 11 while the results are given in Table 3: 

 

Figure 11: LSF calculation following scintigraphy with 99mTc-MAA for each patient 

Table 3: Dosimetric data by 99mTc-MAA planar scintigraphy based on OLINDA calculations 

  
# counts A # counts P Geom. Mean LSF N [Bq h/Bq] mGy/MBq D [Gy] 

Patient 1 

Liver 424570 383640 403586 

4.36 % 

6.05 1.71 9.05 

Lungs 17996 18767 18377 0.28 0.15 0.79 

Rest 165311 147096 155938 2.34 0.05 0.25 

Total 607877 549503 577953 
   

Patient 2 

Liver 493668 371413 428199 

1.84 % 

7.48 2.11 6.79 

Lungs 8259 7791 8022 0.14 0.08 0.24 

Rest 62039 57572 59764 1.04 0.06 0.20 

Total 563966 436776 496313 
   

Patient 3 

Liver 412314 492653 450697 

1.35 % 

7.61 2.15 4.28 

Lungs 6464 5886 6168 0.10 0.06 0.11 

Rest 55990 55429 55709 0.94 0.23 0.47 

Total 474768 553968 512841 
   

 

The absorbed doses of critical organs: liver and lungs were estimated using OLINDA programme 

based on the biodistribution data (Table 3). The estimated effective liver dose was 5.13 mSv/MBq 

for Patient1, 7.80 mSv/MBq for Patient 2 and  7.94 mSv/MBq for Patient 3, while the lungs doses 

were 0.55 mGy/MBq, 0.28 mGy/MBq and 0.21 mGy/MBq, respectively. 
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Predicted radiation absorbed doses by 99mTc-MAA SPECT/CT partition modeling to tumor and to 

lungs are given in Table 4 as well as the calculated total activity to be injected. In further analysis, 

the total desired 90Y activities calculated by partition model were compared with those derived by 

BSA methodology (Table 5) and the results are depicted on Bland-Altman plot, shown on Figure 12. 

Table 4: Dosimetric data by 99mTc-MAA SPECT/CT and prescribed activity calculated by partition modeling  

Patient mTumor [kg] mLiver [kg] T/N LSF [%] ATot [GBq] Atumor [GBq] DTumor [Gy] Dlungs [Gy] 

1 1.361 3.033 1.3 4.4 5.76 2.44 89 12 

2 0.297 1.389 1.7 1.8 2.45 0.73 121 2 

3 0.015 1.624 0.5 1.4 2.28 0.01 35 2 

 

Table 5: Patient prescribed activity calculated by BSA methodology 

Patient Weight [kg] Height [m] BSA VTumor [cm3] VLiver [cm3] A [GBq] 

1 73 1.70 1.8 1321.0 2944.5 2.09 

2 63 1.67 1.7 288.3 1348.9 1.72 

3 103 1.74 2.2 14.1 1576.9 1.98 

 

 

Figure 12: Bland-Altman plot of 
90

Y activities derived by partition model versus that derived by BSA method 

As the mass of perfused volume to be treated with microspheres is determined from the CT image 

set, we also used the method recommended by TheraSphere to calculate the activity to be 

administered, we compared it with the injected activity during the real treatment for each patient 

(Figure 13). The results are shown in Table 6. A dose of 120 Gy is used for the activity calculation 

when exploiting equation (14) in patients 1 and 2 while for the third patient, because of the 

treatment history with EBRT, a dose of 100 Gy was taken into account during calculations.  

Table 6: Patient prescribed activity calculated by TheraSphere methodology 

Patient mLiver [kg] Treated liver Treated mass [kg] A[GBq] Ainj [GBq] 

1 3.033 Right lobe 2.123 5.16 5.29 

2 1.389 Whole liver 1.389 3.38 3.22 

3 1.624 Right lobe 1.137 2.30 1.99 

0.00 

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 

3.50 

4.00 

0 1 2 3 4 5 

D
if

fe
re

n
ce

 (
P

a
rt

it
io

n
 - 

B
SA

) 

Average (Partition model+BSA method)/2 

Bland - Altman plot 



36 
 

 

Figure 13: Bland-Altman plot of 
90

Y injected activities versus that derived by TheraSphere method 

All three dosimetric methodologies, BSA Method (suggested by SIR-Sphere manufacturer), 

TheraSpehere method and partition model were implemented during analysis of the results from 

the three patients included in my thesis. For all the patients’ tailored parameters (height, weight and 

other parameters derived from customized contouring from 2D and 3D imaging), simulations for the 

activity to be administered were done with all the mentioned dosimetric methodologies while 

varying one of the following parameters: LSF, T/N ratio, absorbed dose and mLiver. The results are 

shown on Figures 14, 15 and 16 for each patient separately. 

  

 

Figure 14: Activity to be administrated for the Patient 1 as a function of T/N ratio, LSF, absorbed dose and mLiver 
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Figure 15: Activity to be administrated for the Patient 2 as a function of T/N ratio, LSF, absorbed dose and mLiver 

 

 

Figure 16: Activity to be administrated for the Patient 3 as a function of T/N ratio, LSF, absorbed dose and mLiver 
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The contours for source identification in 3D voxel dosimetry were manually drawn on SPECT and PET 

images fused with CT, principally guided by the evidence from CT as we have said so far. VOIs were 

also obtained by isocontouring on functional imaging with thresholding of 40 % (as recommended by 

the developer of the software). These created VOIs based on functional imaging could be only taken 

as a reference to delineate lesions in patients when CT images would be useless.  

Table 7: Comparison of Dmean to tumor liver calculated by partition model approach and voxel dosimetry 

Patient mTumor [g] 
OLINDA 

Partition 
model 

Voxel Dosimetry with PLANET of 
tumor according to 99mTc-MAA scans 

D [Gy] D [Gy] Dmean Dmin Dmax 
1 1361 9.05 89 63.9 0.4 308 
2 297 6.79 121 112 5.4 356 
3 15 4.28 35 15.5 2.7 50.9 

Results from Table 7 show an extensive spread of doses calculated by voxel dosimetry with Planet 

software. More detailed distribution of absorbed dose in tumor is given in DVHs according to MAA 

(Figure 17), Bremsstrahlung SPECT and PET distribution in Figure 19 (a) and (b), respectively and on 

Figures 18 and Figure 20 for normal liver. If there is an agreement between hepatic angiography and 
99mTc-MAA SPECT (90Y bremsstrahlung SPECT or 90Y PET) fused with CT then the DVHs of tumor liver 

should exhibit a plateau at the origin of the curve at different extent among different patients. The 

end of the plateau corresponds to the Dmin to tumor given in Table 7. In our case, the tumor 

contouring was based on non-contrast CT and there was an obvious mismatch with corresponding 

functional scans. That is why in a case of Patient 1 and Patient 3 the plateau was missed (Figure 17) 

and the Dmin within tumor voxels ranges from only 0.4 Gy to 5.4 Gy.  

 

Figure 17: DVH in tumor for each analyzed patient generated by 
99m

Tc-MAA SPECT voxel dosimetry 

On the other hand, the DVHs for normal liver should show that a high fraction of healthy liver will be 

spared from high radiation doses. In our cases, for instance, as it is seen on Figure 16, patients 1 and 

3 had at least 50% of normal liver that received less than 30 Gy (50% of normal liver received even 

less than 8 Gy in a case of patient 1) 
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Figure 18: DVH in normal liver for each analyzed patient generated by 99mTc-MAA SPECT voxel dosimetry 

The values of VOIs according to anatomical imaging for DVH calculations based on activity 

distribution from 99mTc-MAA SPECT, 90Y bremsstrahlung SPECT or 90Y PET with the calculated 

absorbed doses are given in Table 8: 

Table8: Comparison of the absorbed doses based on 99mTc-MAA SPECT, 90Y bremsstrahlung SPECT and 90Y PET  

Patient VTumor [cm3] VLiver [cm3] DMAA [Gy] DbSPECT [Gy] DPET [Gy] 

1 1321 2945 64 22 48 

2 288 1349 112 77 90 

3 14.1 1577 16 8 46 

 
 

 

Figure 19: 90Y DVH in tumor for each analyzed patient generated by (a) 90Y bremsstrahlung SPECT- and (b) 90Y 

PET-voxel dosimetry 
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Figure 20: 90Y DVH in normal liver for each analyzed patient generated by (a) 90Y bremsstrahlung SPECT- and (b) 
90

Y PET-voxel dosimetry 
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5.Discussion 

 

In this thesis, I quantitatively compared the accuracy of 99mTc SPECT predictive dosimetry before 

radioembolization and 90Y bremsstrahlung SPECT and PET for assessment of microsphere distribution 

after radioembolization using physical parameter image contrast, phantom based dosimetry 

(OLINDA), MIRD macrodosimetry, dosimetric methodologies recommended by the microspheres’ 

manufacturers  and voxel dosimetry. 

Image contrast not only depends on the fundamental limitations of the imaging modalities what I 

have concluded from my phantom scans (Figure 9) but also depends on acquisition and 

reconstruction settings. What we know from theory is that during iterative reconstruction algorithm 

image contrast can be increased at the cost of noisier images by increasing the number of iteration. I 

did not evaluate image contrast and noise as a function of various energy windows and different 

post-reconstruction filters which was done in the work of a team from University Medical Center 

Utrecht, the Netherlands, published in paper (16). They are going even further by including time-of-

flight PET information characterized by even better image contrast. Based on their quantitative 

findings, they concluded that the image quality of 90Y PET outperforms bremsstrahlung SPECT. The 

same conclusion has been derived in another paper (4). 

In comparison of contrast recovery coefficient with 99mTc, QH of 90Y was lower for each sphere (Figure 

9). The difference can be attributed to the larger amount of photon scatter and septal penetration 

with 90Y (because of the higher energy) which increases the partial volume effect. Even all the 

spheres are filled with same activity concentration, the numbers for image recovery coefficients 

show downward trend with decreasing diameter of the spheres. 

Imaging modalities 

SPECT with or without integrated CT represents modality that precisely and accurately estimate the 

3D distribution of radioactivity in vivo (or to be more correct, even 4D as a function of time). There is 

one thing we should clear out about SPECT; it cannot be quantitative. Images from SPECT can be 

reconstructed from raw data with filtered backprojection (FBP) method and the outcome can be 

reliable images only if the projection data are perfect without noise. Unfortunately, there are many 

image degrading factors related with the instrumentation with origins in detector or collimator, 

physical factors like attenuation and scatter of ionizing radiation when traversing the human body, 

differences in patient anatomy from case to case and motion of the patient (random or predictable). 

So, we can freely say that the data we acquired with SPECT imaging are far from ideal. First, the 

noise present in projection data will cause noise in the reconstructed images, relating to statistical 

noise. Second, as ionizing radiation traverse through the patients it interacts in their bodies through 

scattering (Compton and Rayleigh) and attenuation (Compton and photoelectric affect). Attenuation 

will affect the intensity while photon scattering will influence the image contrast, both resulting in 

non-uniform intensity. Third, collimator and detector response; conversion process of gamma rays is 

a two step process, primarily gamma ray photons are converted into light photons in a scintillator 

which later are converted into electrons through photoelectric effect in photocathode from 
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photomultiplier tube while depending on the energy of the photons (140keV from 99mTc vs. 0.927 

MeV mean energy from 90Y) they can penetrate the collimator to high or less extend. This will be 

reflected in image blurring and for sure it will result in degradation of energy and spatial resolution. 

Last, patient motion also affects raw data from SPECT imaging causing blurring and introducing non-

uniformity in the intensity. Of course, we can compensate for these image degrading effects but 

exact compensation is not possible to achieve. Image quality and quantification with SPECT can be 

improved with iterative image reconstruction algorithm (MLEM, OSEM) which allows modeling of 

noise properties of projection data and modeling of imaging process but it requires an extensive 

computation which nowadays, with the advancements in technology, has improved a lot and it does 

not represent that big problem. Another problem can be uniqueness of the solutions if they are ill-

posed. These iterative image reconstruction algorithms provide only improvement in reconstructed 

image properties (lowering the noise) as compared to FBP, but not quantitative accuracy. Step 

further in quantification represents commercial hybrid multi-modality SPECT/CT imaging. Here, we 

implement attenuation compensation with a help from transmission CT based method. We can go 

further and model the imaging process, especially the collimator-detector response which is the 

main contributor of improved image quality with detailed quality control. We can conclude that 

quantitative SPECT/CT is an achievable goal but with continuous effort. 

In a case of 90Y, the abundance of β- decay scheme (99.98 %) complicates the imaging with SPECT 

because of the absence of gamma radiation. Nevertheless, as a result of interaction between 

electrons and nuclei from the medium (body of the patient) bremsstrahlung radiation is created with 

continuous spectrum of gamma rays which is used for imaging with a gamma camera. Imaging the 

continuous bremsstrahlung radiation is demanding and challenging because of the absence of 

pronounced photopeak which decreases the image quality even further. Choice of the parameters 

for acquisition as well as other correction techniques in bremsstrahlung SPECT is not straightforward 

and all the recommendations toward these issues have been accepted from doctoral dissertation of 

Rault E. (15). 

The power of PET/CT is the possibility to perform quantification. If random counts are subtracted 

from the measured raw data, then the results are normalized and further corrected for geometry 

and the dead time (does not use collimator but electronic collimation instead, so the influence 

cannot be neglected) and of course, corrections for scattering and attenuation, then we are talking 

about the “ideal” measured data which can be later quantified in terms of activity with a proper 

calibration factor. The standardized uptake value (SUV) is making PET results even more quantitative 

which value can be normalized to the body weight (or to body surface area). When performing SUV 

measurements, the following factors might affect its values: scan conditions (patient motion during 

acquisition for instance; for the case of 90Y microspheres implantation, scan time post injection is not 

that relevant like in a case of intravenous injection of positron emitter radiopharmaceutical in terms 

of uptake and clearance), patient compliance (fasting and blood glucose levels are relevant but 

mostly for 18F-FDG) and intrinsic system parameters like calibration, quality assurance of the system 

and algorithms for image processing. So, SUV is reliable as long as all the mediating factors are 

accounted for. 
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Dosimetry with OLINDA 

Results calculated with OLINDA software are presented in Table 3 while in Table 7 these doses are 

contrasted with doses calculated with the partition model and voxel dosimetry. The differences are 

obvious and I will try to find an explanation for the huge discordance in the results. First, the 

calculations with OLINDA are based on 2D planar imaging. That means the results are affected by 

transmission across the patient thickness which is characterized with overall effective linear 

attenuation coefficient, overlapping regions of source activities and uniform background activity. All 

of these factors deteriorate the quantification with planar imaging. Second, for dosimetry calculation 

with OLINDA software, an assumption was done by the software that the whole activity is smeared 

out throughout the whole liver volume, so the real distribution within the liver was not taken into 

account by the software. Third, I did not rescale the radiation doses depending on the actual 

personalized size of the liver. I explained earlier in my thesis that the calculations were based on the 

standardized value based on the average reference man phantom.  

Dosimetry with Planet software 

As an outcome from the Planet Dose software in a dose evaluation section, dose distribution is an 

important parameter. Dose distributions are depicted with isodose lines and their inspection is 

crucial. Simply by looking at the dose distributions, depending on the type of injection for different 

accumulation of activities we will have different DVHs which can be very step or rather flat. The 

flatter the response is the heavier radiation burden to the liver or to the tumor will be. We want that 

happening for the tumor but not for the normal liver tissue. Currently, I am not able to show figures 

with dose distributions from the PLANET software because unfortunately, I encountered a hardware 

problem with the workstation where the PLANET system was installed. At this point when I am 

writing my thesis, no data have been retrieved from the crashed hard drive.  

In segmentation section we defined VOIs and the software calculates the dose distribution within 

predefined volumes. One important remark is the presence of point sources in the images done with 

Axis camera which are used for a fusion purpose. Namely, Axis system is not hybrid. It is SPECT 

without integrated CT as there has not been a SPECT/CT at the time of the scan. As for registration of 

CT image to SPECT image with PLANET (or with any other suitable software), four point sources have 

been put on the body of the patients for manual operation making a relatively big registration error 

as better option is missing. Registration using external markers overcomes some of the limitations of 

the SPECT data assuming that internal organs maintain the same location relative to these external 

markers. Moreover, these point sources are present on 99mTc MAA SPECT and 90Y bremsstrahlung 

SPECT images but luckily we are talking about external markers so they are excluded from created 

VOIs within the abdominal region of the patient. Software convolves the present activity distribution 

in the images with dose kernel, converting it into dose distribution. With other words, the dose 

distribution is only linked to the VOI and does not take into account the contribution from the 

markers unless they are present in the volume. Actually, originally we have counts distribution (pixel 

density distribution) from the images and we convert our counts into activity with a help from a 

calibration factor. After convolution with dose point kernel, dose distribution will be displayed. This 

dose distribution in the predefined volume does not taking into account the point sources as long as 

they are absent from the VOI. Also, it is linked with the injected activity of 99mTc MAA. In a second 

step, dose distribution is recalculated for the situation of 90Y and the predictive values are displayed 
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as output results. That is why we call this dosimetric modality image based dosimetry (based on the 

activity distribution present in the images, absorbed doses are determined). As our created VOIs 

excluded the positions of the markers, the doses calculated with the software (Dmean, Dmin, Dmax and 

Dmed) are based on the activity present in the VOI. The contribution from neighboring activity 

distribution regions will be minimal during convolution due to the limited range of beta radiation. At 

this stage of development, the PLANET does not offer possibility to exclude the regions where the 

created dose maps are based on the activity present within the point sources. However, we 

concluded that its influence on our dose distributions of interest is negligible. 

Another important aspect I want to discuss is that I did not use the software in its full automatic 

mode. I did some of the calculations manually just by adjusting the numbers for the activity of the 

imaging isotope, therapy isotope or the values for calibration factors to perform re-scaling of the 

results. Moreover, we were missing the calibration coefficient for PET images because of the low 

injected activity of 90Y in the phantom. Phantom scans were useless because only random counts 

were seen on the images without significant detectable activity within the spheres. 90Y is 

predominantly beta emitter which decays to 90Zr ground state. Only minor branch that decays to 90Zr 

excited state results in internal pair production which leads to positron creation and later to 

coincidence imaging. That is why we should have injected higher activity in the phantom. However, 

we did scanning of the phantom with PET/CT modality at once with 90Y bremsstrahlung SPECT 

imaging because of the short half-life of 90Y isotope. The same phantom with the same injected 

activity in the spheres and in the background was scanned on both modalities (corrected for the 

elapsed time at the time of scan). The moment when we realized the injected activity is too low to 

be imaged on PET, it was too late because of the short half-life of 90Y. Moreover, ordering a new one 

would have cost additional money. For the sake of PET quantification with PLANET we adjusted the 

calibration factor to a value that showed the same numbers for the calculated injected activity by 

the partition model and the activity assumed and calculated by the software that would be present 

per acquisition. With other words, as if all the injected activity would have been present in 

acquisition. In reality, even we are dealing with the implantation of 90Y microspheres there is still 

risk, rather limited, that activity is going to go in other regions. This does not mean that the system is 

redistributing the counts distribution based on the injected activity, it is just a scaling factor. In order 

the same error to be systematic, I did the same rescaling for each modality and that is the way how 

the results are presented in the results section (Table 8). The explanation is as follows in the next 

two paragraphs. 

Planet software itself does not offer quantification with SPECT for the same reasons I discussed 

above. For that purpose I did the following trick to fool the software. When analyzing 90Y 

bremsstrahlung SPECT scans I performed the step as it would have been predictive dosimetry with 

imaging isotope 90Y instead of 99mTc (an option available in the dose calculation step as offered in a 

dropdown menu). In the second step I tried to adjust the same amount of activity of imaging and 

therapy isotope by playing with the calibration factor, for the purpose of activity per acquisition to 

be equal with the injected activity of the imaging isotope. Unfortunately, there was a limitation in 

input imaging activity to 999 MBq while the therapeutic activity is in order of thousands of 

megabecquerel. As a last step, I just did rescaling of the data and I reconstructed new DVHs 

according to my calculations. 
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Even though I was able to perform quantification of the 99mTc-MAA SPECT studies with a help from 

calibration coefficient I determined from the phantom experiments and complete the 3D image 

based predictive dosimetry with the PLANET software I still performed the same tuning of the 

calibration coefficient like in the previous two cases with post-therapy 3D image based dosimetry 

explained above (90Y bremsstrahlung SPECT and 90Y PET). In this way I assured myself I did the same 

systematic approach in all three cases. The results for the absorbed does calculated in this way are 

presented in Table 8. 

As I mentioned few times earlier, we were in favor of DVHs based on morphological Hounsfield unit 

values from anatomical imaging instead of functional threshold segmentation (40 % from the 

maximum accumulated activity in SPECT or PET scans). Why do we think the threshold segmentation 

is problematic? We have very heterogeneous structure based on microspheres distribution which is 

not covering perfectly certain anatomical region, normal liver or tumor. It depends on activity 

distribution. So, if we are restraining our calculations on VOIs created according to 99mTc-MAA SPECT, 
90Y bremsstrahlung SPECT or 90Y PET then we have a problem because the VOIs are not covering the 

whole liver for example, just a fraction of it. In that case, the dose distribution and the 

correspondent DVH will not reflect the clinical situation, neither to the real liver volume nor to the 

tumor volume. 

If we would have drawn a VOI based on a functional image and adjust the threshold value to 

correspond only to the highest values of activity accumulation, it seems that DVH would have been 

rather stable and we will have a perfect shoulder, resulting in steep DVH for the tumor and that does 

not correspond to the clinical reality. The only reflection to clinical situation are VOIs created 

according to anatomical imaging. The values in those VOIs for DVH calculation were based on activity 

distribution from 99mTc-MAA SPECT, 90Y bremsstrahlung SPECT or 90Y PET. For completeness, I want 

to mention that DVHs were calculated for more VOIs with the roots in functional imaging but they 

are not relevant and the estimated absorbed doses for these DVHs are not presented in my results. 

Dosimetry with STRATOS 

In order to calculate the absorbed dose I successfully imported all of the studies in IMALYTICS 

workspace using DICOM viewer. When I attempted to run the STRATOS application with the studies I 

had selected (SPECT images and anatomical images from CT scan) the datasets were discarded 

because they did not allow for a consistent volumetric interpretation. The error was in the spacing in 

SPECT images and how they were stored. In contrast, I did not experience this kind of problem when 

I analyzed functional PET images and I was able to complete the whole workflow with STRATOS 

Application. People from PHILIPS had a workaround for the data problem. For that purpose, they 

developed an external tool to process and correct the spacing in the problematic studies and after it, 

the corrected data were usable. However, the correction behaved wrong on other SPECT set of data 

so again, engineers from Philips reproduced the problem and sent me an updated version of the 

correction script. Some of the assumptions in the old script were not valid for some of the new 

images and leaded to incorrect images. 

After fixation of this problem I was able to continue to process the images from different modalities 

but for the limited time period because of the problem with the license. When it expired, I was not 

done with the phantom experiments and the calibration coefficients were not calculated at that 

time. Moreover, at that time I performed only automatic segmentation of VOIs according to 
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functional images which does not represent the clinical situation. Furthermore, suitable volumes 

necessary for dosimetry calculation with different modalities were missed. Unfortunately, for the 

mentioned reasons, I was not able to finish the voxel dosimetry with STRATOS software so 

comparison of the results with dosimetry performed with Dosisoft software was not feasible. 

Literature review  

Garin et al (1) conducted a study in a group of 36 patients with unresectable HCC who were treated 

with TheraSphere product where it was shown that with a help from predictive dosimetry partition 

model, based on 99mTc-MAA SPECT/CT scans, the response to radioembolization with 90Y 

microspheres can be predicted. The trial has been designed in a way that with a partition model they 

could have adapted the activity to be injected, in order to increase the efficiency of the treatment. 

They concluded correlation between the treatment response for the patients that were predicted to 

receive a tumoral dose above the value which they defined it as a threshold dose (205 Gy) and its 

magnitude. The team reported this as a major breakthrough in SIRT with 90Y microspheres because 

of the predictive nature they have identified. Moreover, their findings were confirmed by another 

independent research conducted by a team from Milan, Italy but I could not access this paper online 

with my UGent account. And indeed, it looks very promising as the treatment schedule can be 

adapted if the tumoral planning dose is less than a threshold dose, of course, without exceeding a 

dose of 30 Gy to the lungs and certain value to the healthy liver (70 Gy). They reported accuracy of 

91 %, which means there still have been very few cases where the patient received a dose in tumor 

above 205 Gy and still did not respond to the procedure with 90Y microspheres. The tumors in this 

small percentage of patients were large and heterogeneous what was the common feature for all of 

them. The argument why these patients did not respond to therapy was that in highly 

heterogeneous lesions some tumor areas are receiving higher radiation doses while others lower 

than the threshold dose. Furthermore, big tumors are highly hypoxic so they might be insensitive to 

radiation. From other hand, the relevant parameter in heterogeneous dose distribution is not the 

mean absorbed dose while the authors of the paper used it in their analysis. For that purpose, DVHs 

should be analyzed. It is possible to be created them with a voxel based dosimetry software (like a 

PLANET or STRATOS, for instance). This can be counted as drawback of their research.  

Another important aspect that strengthens the findings of the study conducted by this team from 

France (Rennes and Marseille) was the analysis of the survival rates. All the patients retrospectively 

included in their study underwent follow-up after the therapy and the mean absorbed dose by the 

tumor was related with both, progression-free and overall survival. For good efficiency, a mean 

absorbed dose in the tumor above the threshold of 205 Gy needed to be achieved, they 

summarized. However, these preliminary results as the authors said should to be verified by the 

studies that include broader patient batch. Rather short duration of follow-up for some of the 

patients has been taken into account for the analysis. What else matters is the tolerance of the 

healthy liver to ionizing radiation. As the study was designed on a basis of MIRD macrodosimetry and 

not on a voxel based dosimetry, DVHs for the normal liver tissue should be a subject of investigation 

and also irradiation of the healthy liver via the tumor in a case of large ones. If we try to compare 

our study with the one we just discussed, we can conclude resemblance because of the 

implemented partition model to assess the mean dose that will be delivered to the tumor liver, as 

well as the calculation of the microspheres’ activity to be injected established on the restrictions of 

doses to lungs and normal liver tissue based on 99mTc-MAA SPECT but without a chance to optimize  
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Table 9: Summary of relevant papers from literature review

Author  1. Garin et  al. 2. Kennedy 3. 3. Dieudonne A., Garin E. et al 4. Kao et al 5. Salem et al 6. Wondergem 7. Lao et al. 

Year published  2012 2009 2011 2013 2005 2013 1996 

Country France USA & EU France Singapore USA Netherlands Hong Kong 

Pretreatment angiogram  with 
selective visceral catheterization 

Yes Yes Yes Yes Yes Yes 
Yes 

Treatment simulation with 
99m

Tc-MAA 
Yes Yes Yes Yes Yes Yes 

Yes 

A (
99m

Tc) [MBq] 185 Not specified 110 Not specified Not specified 150 Not specified 

Pre-radioembolization imaging Planar and SPECT/CT Not specified Planar and SPECT/CT Planar and SPECT/CT Not specified Planar and SPECT Planar 

Liver-to-lung shunting (LSF) Planar Yes (not specified imaging) Planar Planar Yes (not specified imaging) Planar Planar 

 Tumor-to-normal ratio (T/N) SPECT/CT Yes (not specified imaging) SPECT/CT SPECT/CT Yes (not specified imaging) SPECT Planar 

Type of microspheres TheraSpheres (glass)  SIRSpheres (resin) TheraSpheres (glass) SIRSpheres (resin) TheraSpheres (glass) SIRSpheres (resin) Both 
90

Y microspheres activity 
calculation methods 

Based on the 120±   Gy to 
the target liver mass 

BSA (73.5%) & Empirical 
method ((18.8%) 

Based on the 120±   Gy 
to the target liver mass 

Not specified 
Based on the 120±   Gy to 

the target liver mass 
BSA No 

MIRD partition model Yes No Yes Yes No Yes No 

Posttherapy microspheres imaging No No No Yes No Yes No 

Type of Post-implantation imaging - - - 
90

Y bSPECT/CT and PET/CT - SPECT - 

Total injected activity 
Mean: (2.9±1.4) GBq 

Min – max: (1.2 – 7.5) GBq 
Median: (1.2 ±    ) GBq Min - max: (1.32 - 7.51) GBq Min - max: (1.1 – 5.0) GBq 1.6 GBq Min - max: (0.21 – 1.91) GBq Min - max: (1 –7) GBq 

# of patients 36 515 10 23 43 31 71  

Disease 

HCC 36 79 10 19 43 4 71 

CRC 0 310 0 0 0 17 0 

Other 0 291 0 4 0 10 0 

# of treatments 50 680 10 39 - 39  

# of excluded patients: 3 N/A -  - 18 3 

Exclusion reason: Failure in angiography; Missing data, malregistration of imaging data, LSF>20%  

Design of the study Retrospective Retrospective Retrospective Retrospective Retrospective Retrospective Retrospective 

Age 68 ± 9 Not specified Not specified Range: (40 - 77) <69 (49%) & ≥69 (51%) Range: (35 - 76) Not specified 

Tumor 
distribution 

Unifocal 18 - 5  21  - 

Multifocal 16 - 5  22  - 

Diffuse  2 - 0  0  - 

Inclusion criteria        

Follow up study Yes Yes No Yes Yes No Yes 

Period after the treatment 3 mo At least 3 mo PI - Up to 12 months 2 and 4 weeks (1 or 3 mo) - Not specified 

Type of imaging for follow up: CT CT, MRI or PET - CT CT or MRI - Not specified 

Software 
Symbia T2 gantry; Siemens 

SAS (statistical analysis) 
SAS software for statistical 

analysis 

VoxelDose software for 
dosimetry computation at 

the voxel level 

IDL (Interactive Data 
Language) for Voxel mean 
concentration (instead of 

dose kernel or MC) 

Not specified 
Software for voxel based 
dosimetry not specified; 

SPSS for statistics 

Statistical analysis (chi 
square and log-rank 

test) 

Reporting parameters 
A [GBq]; Absorbed dose [Gy]; 

CR, PR, PD and SD; 
TDthreshold; Survival rates 

A [GBq];  
CR (4.56%), PR (9.5%), PD (9%) 

and SD (76.8%); 
Non-liver toxicity 

A [GBq]; Absorbed dose [Gy] 
in TL and NTL from partition 

model; 3D dose maps; 
Dmean, Dmed, Dmin, Dmax in TL 
and NTL with VoxelDose; 
DVH and V80 and D25 in NTL 

A [GBq]; Absorbed dose [Gy] in 
TL and NTL from partition 

model; 3D dose maps; 
Dmean, Dmin, Dmax in TL and 
NTL with voxel dosimetry; 

DVH and V70 and D100 in 
NTL; CR, PR, SD 

A [GBq]; Absorbed dose [Gy]; 
Tumor response (based on 

the diameters measurements) 
Survival rates 

Fraction of liver treated 

Bland-Altman graphs for 
agreement between 

99m
Tc-

MAA SPECT and 
90

Y SPECT; 
Absorbed dose maps; 
Absorbed dose to TL 

Agreement on catheter tip 
position 

Doses in lungs, TL and 
NTL by partition model 

as a function of the 
radiation, the 

radiological response 
rate (CR, PR, ST,PD) and 

the survival rate. 
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the therapy according to the findings. However, it was not the goal in my work. To put this in 

another way, my aim was to compare different dosimetric methodologies for targeted radionuclide 

therapy through the example of therapy with 90Y microspheres for the patients with unresectable 

liver malignancies. Patients’ data I was analyzing contained images achieved not only after imaging 

phase of the treatment planning but also images done after the administration of the therapeutic 
90Y. If I could say, my focus was more on verification of the treatment. Additionally, I was able to 

perform voxel dosimetry with the suitable software so the DVHs were created and analyzed.  

Last important conclusion from the paper (1) is disproval of the prejudices regarding response of the 

HCC in the presence of portal vein thrombosis. Namely, combination of HCC and portal vein 

thrombosis is usually considered as incurable but this study has shown downstaging in 1/4th of the 

patients with this kind of findings. Take away message would be: portal vein thrombosis is not 

statistically significantly correlated with a patients’ survival. 90Y radioembolization could improve the 

prognosis for this kind of patients, making them eligible candidates for liver transplantation for 

instance. 

Kao et al (9) also emphasize the relevance of personalized predictive dosimetry in radionuclide 

therapy. It is a paper published by the group from Singapore involved in 90Y radioembolization. In 

direction of avoiding ineffective therapy with microspheres, 99mTc-MAA examination not only that is 

necessary and integral part of any SIRT with 90Y microspheres for determination of LSF and detection 

of all extrahepatic aberrant vessels but also serves to achieve delivery of a maximum tumor 

absorbed dose while sparing normal liver tissue from irradiation when properly used. Their results 

showed a 100 % tumor response rate when predicted mean absorbed dose to tumor tissue is at least 

91 Gy to a planning target volume with no toxicity to normal liver and lungs. Partition model 

assumes the same distribution of 99mTc-MAA particles and 90Y microspheres and as we mentioned 

earlier, it estimates the radiation doses to the tumor and the normal liver compartments (and dose 

to the lungs) without reliable dose-response relationship. Even though a tailored dosimetric 

approach has been used in their study for each patient but in my thesis as well, established on SPEC-

based T/N ratios, it still results in confused data that are sometimes impossible to explain. The 

absence of verified radiobiological considerations makes the results hard to explain. Another 

common feature with this trial was that the 90Y activities derived by partition model were contrasted 

with that hypothetically derived by BSA methodology. Although BSA method is meant for previously 

untreated CRC, and not for HCC treated with resin spheres, we both used it to compare the results 

on paper, theoretically. It has no basics in radiobiology at all and from other hand, HCC compared 

with CRC is a way more bulky and it distorts the liver anatomy which leads to the lack of agreement 

between 2 methodologies (Figure 12). This can also stand as a warning not to use BSA method for 

calculation of the activity to be injected in the patient, especially not for patients with HCC. The 

results calculated in my thesis according to partition model were done on a basis of assumption that 

doses above 70 Gy for the normal (non-tumorous) liver may result in radiation induced diseases. We 

can also conclude similarly as the authors of this paper wrapped up, that the partition model is more 

relevant for performing of predictive dosimetry for effective 90Y radioembolization. Another issue 

they accentuate was the need of translation of the current radiation-planning techniques in EBRT 

into radionuclide dosimetry models, aiming to achieve the concept of biological effective dose (BED) 

into 90Y microspheres therapy.  
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The same group from Singapore with a joint effort from one hospital in Perth, Australia published 

another papers (4, 5) but now focusing on post-90Y microspheres therapy, split into two parts: 

qualitative analysis and quantification. All the analyses on the same patient cohort have been done 

with two post-radioembolization modalities: 90Y PET/CT and 90Y bremsstrahlung SPECT/CT and the 

findings have been compared. What they draw as a conclusion in paper (4) was that in all aspects of 

qualitative analysis, 90Y PET/CT outperformed 90Y bremsstrahlung SPECT/CT for the assessment of 

target and non-target activity. PET/CT detected all the patients with present non-target activities 

while bremsstrahlung SPECT/CT only in 50% of the cases. Even though 90Y is not perfect PET tracer, 

its superior image resolution as a result of direct coincidence imaging in contrast with indirect 

imaging of continuous scattered radiation spectrum in bremsstrahlung SPECT makes it superior for 

the confirmation of the technical success of the 90Y microspheres therapy. Additionally, they argue 

the importance of clinical utility of post-radioembolization 90Y PET/CT for the sake of accurate risk 

assessment. Their argument stands for the asymptotic patients at the time of scan with radiation 

injury in a case of a presence of non-target activity. Because of my limited knowledge in human 

anatomy and the absence of clinical practice in nuclear medicine I was not able to perform 

diagnostic reporting of non-target activity of the patients included in my thesis (for instance, in 

stomach, duodenum, chest wall, kidney, gallbladder and untargeted liver). Moreover, the qualitative 

analysis in this paper has been done by the experienced team of nuclear medicine physicians with 

over 200 cases of 90Y microsphere therapy. 

Second part of this paper (5) is dealing with issues more relevant for the work we conducted. 

Namely, dose-response in tumor and normal liver tissue has been performed on the grounds of 

voxel dosimetry and MIRD macrodosimetry, DVHs have been created and interpreted and the 

accuracy between predictive and post-radioembolization dosimetry has been evaluated. They 

reported that DVHs can account for the non-homogeneous microspheres biodistribution and 

highlighted their supremacy in comparison with a partition model based on a uniform dose 

distribution. Indeed, dose-volume effects from 99mTc-MAA SPECT based DVHs can lead to more 

effective SIRT with 90Y microspheres (higher tumor dose within safety limitations to normal liver). 90Y 

PET based DVHs for tumor (Figure 19b) and for normal liver (Figure 20b) may be used as a reference 

for absorbed dose quantification but still validation from study that will be conducted among greater 

number of patients is needed.  

99mTc-MAA SPECT predictive dosimetry for calculation of the lung dose as well as 90Y PET and 90Y 

SPECT for post-radioembolization quantification of the absorbed dose to the lungs is not possible 

with the current software for voxel dosimetry which takes advantage of dose point kernel 

convolution. The software does not take into account the changes in electron transport due to the 

lateral scattering at different interfaces (soft tissue - air) because of the inhomogeneities.  With 

other words, dose perturbations at the boundaries with the lungs cannot be simulated with this 

software with dose kernel convolution approach. To date, according to my knowledge, no 

publication has been published so far related with the lung dose quantification.  

Dieudonne A. et al (3) published comprehensive analysis on using TheraSphere for HCC with the aim 

to improve the efficiency of 90Y radioembolization with a 3D image based dosimetry methodology 

from 99mTc-MAA SPECT/CT for definition of the activity to be injected and the expected doses to the 

tumor and healthy liver tissue determination. Mean absorbed doses have been predicted not only by 

the partition model but also with the software based on voxel S values capable for creation of dose 
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maps and DVHs similarly to the output from the PLANET software. They did not analyze in their 

paper post-therapeutic tomographic images from 90Y bremsstrahlung SPECT/CT and 90Y PET/CT for 

the validation purpose of the pre-therapeutic dosimetry.  

There are some other studies concerning SIRT with 90Y microspheres for liver malignancies which 

focus on radiation-induced liver diseases after radioembolization even they are very rare. In a 

multicenter study of Kenedy et al. (2), 515 patients underwent radioembolization with SIR-Spheres. 

Even this study might look irrelevant in comparison with my focus on dosimetric methodologies, if 

we take a closer look; all the included patients underwent detailed radiation planning and delivery 

based on either empiric method or BSA method suggested by the microspheres’ manufacturer or 

partition method. Moreover, the number of participants included in this study is significant and 

cannot be excluded. From all the mentioned methods for activity determination, it turned out that 

the majority of the centers offering this kind of liver therapy had implemented BSA method in 

calculations (nearly 75% of the treatments). In the vast majority of these therapies (98%), where the 

determined optimal activity has been calculated with BSA method, the treatments were changed by 

the prescribing physicians according to the findings. For the treatments where the empirical method 

has been preferred approach for the treatment planning, only in 18.8% doses have been changed by 

the treatment plan. Concerning the main aim of the trial, 28 out of 515 patients (5.4%) died in part 

because of the radiation-induced liver disease. Serious radiation injuries caused by therapy with 90Y 

microspheres is rare in the literature. What the authors considered as a major challenge was to 

determine the optimal activity of 90Y microspheres in advance with one of the available 

methodologies.  They argued that using BSA method instead of empirical enhances the safety of the 

patient because of the lower incidence of liver toxicity. 

In a very old but not outdated study (8) and also extremely relevant one for 90Y radioembolization 

conducted by a team from Hong Kong, 71 patients with HCC were included for clinical evaluation of 

the partition model.  This has been the first study where the partition model was clinically evaluated 

in details by correlation of the estimated radiation doses for 90Y microspheres therapy with the 

partition model and the response rate, survival rate and the risk of complications from radiation. As 

we have seen so far, many of the recent studies have been designed in a similar fashion. Of course, 

nowadays voxel dosimetry has been introduced and it opens new perspectives but still, predictive 

dosimetry is based on a same principle: therapy simulation with 99mTc-MAA, assessment of LSF and 

T/N ration, assessment of the mass of the lungs, tumor and healthy liver masses as determined from 

morphological imaging and with the help from the partition model, the radiation doses in different 

compartments can be estimated. Lau et al (8) found that the tolerance of the lungs varies among 

each patient but everyone who received a dose of 30 Gy or more developed radiation pneumonitis. 

On this basis they concluded instead of setting value for the LSF, an estimated dose of 30 Gy to the 

lungs from a single treatment can be referred as a safety limit. When the dose necessary to be 

delivered in the tumor is in question, a 120 Gy was deduced as tumoricidal for HCC (regression of the 

tumor) as directly measured with a beta probe during the surgical procedure in the liver. The 

recommendations for the total activity of 90Y to be injected in a treatment say that the dose to non-

tumor liver should be kept as low as 70 Gy which is considered to be the limit for tolerance of the 

normal liver tissue to ionizing radiation. In summary, the results from the partition model for 90Y 

microsphere therapy for absorbed doses to the tumor have predictive nature as a function of a 

response to therapy and survival rate.  
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Unlike papers I have summarized so far in Table 9 produced by different treatment teams from 

France, Italy, Singapore, USA and Hong Kong, a team from Utrecht, the Netherlands, published one 

paper (7) affirming that 99mTc-MAA does not accurately predicts the intrahepatic 90Y activity 

distribution in hepatic radioembolization. It is important to underline their rigid inclusion criteria for 

the patients analyzed in the study. Patients not only with contraindications to therapy and missing 

data but also patients with multiple injections per procedure, co-registration difficulties and with 

segmentation problems have been excluded from evaluation. This eliminates few factors that can be 

found as a reason for poor prediction. The position of the catheter tip substantially influence the 

disagreement as they argued, and it seems to be a key factor. What the authors concluded, the more 

selective administration of microspheres the better the agreement between 99mTc-MAA distribution 

and 90Y microspheres. With other words, positioning the tip of catheter close to bifurcation showed 

large discordance. Moreover, position of the catheter within the arterial lumen matter and can lead 

to difference in distributions. Furthermore, 90Y bremsstrahlung SPECT has been the modality of 

choice for the post-radioembolization imaging and it introduces extra blurring and quantitative 

uncertainty so in their agenda is to extend the study by the use of 90Y PET imaging because of the 

better spatial resolution as a result of direct imaging. In this way they expect to study concordance 

on a tumor level instead on a segmental level. This seems to be in favor of conclusion that the larger 

tumor involvement in the liver the better the agreement. At the end, as a conclusion, they 

accentuate the important role that the partition model plays in tailored treatment planning over 

existing methods offered by the microspheres’ manufacturers even the prediction is poor as they 

reiterate in the paper. In my thesis I did not have at my disposal data about the injection positions so 

this kind of evaluation is not included. Again, from other hand, that was not intended as a goal of my 

thesis. Nevertheless, this study includes different dosimetric methodologies in its design so I found it 

also relevant from that point of view. 

In a study, Salem et al (6) enrolled 43 consecutive patients with HCC and they followed them after 

the treatment for adverse events, tumor response and survival. I included this paper in my literature 

review even it does not deal with dosimetry only because it can be seen as a complementary to my 

work, in order to be able to see the whole picture related with 90Y microspheres therapy. They used 

imaging to follow the efficiency of the treatment through evaluation of the tumor response and 

patients’ survival. Assessment of the lesions’ size by measurement of the longest diameter and its 

perpendicular one, in addition with tumor necrosis were taken into consideration after the 

treatment. Talking about the efficiency of 90Y radioembolization in terms of these two parameters, 

the paper states 79 % of the patients yielding that responded to treatment. They also contrasted 

their findings with a trans-catheter arterial chemoembolization which exhibited a 39 % response rate 

(10, 11). This conclusion is in favor of 90Y microspheres therapy for treatment of unresectable HCC 

instead of other liver-directed modality or systemic therapies which are even more inefficient. In 

opposition to other forms of cancer, patients with unresectable HCC in general die of liver failure 

rather as a result of advancement of disease. This can be seen as a justification for 90Y 

radioembolization. Adverse events occurring maximum 90 days after the last treatment have been 

gathered from the laboratory tests had been performed. I am not going into details about the 

relevant parameters they collected but I will only emphasize the correlation they tried to establish 

with different assigned stratification risk groups. The more segmental the treatment the longer the 

survival without severe adverse events. In summary, therapy with 90Y microspheres for patients 

properly selected not only it is safe if meticulously planned but also efficient as well.  
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In conclusion, I can say my thesis was not aiming in finding one absolute dosimetric solution for the 

radionuclide therapy through the prism of 90Y microsphere radioembolization. It can be rather seen 

as an explanation of different software for performing novel 3D image based dosimetry and all the 

possibilities they offer after their detailed exploration. Furthermore, they were contrasted with 

other macrodosimetric methodologies currently used in nuclear medicine departments. 
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