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1

Figure 1.1: A single photon emission computed tomography / computed tomography (SPECT/CT) scanner, 
Siemens Symbia T (left) and a collimator (right).

Figure 1.2: A positron emission tomography (PET) scanner, Siemens Biograph Vision. 

PET
A positron emission tomography (PET) scanner detects positrons, although not directly 

(Figure 1.2). Annihilation of a positron creates a pair of photons (511 keV) that travel in 

opposite direction. These photons are detected by the PET scanner, in a similar way as 

the gamma camera detects single photons; by a scintillation crystal and PMTs (or silicon 

photomultipliers (SiPMs) for the newest generation of PET scanners). Because the PET 

scanner needs to detect photon pairs, it consists of detector rings, instead of detector 

Nuclear imaging
Nuclear imaging makes an important contribution to medical imaging. It is aimed 

at functional imaging, as opposed to other commonly used imaging modalities like 

ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI), which 

mainly focus on anatomical imaging. The workhorses in nuclear imaging are single 

photon emission computed tomography (SPECT) and positron emission tomography 

(PET). These are commonly coupled to a CT to form hybrid imaging systems (SPECT/CT 

and PET/CT). With these hybrid imaging systems, functional images can be fused with 

anatomical images. Whether to use SPECT or PET depends on the radionuclide that needs 

to be imaged. SPECT images single photons, or gamma radiation, whereas PET images 

positrons. 

SPECT
A single photon emission computed tomography (SPECT) scanner detects gamma 

radiation by using gamma cameras (usually two, Figure 1.1). A gamma camera consists 

of a scintillation crystal and photo multiplier tubes (PMTs). The scintillation crystal will 

transform absorbed photons into light. The PMTs are able to amplify this very weak 

light signal into a measurable electronic signal. A gamma camera is able to detect a 

single photon, and to determine both its energy and location of absorption within the 

scintillation crystal. To create an actual image, a gamma camera needs to be mounted 

with a collimator [1]. A collimator is a lead sheet with hexagonal holes that only allows 

photons travelling parallel to the holes to pass (Figure 1.1). The detector head (gamma 

camera together with a collimator) acquires two-dimensional (2D) planar scintigraphy 

images. By rotating the detector heads around the patient (rotation takes ~20 minutes) 

and acquiring multiple 2D images from different angles, a three-dimensional (3D) image 

can be created (image reconstruction).   

Collimators are designed for specific photon energies, and have a sensitivity and resolution 

depending on their septal thickness, hole length, and hole diameter [1]. The most 

commonly used collimator is the low-energy high-resolution (LEHR) collimator, which is 

designed for imaging of the most commonly used radionuclide for SPECT, technetium-

99m (99mTc). 99mTc only emits gamma photons (140 keV), which makes it easy to image, 

and keeps the patient radiation dose low. Together with its half-life of 6 hours it is an ideal 

nuclide to study biological processes. 99mTc can be labelled to a variety of tracers and is 

used for diagnostic purposes in e.g. bone scans, myocardial perfusion scans, and sentinel 

node procedures [2–4]. 
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1Radionuclide therapy
The most common radionuclides for nuclear imaging are used for diagnostic purposes. 

They emit (mainly) gammas or positrons, which make them easy to detect by SPECT or 

PET respectively, and keep the patient radiation absorbed dose low. However, there are 

also radionuclides that mainly emit electrons, a type of ionizing radiation. These can be 

used to irradiate specifically targeted tissues, for example tumours, and are used with a 

therapeutic purpose. An example of such a radionuclide is yttrium-90 (90Y). Imaging of such 

a radionuclide is challenging and brings along problems that diagnostic radionuclides like 
99mTc and 18F do not have.   

Yttrium-90 imaging
Yttrium-90 (90Y) was originally imaged by SPECT, even though it does not emit gamma 

photons. However, electrons emitted by 90Y will create Bremsstrahlung photons as they 

travel through tissue. These Bremsstrahlung photons can be detected by a SPECT scanner. 

The main challenge for imaging in this case is the continuous spectrum of Bremsstrahlung. 

Bremsstrahlung does not have a photopeak that can be used for imaging, nor an 

energy window that can be used for scatter estimation. This difficulty in distinguishing 

primary photons from scattered photons degrades the image quality substantially [15]. 

Furthermore, the higher energy photons within the 90Y energy spectrum have a relatively 

high probability to penetrate the collimator septa, which will further degrade the image 

[16]. To be able to acquire good quality images of 90Y, dedicated reconstruction algorithms 

have been developed that can better model scatter and collimator effects [17,18]. These 

dedicated reconstruction algorithms, Monte Carlo-based reconstructions, improve image 

quality compared with the clinical reconstruction algorithms (Figure 1.3). The downside 

of the Monte Carlo-based reconstructions is that they require a lot of computing power. 

Creating a single image may take hours. This the main reason why these reconstructions 

are mainly used in a research setting and have not made it to clinical practice yet.  

Recently, it has been shown that PET can also be used for 90Y imaging, by using the very 

small positron branching ratio of 90Y (Figure 1.3) [19,20]. The hypothetical advantage of 

PET over SPECT imaging is the higher resolution of PET. However, PET imaging of 90Y 

remains challenging because of the low positron yield of 90Y, and the very high random 

fraction of 90Y imaging. 

Radioembolization
An example of radionuclide therapy is selective internal radiation therapy (SIRT), also 

known as radioembolization. This is a minimally invasive treatment for liver malignancies. 

During radioembolization treatment, microspheres are injected in (a branch of ) the hepatic 

artery and will preferentially lodge in and around the tumour(s). This preference is caused 

heads like the SPECT scanner. Two photons are considered a pair when they are detected 

simultaneously, which in this case means less than about 5 nanoseconds apart. The 

photon pair can be connected by drawing a virtual line between the two detected 

photons, which is a so called line of response (LOR). The annihilation event occurred 

somewhere on this line. Today’s PET scanners have a very good temporal resolution, which 

allows for measurement of the time difference by which the two photons were detected. 

This time of flight (TOF) information allows for specification of a region along the line of 

response where the annihilation event occurred [5]. By combining the information of all 

the measured LORs, a 3D image can be created (image reconstruction). 

The most commonly imaged radionuclide for PET is fluor-18 (18F). 18F mainly emits 

positrons and can be labelled to, for example, fluorodeoxyglucose (FDG) for the detection 

and staging of tumours.

Image reconstruction
Creating a 3D image out of planar images (SPECT) or out of lines of response (PET) is 

called image reconstruction. For both SPECT and PET, iterative reconstruction methods 

like the ordered subsets expectation-maximisation (OSEM) method are used [6]. The 

idea of an iterative reconstruction method is that the reconstructed image is updated, 

and improved, in every iteration. Within the reconstruction method all sorts of physical 

properties can be modelled to obtain the best image quality [6]. Those are, for example: 

(i) attenuation correction, where the acquired CT is used to generate an attenuation map 

of the anatomy of the patient to estimate how many photons were attenuated before 

they reached the detector [7]; (ii) resolution recovery which compensates for the fact that 

a point source is measured as a blurred blob, by modelling the intrinsic resolution of the 

system [8]; (iii) scatter correction tries to compensate for photons that did not travel in a 

straight line, by estimating them based on photons acquired in a lower energy window 

(SPECT), or by fitting the tails of the projection profiles (PET) [9,10]. PET reconstruction 

methods usually also include a random correction. Random coincidences are two photons 

that are labelled as a pair, but that did not originate from the same annihilation event. The 

amount of randoms can be estimated by delaying the signal of one of the detectors of a 

detector pair [11]. Reconstruction algorithms can be further improved by modelling the 

interactions of single photons, so called Monte Carlo-based reconstructions. For SPECT, 

this allows detailed modelling of the scatter component, and improves image quality 

compared with conventional energy window-based scatter correction [12–14]. 
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1injection position(s) for the treatment are determined. The exact location of the injection 

position(s) are recorded and a total of 150 MBq 99mTc labelled macro-aggregated albumin 

(99mTc-MAA) is administered. 

Figure 1.4: Steps in a radioembolization treatment. Pre-treatment procedure consisting of macroaggregated 
albumin (MAA) administration under fluoroscopic guidance (c-arm) followed by SPECT/CT to analyse the 
simulated dose distribution. During treatment the microspheres are administered, which is followed by a 
PET/CT (or SPECT/CT) to analyse the dose distribution.

Figure 1.5: Fluoroscopic x-ray image where the microcatheter and part of the spine are visible (left), and four 
digital subtraction angiography (DSA) images (right). DSA images are produced by acquiring fluoroscopic 
images while injecting a contrast agent, and subtracting a pre-contrast image from all the acquired post-
contrast images. The contrast agent highlights the vascular structure and shows the blood flow. The white 
arrows indicate the time line.  

Macro-aggregated albumin (MAA) is a protein with, very roughly, the same size as the 

microspheres that are used for the treatment. The MAA particles are used to simulate the 

microsphere distribution. Labelling MAA with 99mTc enables nuclear imaging of the 

simulated dose distribution in a relatively harmless way. For nuclear imaging, the patient 

is moved from the intervention room to the nuclear medicine department to acquire a 

SPECT/CT scan of the liver and planar scintigraphy images of the liver and the lungs. 

SPECT/CT is used to exclude any extrahepatic depositions and to check the intrahepatic 

dose distribution. The planar images are used to determine the amount of activity 

by the dual blood supply of the liver. The healthy liver parenchyma receives its blood from 

the portal vein and the hepatic artery. However, most hepatic malignancies solely rely 

on the hepatic artery for their blood supply. This leads to a preferential blood flow from 

the arteries to the tumour(s). When the microspheres are administered and lodge in the 

smaller blood vessels, the radionuclides that are trapped within the microspheres will 

decay and thereby emit beta-particles that locally irradiate the tumour(s). 

Figure 1.3: SPECT/CT (left) and PET/CT (right) of yttrium-90 (90Y), with the CT image in greyscale and the 
nuclear image in colour overlay. Notice that the Monte Carlo image (bottom left) has a higher resolution and 
better scatter correction than the clinical SPECT image (upper left). In the clinical 90Y SPECT image there is a 
low activity concentration (blue) reconstructed in the ribs, whereas in the Monte Carlo 90Y SPECT image all 
activity is nicely reconstructed within the liver. 

Radioembolization procedure
Radioembolization is a complex, image-guided, minimally invasive procedure that involves 

multiple medical specialists and multiple imaging modalities. Patients are selected for 

radioembolization based on liver function (e.g. Child Pugh score), general performance 

status (e.g. Eastern Cooperative Oncology Group performance score), arterial blood flow 

(e.g. contrast enhanced CT) and tumour spread (e.g. 18F-FDG PET). A radioembolization 

procedure consists of various steps that are shown in Figure 1.4. 

Patients considered for radioembolization will first undergo a pre-treatment procedure. 

This pre-treatment procedure starts in the intervention room. Here, an interventional 

radiologist will insert a microcatheter into the hepatic artery, guided by fluoroscopic x-ray 

images acquired by a c-arm (Figure 1.5). The blood supply of the liver is visualised and the 
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1microspheres and 166Ho microspheres is to not exceed a predicted lung dose of 30 Gy 

[24,25]. The predicted lung dose is calculated using the lung shunt fraction (LSF), which is 

based on planar scintigraphy (Figure 1.6), and the lung mass, which is usually estimated to 

be 1 kg. The manufacturer of 90Y resin microspheres recommends to reduce the amount of 

prescribed activity by 20% in case of an LSF between 10% to 15%, by 40% in case of an LSF 

between 15% to 20%, and to not proceed with the treatment in case of an LSF over 20%. 

To calculate the prescribed activity for radioembolization treatment, the manufacturers of 
90Y glass microspheres and 166Ho microspheres use the mono-compartment model, where 

the prescribed activity is calculated as: 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) =
𝐷𝐷(𝐺𝐺𝐺𝐺) ∗	𝑀𝑀-./01-(𝑘𝑘𝑘𝑘)

𝐶𝐶(𝐽𝐽 𝐺𝐺𝐺𝐺𝐺𝐺⁄ )  

 
 
 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐺𝐺𝐵𝐵𝐴𝐴 − 0.2) +
𝑉𝑉->?@>/

𝑉𝑉->?@>/ + 𝑉𝑉ABC1/
 

 
 
 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) =
𝐷𝐷(𝐺𝐺𝐺𝐺) ∗ D𝑇𝑇 𝑁𝑁G ∗ 𝑀𝑀->?@>/(𝑘𝑘𝑘𝑘) + 𝑀𝑀ABC1/(𝑘𝑘𝑘𝑘)H

49.760 ∗ (1 − 𝐿𝐿𝐵𝐵𝐿𝐿)  

 
 
 
 

Here, D is the desired dose in Gy, which is 60 Gy for 166Ho microspheres, and 80-150 Gy for 
90Y glass microspheres [24–28]. M target is the mass of the targeted tissue in kg. This can be 

either the mass of the entire liver, or the mass of the treated liver segment(s), depending 

on tumour location(s). C is a constant depending on the radionuclide used, and describes 

the deposited energy with the assumption that all radiation is locally absorbed. C is 50 J/

GBq for 90Y, and 15.9 J/GBq for 166Ho [29,30]. 

The manufacturer of 90Y resin spheres provides three methods to calculate the prescribed 

activity for their European customers (for their American customers they solely recommend 

the BSA-method in combination with limiting the lung dose to <30Gy). The first one is the 

empirical model, where the prescribed activity is dependent on the percentage of tumour 

involvement. The recommended prescribed activity is 3.0 GBq for tumour involvement 

over 50%, 2.5 GBq for tumour involvement between 25%-50%, and 2.0 GBq for tumour 

involvement below 25%. However, this method does not take the liver volume into 

account and is considered obsolete because of the unfavourable toxicity profile [31]. The 

second, and most widely used, method for resin microspheres, is the Body Surface Area 

(BSA) method, were the prescribed activity is calculated as:

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) =
𝐷𝐷(𝐺𝐺𝐺𝐺) ∗	𝑀𝑀-./01-(𝑘𝑘𝑘𝑘)

𝐶𝐶(𝐽𝐽 𝐺𝐺𝐺𝐺𝐺𝐺⁄ )  

 
 
 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐺𝐺𝐵𝐵𝐴𝐴 − 0.2) +
𝑉𝑉->?@>/

𝑉𝑉->?@>/ + 𝑉𝑉ABC1/
 

 
 
 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) =
𝐷𝐷(𝐺𝐺𝐺𝐺) ∗ D𝑇𝑇 𝑁𝑁G ∗ 𝑀𝑀->?@>/(𝑘𝑘𝑘𝑘) + 𝑀𝑀ABC1/(𝑘𝑘𝑘𝑘)H

49.760 ∗ (1 − 𝐿𝐿𝐵𝐵𝐿𝐿)  

 
 
 
 

Here, BSA is the body surface area, calculated from the patient’s height and weight. 

Vtumour is the volume of the tumour and Vliver is the volume of the normal liver tissue, both 

calculated from a CT scan. The third method is the partition model, where the prescribed 

activity is calculated as: 

shunting to the lungs, the lung shunt fraction (LSF) (Figure 1.6). Based on the presence or 

absence of extrahepatic depositions, the LSF, and the tumour targeting, a nuclear 

medicine physician decides whether the radioembolization treatment can be performed 

safely, and how much activity will be administered during the treatment. 

Figure 1.6: Planar scintigraphy images of 99mTc-MAA used to calculate the lung shunt fraction (LSF). The 
liver with its delineation (yellow) is shown on the left, and the lungs with its delineation (green) are shown 
on the right.  

The treatment is usually performed about two weeks after the pre-treatment procedure. 

Microspheres are ideally administered at the exact location that was determined during 

the pre-treatment procedure. There are three types of microspheres that can be used 

for radioembolization treatment: 90Y glass microspheres (TheraSpheres, BTG), 90Y resin 

microspheres (SIR-spheres, Sirtex Medical), and holmium-166 (166Ho) microspheres 

(QuiremSpheres, Quirem Medical B.V.). These microspheres differ in size distribution and 

specific activity (Table 1.1). After treatment, the patient will receive a SPECT/CT (166Ho 

microspheres) or a positron emission tomography / computed tomography (PET/CT) 

(90Y glass/resin microspheres) scan to confirm absence of extrahepatic depositions and 

treatment of all targeted tumours. 

Table 1.1: Characteristics of the three types of microspheres used for radioembolization. 

Microsphere size Specific activity
90Y glass Mean: 25 µm[21] Range: 20-30 µm[22] ~2500 Bq/sphere[22]
90Y resin Mean: 32 µm[21] Range: 20-60 µm[23] ~50 Bq/sphere[23]
166Ho Mean: 30 µm[24] Range: 15-60 µm[24] ~240-375 Bq/sphere[24]

Prescribed activity calculation
Radioembolization treatment planning is based on the pre-treatment procedure. In 

absence of extrahepatic depositions, the prescribed activity is limited by the radiation 

dose in the lungs and in the healthy liver parenchyma. The recommendation for 90Y glass 
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1of the catheter can be difficult, and the reproducibility of the catheter tip position is critical 

for the predictive value of the pre-treatment procedure [33–36]. Radioembolization 

treatment performed in a single-session could therefore also improve the reliability of the 

pre-treatment procedure. 

Apart from introducing a new imaging modality, radioembolization can also be improved 

by improving current imaging modalities. First of all, pre-treatment imaging can be 

improved. In current clinical practice, the lung shunt fraction (LSF) is based on planar 

images of the lungs and the liver. However, these planar images are known to overestimate 

the LSF [37–40]. This is caused by the absence of accurate scatter and attenuation 

correction. Scatter and attenuation correction can be better incorporated in SPECT/CT 

image reconstruction, and using these instead of planar 99mTc-MAA images to estimate 

the LSF, reduces the overestimation [40]. When calculating the lung dose, another factor 

introducing errors is the standard lung mass of 1 kg that is used for all patients. A more 

patient specific lung mass can be estimated from a diagnostic CT [41].

Another important factor influencing the LSF and lung dose estimations is the difference 

between the MAA particles used for the pre-treatment procedure and the microspheres 

used for the treatment. These particles differ in shape and size distribution, which can lead 

to differences in dose distribution [35,36,42]. Furthermore, MAA particles break down into 

smaller particles, and ultimately into pertechnetate. These smaller particles are more likely 

to shunt to the lungs and thereby increase the LSF [43,44]. This effect can be minimized 

by keeping the time between injection of the 99mTc-MAA and the scanning as short as 

possible [43]. When radioembolization is performed with 166Ho microspheres, it is possible 

to perform the pre-treatment procedure with the same particles as the treatment, 
166Ho microspheres in a lower dosage. Using the same particle leads to a more accurate 

estimation of the lung dose [39].

In addition to the estimated lung dose, the estimated intrahepatic dose distribution 

affects treatment planning. This is most obvious when the partition model is used for the 

treatment planning, because in this case the tumour to non-tumour activity concentration 

ratio (T/N) directly influences the prescribed activity. In case of the 90Y glass microspheres, 

the desired dose (80-150 Gy) is chosen by the treating physician. At the UMC Utrecht, 

a higher desired dose will be chosen for patients that show good tumour targeting on 

pre-treatment imaging than for patients that show poor or moderate tumour targeting. 

However, the predictive value of the pre-treatment procedure with MAA particles for the 

intrahepatic dose distribution is debatable [33–35,45,46]. Again, the difference between 

the MAA particles and the microspheres are mentioned as a cause [35,36,47]. Using the 

same particle for pre-treatment and treatment (166Ho microspheres), leads to a higher 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) =
𝐷𝐷(𝐺𝐺𝐺𝐺) ∗	𝑀𝑀-./01-(𝑘𝑘𝑘𝑘)

𝐶𝐶(𝐽𝐽 𝐺𝐺𝐺𝐺𝐺𝐺⁄ )  

 
 
 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐺𝐺𝐵𝐵𝐴𝐴 − 0.2) +
𝑉𝑉->?@>/

𝑉𝑉->?@>/ + 𝑉𝑉ABC1/
 

 
 
 

𝐴𝐴(𝐺𝐺𝐺𝐺𝐺𝐺) =
𝐷𝐷(𝐺𝐺𝐺𝐺) ∗ D𝑇𝑇 𝑁𝑁G ∗ 𝑀𝑀->?@>/(𝑘𝑘𝑘𝑘) + 𝑀𝑀ABC1/(𝑘𝑘𝑘𝑘)H

49.760 ∗ (1 − 𝐿𝐿𝐵𝐵𝐿𝐿)  

 
 
 
 

Here, D is the maximum tolerable dose to the normal liver [23]. T/N is the average tumour 

to normal liver activity concentration ratio determined from 99mTc-MAA SPECT/CT, Mtumour 

the mass of the tumour in kg, Mliver the mass of the normal liver parenchyma in kg, and 

LSF is the lung shunt fraction. The partition model is the only model taking the differences 

in activity uptake by the tumour and healthy liver parenchyma into account. However, 

the required average T/N can pose a problem in poorly defined tumours, or in patients 

with multiple tumours with different uptake. Furthermore, segmentation of all structures 

is labour-intensive, which makes this method less attractive in daily practice. 

Radioembolization can be used to treat the whole liver, or to treat specific liver segments. 

For 90Y glass and 166Ho microspheres, the mono-compartment model is used with a target 

mass, which is either the mass of the whole liver, or the mass of the specific liver segments 

to be treated. For 90Y resin microspheres, the most widely used planning method, the BSA-

method, is designed to calculate a prescribed activity for a radioembolization treatment 

of the whole liver. If a partial liver treatment is performed with 90Y resin microspheres, a 

correction factor needs to be applied. When, for example, only 40% of the liver is treated, 

only 40% of the originally calculated prescribed activity should be used. The same principle 

holds for radioembolization treatments consisting of multiple injection sites. For every 

injection site, the corresponding treated liver volume is determined (based on contrast-

enhanced CT), and the corresponding prescribed activity is calculated. 

Imaging to improve radioembolization
Since radioembolization is an image-guided procedure and multiple imaging modalities 

are involved in the treatment, there is a potential large gain to be made in treatment 

efficiency and outcome by improving imaging techniques. 

At the moment, imaging in the intervention room is limited to the c-arm, which is mainly 

used for positioning of the catheter and does not give feedback on the administered 

dose. Efforts to allow real time nuclear and anatomical imaging in the intervention room 

are being made [32]. This would enable dosimetry during the treatment, and could guide 

administration of the microspheres. The ultimate goal of such a hybrid imaging modality 

would be to perform radioembolization in a single-session; the pre-treatment procedure 

is than directly followed by the treatment procedure. This could result in less burden to 

the patient and the catheter could stay in place for the treatment procedure, because the 

patient does not have to be moved to the nuclear medicine department.  Repositioning 
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1predictive value for intrahepatic dose distribution and may contribute to more accurate 

and more personalised treatment planning [47].   

Post-treatment imaging also plays a major role in the improvement of radioembolization, 

although it is not part of standard clinical care in all centres. First of all, post-treatment 

imaging can reveal whether all tumours received the planned radiation dose or that a 

patient might benefit from a second treatment. Furthermore, post-treatment imaging 

allows dose-response and dose-toxicity relations to be established. These relations can be 

included in the prescribed activity calculation models, to make treatment planning more 

personalised [38]. 

Outline thesis
The broad aim of this thesis is to investigate nuclear imaging techniques that can 

improve treatment planning in radioembolization. To put this into perspective, 

advances in imaging techniques for radionuclide therapy are discussed in Chapter 2. 

An effort to allow nuclear imaging in the intervention room, by combining a c-arm with 

a gamma camera for simultaneous fluoroscopic and nuclear imaging, is discussed in 

Chapter 3. Chapter 4 will focus on the differences between the three microspheres. 

Using the same particle for the pre-treatment procedure and the treatment procedure, 

as can be done for the 166Ho microspheres, might also be possible for 90Y microspheres. 

This introduces some challenges regarding imaging. The possibility of estimating the 

lung shunt fraction based on pre-treatment 90Y SPECT/CT and PET/CT is investigated 

in Chapter 5. This idea of 90Y pre-treatment imaging is expanded in Chapter 6 to 

the detection of extrahepatic depositions and the quantification of intrahepatic dose 

distribution. In Chapter 7 the quantitative accuracy of a ‘new generation’ PET/CT 

scanner for 90Y imaging is investigated. The thesis is concluded with a general discussion 

in Chapter 8 and summarised in Chapter 9.  
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2

Introduction

Radionuclide therapy combines aspects of both chemotherapy (such as the cancer 

cell targeting capabilities) and external-beam radiotherapy (by making use of ionizing 

radiation). An advantage of using radionuclide therapy over external beam radiotherapy 

is that radionuclide therapy has the potential to eliminate not only the primary tumour, 

but also metastatic or undetected tumours. Moreover, unlike chemotherapy, the 

radiopharmaceuticals used for radionuclide therapy potentially destroy adjacent tumour 

cells even if they lack specific uptake. Strategies for targeted delivery of radionuclides 

include binding of radionuclides to a cell targeting molecule, such as treatment of 

neuroendocrine tumours with 177Lu-DOTATATE [48]; use of the ability of the radionuclide 

to target specific cells on its own, such as the treatment of thyroid carcinoma with 131I 

[49]; and intra-arterial injection, such as radioembolization with 90Y microspheres for liver 

malignancies [50]. 

Another advantage of radionuclide therapies is the potential to use the emitted 

radiation for imaging of the radionuclide distribution. The combination of diagnostic and 

therapeutic properties in a set of matched radiopharmaceuticals (sometimes combined 

in a single radiopharmaceutical) is often referred to as theranostics, and allows accurate 

diagnostic imaging before therapy. The use of imaging benefits treatment planning, 

dosimetry, and assessment of treatment response. Therefore, developments in imaging 

technologies may also benefit the efficacy of radionuclide therapies. This paper focuses on 

the technical developments in imaging technology relevant for imaging of radionuclide 

therapy. Developments in the field of the traditional nuclear imaging modalities (i.e., 

scintigraphy, SPECT and PET), as well as other anatomic and functional imaging modalities, 

are discussed.

SPECT and scintigraphy
The type of decay of radionuclides used for nuclear medicine therapy or its guidance 

determines what modality is used for imaging. Planar scintigraphy or SPECT is used for 

imaging of radionuclides such as 177Lu, 90Y, and 131I, that are used for radionuclide therapy. 

These nuclides emit γ-photons (or Bremsstrahlung photons), which can be imaged with 

a γ -camera.

Current status
Modern SPECT/CT systems can be used for planar as well as tomographic imaging. 

Planar imaging is readily used to acquire whole-body images in a limited amount of 

time, because imaging the whole body with a tomographic (SPECT) method would be 

time-consuming. SPECT is used to acquire 3-dimensional data to discern structures that 

Abstract

Internal radiation therapy with radionuclides (i.e., radionuclide therapy) owes its success 

to the many advantages over other, more conventional, treatment options. One distinct 

advantage of radionuclide therapies is the potential to use (part of ) the emitted 

radiation for imaging of the radionuclide distribution. The combination of diagnostic and 

therapeutic properties in a set of matched radiopharmaceuticals (sometimes combined 

in a single radiopharmaceutical) is often referred to as theranostics, and allows accurate 

diagnostic imaging before therapy. The use of imaging benefits treatment planning, 

dosimetry, and assessment of treatment response. This paper focuses on a selection of 

advances in imaging technology relevant for image guidance of radionuclide therapy. 

This involves developments in nuclear imaging modalities, as well as other anatomic and 

functional imaging modalities. The quality and quantitative accuracy of images used for 

guidance of radionuclide therapy is continuously being improved, which in turn may 

improve the therapeutic outcome and efficiency of radionuclide therapies.



2524

Chapter 2. Technical advances in image guidance of radionuclide therapy

2

artefacts, (ii) dedicated software may be required for quantitative imaging, and (ii) the 

sensitivity of pinhole collimators is limited. Multiple pinholes can be used to overcome the 

problem of limited sensitivity [54]. Image quality may also be improved using a collimator 

consisting of cone-shaped holes (the parallel-cone collimator; Figure 2.1), which limits 

collimator penetration while preserving resolution and sensitivity [55]. 

Figure 2.1: Face (A) and back (B) of parallel-cone (PC) collimator. (C) Double-point-source Monte Carlo 
simulations obtained for 131I on PC collimator and high-energy general-purpose (HEGP) collimator. PC 
collimator can detect the two sources separately, whereas HEGP collimator cannot. (Reprinted from Beijst 
et al.[55])

Detectors can be optimised for high-energy photons (emitted by the isotopes used for 

radionuclide therapies) using thicker crystals (5/8 inch instead of the standard 3/8 inch), 

or using scintillation crystals with high stopping power, which increases the detection 

efficiency. Walrand et al. have designed a camera dedicated to Bremsstrahlung imaging of 
90Y [53]. They describe a dedicated system with a 30 mm thick bismuth germanate crystal 

and an 8 mm high-energy pinhole collimator with extra shielding to prevent penetration 

of high-energy photons. Additionally, it is suggested that the camera can be mounted on 

a robotic gantry for use in the intervention room, as shown in Figure 2.2. 

Reconstruction algorithms. For the application of radionuclide therapy, quantitative 

results benefit dosimetry and assessment of treatment response. However, iterative 

reconstruction algorithms are able to obtain images with a high signal-to-noise ratio, but 

do not necessarily generate (linearly) quantitative images. In general, SPECT images have 

long been regarded as solely qualitative images, in contrast to PET, which allows the use 

of semi-quantitative or quantitative measures such as the standard uptake value (SUV). 

Despite the relatively low resolution of SPECT images (as compared with PET), quantitative 

SPECT images can now be obtained when image-degrading effects are adequately 

corrected. These corrections include those for attenuation, scatter, point spread function, 

or dead time. Although quantitative images can be obtained using easy-to-implement 

scatter correction techniques, the accuracy of quantitation can be improved using Monte 

would overlap one another on planar images. Planar and tomographic images are often 

acquired in sequence to obtain whole-body images in addition to 3-dimensional images 

of a specific part of the body. 

Quantitative SPECT images can be obtained by converting the acquired counts into 

a distribution of absorbed dose (in Gy), which can benefit planning and dosimetry of 

radionuclide therapy. However, because of effects such as photon attenuation, scatter, 

and blurring, SPECT/CT images are not inherently quantitative. Attenuation correction 

is commonly incorporated in the projection operators of the iterative reconstruction 

method using attenuation maps from co-registered CT images. Scatter correction is also 

routinely implemented into clinical practice and is often performed using the triple energy 

window method [51]. Image quality can be further improved by applying resolution 

recovery. This is done by accurately characterising the shape of the point spread function, 

which depends on the distance from the camera, and is rotationally variant because 

of the hexagonal pattern of the collimator septa. The point spread function model can 

subsequently be incorporated into the reconstruction algorithm [52]. 

Even though image-degrading effects such as attenuation, scatter, and blurring can be 

partially corrected, SPECT images suffer from partial-volume effects and quantification 

errors.

Advances in SPECT and scintigraphy
This section discusses SPECT developments improving image quality in general, as well as 

those improving guidance of radionuclide therapy. 

Instrumentation: Collimators and detectors. Tumour dosimetry requires accurate 

quantification of small structures. This is severely hampered by the partial-volume effects 

that, by limiting image resolution, reduce contrast. Because image resolution is largely 

determined by collimator resolution, development of collimators that are less easily 

penetrated is one strategy to reduce partial-volume effects. Because many of the isotopes 

used for radionuclide therapies (e.g., 131I and 90Y) emit high-energy photons that easily 

penetrate the collimator septa and reduce image resolution, optimising the collimator 

may be crucial to achieving quantitative accuracy. The strategy used to optimise 

parallel-hole collimators for high-energy applications, is to increase septal thickness and 

septal length to limit septal penetration. However, optimising the design of a parallel-

hole collimator involves a trade-off between septal penetration, spatial resolution, and 

sensitivity. Alternatively, one can use pinhole collimators designed to limit collimator 

penetration [53]. However, quantitative pinhole SPECT remains a challenge in clinical 

practice for the following reasons: (i) truncated projections may lead to reconstruction 
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phantom with weighting to correct for the likelihood of detection [12,13]. Despite the 

challenges of quantitative SPECT, a quantitative accuracy of within 5% can be obtained, 

which is equivalent to the accuracy of PET/CT systems [62].

Quantitative images may be used for dosimetric applications in radionuclide therapy. 

Obtaining these images is not straightforward, because the acquired projection images 

are measured in counts. These can be converted into quantitative images representing the 

activity concentration (in Bq/unit volume) using quantitative reconstruction algorithms. 

In turn, quantitative images that represent patient dose (in Gy) may be obtained by 

taking into account an estimation of the retention time, the specific energy released and 

absorbed, and information about the spatial dose distribution (e.g., dose point kernels). 

The retention time may be estimated by assuming a theoretic effective half-life, or by 

acquiring multiple scans over time to achieve a time-integrated activity in a target volume 

(organ or tumour). Subsequently, the absorbed dose can be calculated by multiplying the 

activity concentration by a radionuclide-specific constant [63], by convolving the activity 

distribution with a dose point kernel, or by performing Monte Carlo simulations [64], 

depending on the required accuracy of the dose estimation. 

Advances in the development of SPECT reconstruction algorithms also involve the use 

of anatomic priors. For example, maximum a posteriori algorithms that incorporate 

smoothing within, but not across, organ or lesion boundaries may improve the quality 

of images used for guidance of radionuclide therapy [65]. A fundamental issue with 

anatomic priors is that the resulting images are no longer purely molecular, but also 

include anatomic information. 

Developments in SPECT reconstruction algorithms also include corrections for cardiac 

or respiratory motion [66]. The correction for cardiac motion mostly benefits cardiac 

applications, whereas corrections for respiratory motion may improve lesion detection in 

general. Motion correction is discussed in more detail in the next section.

PET
18F-FDG PET accounts for most PET studies in clinical practice and is often used for staging 

and follow-up after radionuclide therapy. However, PET is also used for imaging of other 

nuclides (e.g., 90Y, 124I, 64Cu, and 68Ga) for treatment planning, dosimetry, and assessment 

of treatment response in radionuclide therapies. In all cases, good quantitative accuracy 

is required, either for precise SUV- based therapy response monitoring, or more detailed 

dosimetry for therapy planning.

Carlo-based scatter modelling [60]. Monte Carlo-simulated forward projections can be 

used in the reconstruction algorithm to accurately model object scatter and, hence, 

correct for the image-degrading effects of scatter. 

Figure 2.2: Interventional multi-pinhole SPECT camera mounted on 6-axis arm robot [56]. The images show 
how the robotic gantry is able to acquire tomographic images from multiple angles.

Advances in detector technology also include the development of solid-state detectors 

[57]. Cadmium zinc telluride (CZT) detectors directly convert the energy of incident 

γ-photons into an electric signal, in contrast to indirect scintillation-based detector 

systems that require photomultiplier tubes. Advantages of CZT detectors are the superior 

energy resolution and the high counting rate capability as compared with photomultiplier 

cameras with sodium iodide (NaI) crystals. Superior energy resolution results in a lower 

detection of scattered events due to a narrow energy window. This advantage also 

paves the way for dual-isotope applications, for which clear separation of photopeaks 

is essential [58]. The fact that CZT detectors can detect high count rates is an advantage 

for radionuclide therapies, as high activities are generally used to deliver the therapeutic 

radiation dose. However, CZT detectors have low stopping power, which makes them less 

suitable for imaging of high-energy photons. CZT technology is more suitable for isotopes 

with low-energy photopeaks, such as 99mTc, 166Ho, or 177Lu [59].

Over the years, several Monte Carlo codes have been incorporated into the reconstruction 

algorithm, such as GATE, SIMSET, MCNP, SIMIND, and UMCS [61]. Because Monte Carlo 

simulations are notoriously slow, acceleration is often performed using variance reduction 

techniques. One of the strategies is to use convolution-forced detection, which forces 

particles toward the collimator by creating daughter particles at every interaction in the 
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of SiPM pixels that produce an avalanche pulse is a measure of the energy of the incident 

γ-photon. The individual SiPM pixels have a size of 20–100 µm. SiPMs can be fabricated 

to couple with smaller crystals and therefore improve resolution [69]. Another advantage 

of SiPMs is their good timing resolution, which improves the signal-to-noise ratio of PET 

images through better time-of-flight estimation [70,71]. 

Increasing the timing resolution enhances the time-of-flight estimation and, 

consequently, the signal-to-noise ratio of the images [70]. Therefore, improvement of 

the timing resolution is subject to research. Time-of-flight detectors typically use 4x4x22 

mm scintillation crystal elements, with photodetectors placed on the top of the crystal 

element for readout. Moses et al. developed a detector in which the photodetector is 

mounted on the side of the crystal element [72]. This design reduces the mean path 

length of the scintillation photons to the photodetectors, which in turn improves timing 

resolution. Another approach to improving the timing resolution is double-sided readout, 

as described by Seifert and Schaart [73]. They describe a setup in which photodetectors 

are mounted on the top and bottom of the crystal element, enabling correction of depth-

dependent effects to the timing uncertainty. An additional advantage of this approach is 

that depth of interaction can be extracted. 

Another method to improve the efficiency of PET images is by increasing axial detector 

length. The image quality of low-abundance isotopes, such as 90Y, may benefit from this 

approach. Extending the axial field of view of a PET scanner from 16.2 cm (3 detector 

rings) to 21.8 cm (4 detector rings) already significantly increases system sensitivity [74]. 

A whole-body PET system with an axial detector length of approximately 2 m is currently 

under development at the University of California, Davis, and shown in Figure 2.3 [75]. 

Although the increase in axial detector length increases sensitivity, it also increases the 

adverse effects of parallax errors as observed with traditional detectors. Parallax errors 

occur when an annihilation photon enters one crystal element but is absorbed after 

penetrating an adjacent crystal element. This error generally occurs for high oblique 

angles of incidence. Parallax errors may be reduced if detectors are equipped with depth-

of-interaction information [76,77].

Reconstruction. Advances in image reconstruction include modelling of motion by 

incorporating information on motion into the reconstruction algorithm [78,79]. Motion 

correction can easily be performed by including counts from only a certain phase of the 

respiratory cycle (e.g., end expiration). However, such a phase-gated approach suffers from 

prolonged scan times (or increased noise) because of loss of data that are discarded for 

reconstruction. Correction for respiratory motion may be implemented using information 

on motion from additional hardware (e.g., a belt system). However, similar results can also 

Current status
Like SPECT, quantitative PET requires application of correction techniques. Attenuation 

correction for PET can easily be performed by determining the attenuation correction 

sinogram, typically based on co-registered CT data. In addition, scatter correction is 

often implemented in clinical practice using the single-scatter simulation method 

[67]. Correction for random counts is generally performed by applying delayed-event 

subtraction [68]. 

The time difference in detection between annihilation photons provides information 

about the location of the annihilation event along the line of response. This time-of-flight 

(TOF) information can be incorporated in the reconstruction during the backprojection 

step to improve image quality. The availability of TOF information has paved the way for 

imaging isotopes with very low positron abundance, such as 90Y. 

Because the intrinsic resolution of PET detectors is limited, the shape of the point spread 

function can be incorporated in the reconstruction method to improve the quality of 

reconstructed images. This process is often referred to as resolution recovery. 

Radiation detection systems suffer from dead-time effects due to pulse pile-up when 

subjected to high counting rates. Dead-time losses are routinely corrected for, based 

on measurements of a large range of activities and knowledge of the true counting rate 

model.

Advances in PET
The quality of PET images is continuously being improved by advances in PET 

instrumentation and reconstruction aimed at increasing resolution and sensitivity, which 

in turn allows a more accurate determination of the SUV. Using nuclides such as 124I and 
90Y, such improvements may aid in optimised targeting, treatment planning, dosimetry, 

and assessment of treatment response in radionuclide therapies. 

Instrumentation. PET scanners traditionally use photomultiplier tubes to convert the 

optical signal coming from the scintillation crystal into an electronic signal. However, 

semiconductor-based alternatives are also becoming commercially available for 

clinical systems. The most commonly used alternatives are avalanche photodiodes and 

silicon photomultipliers (SiPMs). Avalanche photodiodes are essentially semiconductor 

photodetectors that operate in avalanche mode, which means that the output is 

linear with the amount of scintillation light. SiPMs consist of a multi-pixel array of small 

avalanche photodiodes that operate in Geiger mode. Therefore, the output of a single 

pixel of an SiPM is not linear with the amount of scintillation light. However, the number 
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can be corrected for by implementing a prompt γ-correction in the reconstruction 

algorithm [88,89].

Figure 2.4: Decay scheme of several isotopes that emit prompt γ-rays in cascade with positron emission 
[90].

PET/MRI. PET/MRI has several advantages over PET/CT, of which higher soft tissue contrast 

is probably most important for treatment planning, dosimetry, and assessment of response 

to radionuclide therapies. Additionally, the simultaneous acquisition of co-registered MR 

images may benefit accurate dosimetry. Also, MRI can be used to identify organs at risk 

(or parts of one organ), which may be essential for determining the maximum tolerable 

radionuclide dosage. Moreover, the simultaneous acquisition of anatomic and molecular 

images enables accurate motion correction, for instance, by making real-time MR images 

of the lungs. 

However, the integration of PET and MRI modalities does bring about serious challenges, 

because mutual interference between modalities can occur. That is, photomultiplier tubes 

used in traditional PET detectors do not function in the strong magnetic fields used for 

MRI. Moreover, the radiofrequency signal used for MRI is affected by the PET modules 

[91]. For this reason, the first generation of PET/MRI systems acquired PET and MR images 

in sequence and the modalities were spatially separated. Integrated systems in which 

the PET detectors are inserted into the bore of the MR scanner are now available so that 

PET and MR images can be acquired simultaneously. Integrated PET/MRI systems use 

be obtained with data-driven approaches without the use of additional hardware [80]. 

Event-by-event motion correction is an approach in which all data are used to reconstruct 

an image [81,82]. This approach leads to less noise than phase-gated motion correction. 

In general, reconstruction algorithms with motion correction often use data that were 

acquired in list mode. Acquiring data in list mode means that for each count the time and 

position of detection are stored. List-mode acquisitions are especially useful for motion-

corrected reconstruction algorithms, because retrospective redefinition of phases in 

phase-gated sinograms is allowed. 

Figure 2.3: Explorer total-body PET scanner. (Courtesy of Drs. Simon R. Cherry and Ramsey D. Badawi, 
University of California, Davis.)

Like SPECT images, PET images may be improved by integrating anatomic information in 

the reconstruction algorithm using anatomic priors [83,84]. In addition to using anatomic 

priors, smoothing priors can be incorporated with a penalty term that suppresses noise 

[85,86]. 

For some isotopes, positrons are emitted in cascade with the emission of γ-photons, so 

that additional photons are emitted together with the two annihilation photons (Figure 

2.4). These additional photons are called prompt γ-photons. 124I and 86Y are examples of 

isotopes that emit prompt γ-photons in cascade with the positron and are often used for 

matched-pairs dosimetry of the therapeutic isotopes 131I and 90Y, respectively [87]. When 

these prompt γ-photons are detected, they may be mistaken for an annihilation photon, 

resulting in an erroneous line of response. The adverse effects of the prompt γ-photons 
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Measurements with the hybrid imaging prototype that combines simultaneous x-ray and 

nuclear imaging of the same field of view have demonstrated the feasibility of real-time 

simultaneous hybrid imaging in the intervention room (Figure 2.5).

Figure 2.5: (A) Hybrid c-arm showing the field of views of the pinhole collimator and the x-ray detector. (B) 
Entire system [32].

PET versus SPECT
Generally, SPECT is less expensive than PET in the sense of initial investment and isotopes. 

However, PET outperforms SPECT with respect to sensitivity, resolution, and quantitative 

capabilities. One approach to improving the quality of nuclear images is therefore to 

replace SPECT tracers with positron-emitting PET tracers. Examples include the use of 

diagnostic 124I-metaiodobenzylguanidine (MIBG) PET instead of 123I-MIBG SPECT before 
131I-MIBG therapy (Figure 2.6) or the use of low-abundance internal pair production of 90Y 

for 90Y PET instead of Bremsstrahlung 90Y SPECT for dosimetry in 90Y liver radioembolization 

(Figure 2.7) [97–99]. 

detector systems based on either avalanche photodiodes or SiPMs that are insensitive to 

the magnetic field. The simultaneous measurement ensures a better spatial agreement of 

PET and MRI data and provides a unique opportunity for 4-dimensional acquisitions, for 

example, to perform motion correction without the need for respiratory motion sensors. 

Disadvantages of PET/MRI include the high costs and the fact that ferromagnetic metallic 

implants are contraindications for MRI. Moreover, one of the big challenges for PET/MRI is 

attenuation correction. Accurate attenuation correction is required for quantitative PET/

MRI, which is important for dosimetry in radionuclide therapy. CT images are ideal for 

attenuation correction as they provide electron density images, whereas MR images give 

information about proton density, making them less suitable for attenuation correction. 

Moreover, MR images are often transaxially truncated. Despite the challenges in MR-

based attenuation correction, segmentation-, template-, or atlas-based techniques can 

be used to derive electron density information from MR images [92]. Alternatively, the 

attenuation maps may be estimated using algorithms that use the time-of-flight emission 

or transmission data [93].

Other modalities for guidance
Imaging modalities other than nuclear imaging are also used to guide radionuclide 

therapy. For example, fluoroscopic imaging is used for radionuclide therapies that 

require real-time image guidance, such as assisting in the positioning of catheters for 

liver radioembolization [94]. With the development of interventional MRI scanners, these 

procedures may also be performed in the future under MRI guidance for increased soft 

tissue contrast and the absence of radiation dose. Intratumoural injection of radionuclides 

may also be performed under guidance from interventional CT images or using ultrasound 

[95,96].

Future perspectives
Simultaneous x-ray and nuclear imaging
To date, no real-time hybrid imaging modalities for interventional purposes have 

been developed that combine simultaneously acquired nuclear and anatomic images. 

Fluoroscopic imaging in conjunction with real-time nuclear imaging would provide the 

physician with valuable information during procedures such as 90Y liver radioembolization 

by imaging the distribution of the radionuclide in relation to the anatomy and the 

interventional instruments, thereby improving therapeutic efficiency. Imaging of the same 

field of view can be achieved by placing an x-ray tube, an x-ray detector, and a γ-camera 

in one line [32]. Since straightforward combination of these elements would block the 

line of views, a γ-camera geometry that looks around the x-ray tube was developed. A 

prototype was built using a mobile C-arm and a γ-camera with a 4-pinhole collimator. 
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These advances spur the question of whether there is a future for SPECT systems in the 

nuclear medicine department. Some have argued that PET may completely replace 

scintigraphy and SPECT in the future [101]. However, the type of decay determines whether 

SPECT or PET is used for imaging. Finding suitable and cost-effective positron-emitting 

alternatives with a half-life long enough for dosimetry remains a challenge for many 

SPECT radiopharmaceuticals. Moreover, both PET imaging and SPECT imaging are often 

applied for theranostics, using matched pairs of isotopes to exploit the characteristics 

of the PET isotopes that are most suitable for imaging (124Iand 86Y) and their β-emitting 

counterparts (131I and 90Y) for therapeutic purposes [87]. This is referred to as matched-pairs 

dosimetry. For example, 124I is used for pre-therapeutic imaging of suspected recurrence 

of differentiated thyroid carcinoma, because a low activity of 124I (~1% of therapeutic 131I 

activity) is often sufficient to achieve similar image quality on pre-therapeutic 124I PET/

CT and post-therapeutic 131I SPECT/CT [102]. Another example is the use of 86Y PET 

before 90Y therapy of somatostatin receptor-positive tumours, which has been shown to 

improve image quality as compared with 111In SPECT [103,104]. With developments such 

as matched-pairs dosimetry, SPECT and PET are likely to be used for many years to come 

because of the complementary capabilities of PET and SPECT radionuclides.

Conclusion
As the quality of the images used for guidance of radionuclide therapy are continuously 

improved, the outcome and efficiency of radionuclide therapies may also be improved. 

For example, improved pre-therapeutic image quality may lead to improved patient 

selection and, subsequently, to increased accuracy of required dose estimates, paving 

the way for dosimetry-guided individualized doses. In turn, this development would have 

the potential to reduce the occurrence of side effects and increase the probability of a 

successful ablation of the tumour. Technical advances that benefit imaging in radionuclide 

therapy include developments in algorithms and instrumentation for traditional nuclear 

imaging modalities, as well as the development of novel modalities.

Figure 2.6: Diagnostic 123I-MIBG planar acquisitions at 4 h (A) and 24 h (D) after injection, post-therapy 
131I-MIBG planar acquisitions at 24 h (B) and 48 h (E) after injection, and 124I-MIBG maximum-intensity-
projection acquisitions at 24 h (C) and 48 h (F) after injection [97]. Resolution advantage of 124I PET over 
123I and 131I SPECT is clear.

Figure 2.7: Comparison of dose estimates based on 90Y PET and 90Y SPECT images after radioembolization 
procedure. (A) Graph shows cumulative dose-volume histogram of whole liver (WL), low-dose region of 
interest (LD), and high-dose region of interest (HD). Same transversal slice through SPECT-based dose map 
fused with CT (B) and through PET-based dose map (C) shows advantage of PET over SPECT in terms of 
resolution and effect on calculated dose distribution [100].
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Introduction

Hybrid imaging modalities are of great importance for oncological imaging because 

they combine anatomical and nuclear information. However, the use of hybrid imaging 

modalities (e.g. single photon emission computed tomography/computed tomography 

(SPECT/CT)) in the interventional radiology suite is limited due to the bulky design of these 

modalities [105]. Interventional nuclear imaging is performed with gamma probes or 

hand-held gamma cameras, providing real-time feedback about the activity distribution. 

Interpretation of this information can be difficult for lack of co-registered anatomical 

information. Therefore, we aim at developing a real-time, simultaneous fluoroscopic and 

nuclear imaging device, consisting of a c-arm with nuclear imaging capabilities. 

In the design of Beijst et al. [32,106], four gamma cameras with pinhole collimators were 

positioned at the side of the x-ray tube. Although the prototype showed that interventional 

hybrid imaging was feasible, this design requires an intermediate reconstruction step 

and additional weight added to the already heavy x-ray tube. Also, it has a lower spatial 

resolution of the nuclear image close to the x-ray detector. Instead, we propose a dual layer 

detector that does not require an intermediate reconstruction step, has better nuclear 

image resolution and has better weight balance between x-ray source and detector.

The hypothesis of this study was that a dual layer detector is capable of acquiring 

intrinsically registered real-time fluoroscopic and nuclear images in the intervention 

room, which may guide interventional procedures involving radionuclides such as 

radioembolization.

Materials and Methods

Philips Healthcare supported this research by providing an adapted x-ray flat panel 

detector. The authors had full control over the data and the information submitted for 

publication. 

Geometry 
The dual layer detector consists of a gamma camera with cone beam collimator placed 

behind a dynamic x-ray flat panel (Figure 3.1). The cone beam collimator is focused on the 

focal spot of the x-ray tube, resulting in intrinsically registered x-ray and nuclear images 

(Figure 3.1). The x-ray flat panel absorbs the majority of x-rays (30-120 keV) but is more 

transparent to higher energy (140 keV) gamma rays, allowing simultaneous detection.

Abstract

Purpose: To develop and evaluate a dual layer detector capable of acquiring intrinsically 

registered real-time fluoroscopic and nuclear images in the intervention room. 

Methods: The dual layer detector consists of an x-ray flat panel detector placed in front of a 

gamma camera with cone beam collimator focused at the x-ray focal spot. This design relies 

on the x-ray detector absorbing the majority of the x-rays, while being more transparent 

to the higher energy gamma photons. A prototype was built and dynamic phantom 

images were acquired. In addition, spatial resolution and system sensitivity (evaluated 

as counts detected within the energy window per second per MBq) were measured with 

the prototype. Monte Carlo simulations for an improved system with varying flat panel 

compositions were performed to assess potential spatial resolution and system sensitivity. 

Results: Experiments with the dual layer detector prototype showed that spatial resolution 

of the nuclear images was unaffected by the addition of the flat panel (full width at half 

maximum: 13.6 mm at 15 cm from the collimator surface). However, addition of the flat 

panel lowered system sensitivity by 45% to 60%, owing to the non-optimized transmission 

of the flat panel. Simulations showed that an attenuation of 27% to 35% of the gamma 

rays in the flat panel could be achieved by decreasing the crystal thickness and housing 

attenuation of the flat panel. 

Conclusions: A dual layer detector was capable of acquiring real-time intrinsically registered 

hybrid images, which could aid interventional procedures involving radionuclides.
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rays over the original detector by removing the lead shielding and some excess aluminum 

at the backside of the assembly. 

Phantom experiments
To illustrate potential applications of the dual layer detector, two phantom experiments 

were performed (S.V. and B.K.) where dynamic nuclear and fluoroscopic images were 

acquired simultaneously. In the first experiment, an 8.4 MBq cobalt-57 (57Co) pen marker 

was moved within the thorax of the RS-800 phantom (Radiological Support Devices, Long 

Beach, CA). The thorax was filled with air and the heart, liver and lungs were removed 

while all bone structures of the thorax were present. 

In the second experiment, a liver-shaped phantom containing a 40 mm diameter 

sphere representing a liver tumour was positioned on a translating stage to simulate 

breathing motion (amplitude: 2 cm, period: 5 s). The sphere was filled with 16 MBq of 

technetium-99m (99mTc) and the background compartment was filled with 83 MBq of 99mTc 

(concentration ratio 1:10), representing a 99mTc macroaggregated albumin (99mTc-MAA) 

procedure preceding yttrium-90 radioembolization [109]. 

For both phantom experiments, dynamic nuclear data was acquired in list-mode with a 

15% wide energy window centered at the photopeak. Every 250 ms, list-mode data of the 

prior 500 ms was binned into image frames visualised at a frame rate of 4 Hz. List mode 

data acquired during and shortly after the x-ray pulses was left out (21 ms per x-ray pulse) 

(Figure 3.3). Nuclear images (2 x 2 mm pixel size) were corrected for non-uniformities with 

a flood map and post-filtered with a 24 mm FWHM Gaussian filter. Fluoroscopic images 

were acquired at 51 kVp and 0.515 mA (first phantom experiment) and at 52 kVp and 0.555 

mA (second phantom experiment) with automatic exposure control, both at a frame 

rate of 4 Hz, in alignment with the 4 Hz nuclear images. Registration of the fluoroscopic 

image with the nuclear image was achieved by applying a rigid transformation (rotation, 

translation, magnification) calculated from three 57Co pen marker measurements.

Nuclear image quality
To assess nuclear image quality, static measurements were performed (S.V. and B.K.) using 

a  4 MBq 99mTc point source positioned at varying distances (range 11.5 – 37.5 cm) from 

the collimator surface with 60 s acquisition time with and without flat panel in place, 

to study the influence of the flat panel on nuclear image spatial resolution and system 

sensitivity. Counts were acquired in a 15% energy window centered at 140 keV. Pixel size 

was 2 x 2 mm. Spatial resolution was defined as the FWHM of the point spread function. 

System sensitivity was expressed in counts per second (CPS)/MBq being detected within 

Figure 3.1: Rendering of a mobile c-arm with the proposed dual layer detector, consisting of a gamma 
camera, cone beam collimator and x-ray flat panel (left); and schematic overview of the principle of 
simultaneous detection of nuclear and x-ray images (right).

We built (W.J.C.K. and J.H.L.S.) an experimental prototype of the dual layer detector 

(Figure 3.2). The gamma imaging part of the prototype consisted of a Diacam gamma 

camera (Siemens Healthcare, Erlangen, Germany) mounted with a low energy cone beam 

collimator (septal thickness: 0.25 mm; hole diameter: 1.90 mm; hole length: 40 mm; focal 

distance: 98 cm) (Nuclear Fields, Vortum-Mullem, the Netherlands) [107]. The gamma 

camera had a 9.5 mm thallium-doped sodium iodide (NaI(Tl)) scintillation crystal and a 

field-of-view (FOV) of 53.3 x 38.7 cm. The intrinsic resolution of the gamma camera was 

10 mm full width at half maximum (FWHM) as measured with a collimated point source 

without collimator.

The x-ray imaging part consisted of an x-ray tube 

of a Veradius c-arm (Philips Healthcare, Best, the 

Netherlands) and a commercially available Pixium® 

3040 flat panel (Trixell, Moirans, France) [108]. 

The x-ray flat panel had a 750 µm thallium-doped 

cesium iodide (CsI(Tl)) detection layer, 154 µm pixel 

pitch, a FOV of 29.6 x 38.2 cm and a total thickness 

of 7.5 cm. The flat panel was first modified by Philips 

Healthcare to improve the transmission of gamma 

Figure 3.2: Prototype setup, consisting of a gamma camera 
with cone beam collimator (focus at 98 cm), modified flat panel 
and x-ray tube.



4342

Chapter 3. A dual layer detector for simultaneous fluoroscopic and nuclear imaging

3

Results

Phantom experiments
Figure 3.4 and 3.5 show single frame images of the real-time, simultaneously acquired 

hybrid video of both phantoms (supplemental material 1 and 2), with the x-ray image in 

grayscale and the nuclear image in colour overlay. Visual inspection of the images showed 

that good spatial overlap was obtained and no artifacts were visible in either the x-ray or 

nuclear images (agreement by all authors, including a nuclear radiologist with >20 year’s 

experience). This shows that the presence of the radioactive tracer had no influence on 

the quality of the x-ray image. In addition, nuclear images could be acquired with short 

frame durations, despite the attenuation and scatter of gamma rays by the flat panel.

 

Figure 3.4: Single frame images (Δt = 1.07 s) of the video of a cobalt-57 pen marker moving inside the 
thorax of the RS-800 phantom (supplemental material 1). X-ray images are shown in grayscale, nuclear 
images are shown in colour overlay, scaled between zero and the maximum number of counts.
 

Figure 3.5: Single frame images (Δt = 1.07 s) of the video of the moving liver-shaped phantom acquired 
with the prototype setup (supplemental material 2). X-ray images are shown in grayscale, nuclear images are 
shown in colour overlay, scaled between zero and the maximum number of counts. The white arrow 
indicates the position of the hot sphere in the first frame (t = 0.00 s).

the energy window. In addition, system sensitivity was measured using a 200 MBq 99mTc 

flood source of 53 x 40 cm. 

Figure 3.3: Schematic overview of hybrid data acquisition scheme. Every 250 ms, list-mode data of the prior 
500 ms was binned into image frames which were visualised at a frame rate of 4 Hz. List-mode data acquired 
during and shortly after the x-ray pulses was left out (21 ms per x-ray pulse).

Simulations
First, the prototype system was simulated using MCNP6 1.0 (S.V. and B.K.) (12). Since the 

exact composition of the flat panel was confidential and therefore not disclosed by the 

manufacturer, the flat panel was modelled as 750 µm CsI, 700 µm Si (read-out layer) and 26 

mm Al to match the system sensitivity of the prototype system. The total thickness of the 

modelled flat panel was identical to the prototype flat panel (7.5 cm, with the remaining 

47.5 mm modelled as air). 

Based on this model, improved systems were simulated by (i) reducing the amount of Al 

to 7 mm, (ii) reducing the flat panel thickness to 1 cm (thin flat panel), (iii) varying the CsI 

thickness (range 0.3 – 0.75 mm) and (iv) simulating an intrinsic spatial resolution of the 

gamma camera of 3 mm FWHM. 

For all combinations of source-collimator distance and flat panel composition, a separate 

simulation was run with 100 million photons, representing a point source of 1.7 MBq 
99mTc with an acquisition time of 60 seconds. The point source was positioned at varying 

distances from the collimator surface (range 5 - 31 cm). The energy resolution was 

simulated as 10%. The intrinsic resolution of the setup with thin flat panels was simulated 

as 3 mm FWHM and the intrinsic resolution of the prototype setup (thick flat panel) was 

simulated as 10 mm FWHM. Pixel size was 2 x 2 mm.
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Figure 3.6 c and d show the simulated system sensitivity and spatial resolution of the 

improved systems. Incorporating a thin flat panel into the setup reduced the system 

sensitivity by 27% - 35%, depending on the CsI crystal thickness. Improving the intrinsic 

resolution of the gamma camera did not influence the system sensitivity. Spatial resolution 

was unaffected (difference less than 2%) by reducing the flat panel thickness or varying 

CsI thickness. However, a thinner flat panel allowed smaller source-collimator distances, 

which improved the spatial resolution. Improving the intrinsic resolution of the gamma 

camera also improved the spatial resolution of the system.

Discussion

Interventional procedures could benefit from real-time intrinsically registered hybrid 

images for improved localization and treatment guidance. Simulations and measurements 

with the prototype system demonstrated that a dual layer detector, consisting of a gamma 

camera with cone beam collimator and x-ray flat panel, was capable of acquiring such 

hybrid images. Addition of the flat panel did not affect spatial resolution of the nuclear 

image, system sensitivity decreased by 45% to 60%.

Availability of hybrid images would potentially benefit multiple procedures, such as sentinel 

node procedures, biopsies and radioembolization procedures. For radioembolization 

procedures, the main advantage is that patients will not have to be transferred to the 

nuclear medicine department for assessment of the pre-treatment procedure with 99mTc-

MAA. This would make the procedure more time efficient and would allow for one-day 

radioembolization procedures [110,111]. In a one-day procedure, the vascular sheath is 

not removed, in contrast to the standard procedure, ensuring equal injection position for 
99mTc-MAA and microspheres. When nuclear images can be acquired in the intervention 

room, movement of the vascular sheath is limited because the patient does not have to 

change beds for assessment of the 99mTc-MAA distribution. This improves the prognostic 

power of the pre-treatment procedure [112]. However, in principle, any procedure using 

radionuclides and x-ray imaging could benefit from our dual layer detector.

Transmission of gamma rays through the flat panel can be substantially improved by 

reducing the amount of aluminum surrounding the flat panel. In addition, repositioning 

the read-out electronics would improve homogeneity of the gamma ray transmission. The 

position of some large electronic components explains the difference in system sensitivity 

when measured with a point source compared to a flood source (60% and  45% reduced 

system sensitivity, respectively). 

Nuclear image quality
Figure 3.6 a and b show the measured system sensitivity and spatial resolution of the 

prototype, with and without flat panel, and the simulations of the prototype system with 

flat panel. The simulations were in agreement with the measurements of the prototype 

(difference in system sensitivity and spatial resolution less than 14% and 9%, respectively). 

For the point source, measured at the center of the camera, incorporating the flat panel 

into the setup reduced the system sensitivity by 60%. Reduction was 45% when measured 

with the flood source. The difference in measured system sensitivity represents the 

inhomogeneity of the flat panel. Spatial resolution was unaffected by addition of the flat 

panel (difference less than 7%).

Figure 3.6: Measured and simulated system sensitivity (a) and spatial resolution (b) of the prototype system. 
The simulated thick flat panel  was modelled to match these measurements. Simulated system sensitivity (c) 
and simulated spatial resolution (d) for the current thick flat panel and the modelled thin flat panels. In all 
figures, the thickness of the flat panel is indicated by the horizontal black line. CPS = counts per second, CsI 
= cesium iodide, FP = flat panel, FWHM = full width at half maximum)
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Modifications to our prototype flat panel only affected the housing and therefore did not 

influence its imaging properties, so from the x-ray point of view every fluoroscopic setting 

can be used. However, from a nuclear point of view, the current prototype allows the use 

of 40-80 kVp tube voltages, depending on the tube current. For our phantom experiments, 

x-ray images were acquired at ~50 kVp, since the phantoms were small and did not require 

high tube voltages. In clinical practice, higher tube voltages are used. Although higher 

tube voltages cause more photons to penetrate the x-ray detector and create interactions 

in the gamma camera, we believe that this effect can be mitigated by modification of the 

PMT circuitry, and/or the addition of a high pass filter, and/or by performing interleaved 

measurements (required when tube voltage approaches photopeak energy) [113]. Such 

interleaved measurements were used for the acquisition of the phantom images and 

assumed in our simulations, obviating the need for simulation of the x-ray pulses.

A limitation of our proposed detector is the reduced system sensitivity of the gamma 

camera due to the attenuation in the flat panel and the short frame duration required for 

real-time imaging. Although these factors will negatively influence nuclear image quality 

in terms of contrast and noise, the aim of our system is not to provide the physician with 

images of the highest diagnostic quality. In interventional procedures, the diminished 

nuclear image quality may be compensated by providing additional information that 

is otherwise not available. Also, image quality may be improved by image processing, 

exploiting the dynamic nature of the image data by frame averaging, as is commonly 

done in fluoroscopy.

In conclusion, we have demonstrated the feasibility of acquiring real-time and intrinsically 

registered fluoroscopic and nuclear images of the same FOV, by means of a dual layer 

detector. Such hybrid images may be used advantageously in interventional procedures 

involving radionuclides, such as radioembolization. In a more mature setup, we plan to 

redesign the aluminum housing of the flat panel and reposition the read-out electronics. 

This will result in the transmission of more gamma photons through the flat panel. The 

final design of our setup will be a trade-off between nuclear and fluoroscopic image 

quality. With regard to flat panel composition, a thicker CsI layer would lead to both better 

fluoroscopic dose efficiency and a lower sensitivity for gamma photons. The required CsI 

thickness will be further investigated in future research.
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Introduction

Intrahepatic cholangiocarcinoma (ICC) is the second most common malignancy arising 

from the liver [114]. Surgical resection (or liver transplantation) is the only curative option. 

However, at the time of diagnosis, surgical resection is no longer an option for 68% of 

patients, 70% due to unresectable disease and 30% due to metastatic disease [115]. 

An alternative liver-directed treatment for locally advanced ICC is radioembolization, 

which has shown promising results in several clinical studies [116–121]. During 

radioembolization treatment, microspheres are injected in (a branch of ) the hepatic 

artery and will preferentially lodge in and around the tumour(s) where they will locally 

irradiate the tumour(s). Currently, three types of microspheres are commercially 

available: yttrium-90 (90Y) glass microspheres (TheraSpheres, Boston Scientific), 90Y resin 

microspheres (SIR-spheres, Sirtex Medical), and holmium-166 (166Ho) poly(L-lactic acid) 

microspheres (QuiremSpheres, Quirem Medical B.V.). The physical characteristics of these 

microspheres are listed in table 4.1. 

Table 4.1: Microsphere physical characteristics [22].

90Y glass 90Y resin 166Ho poly(L-lactic acid)

Diameter: mean (µm) 25 32 30

Diameter: range (µm) 20-30 20-60 15-60

Specific activity (Bq/sphere) 150-2500 50 240-375

Emitted energy per GBq (J/GBq) 50 50 15.9

Range beta’s in tissue: mean (mm) 2.5 2.5 2.5

Range beta’s tissue: maximum (mm) 11 11 8.7

Half-life (hours) 64.1 64.1 26.8

Besides differences in physical characteristics, different methods for calculating the 

prescribed activity are advised. For 90Y glass and 166Ho microspheres, a mono-compartment 

model is most frequently used, where the aim is to reach a desired average absorbed dose 

in a target volume (either the whole liver, or specific segments) assuming a completely 

homogeneous activity distribution within this target volume. This desired absorbed dose 

is specified as 60 Gy for 166Ho microspheres, and 80-150 Gy for 90Y glass microspheres 

[26–28]. For 90Y resin microspheres, the body surface area (BSA) is most commonly used, 

in which the prescribed activity is based on the body surface area and the percentage of 

tumour involvement. Downside of these methods is that the actual dose distribution is 

heterogeneous, which is not taken into account. The so-called partition model is therefore 

increasingly used. This more advanced treatment planning method takes differences in 

Abstract  

Purpose: To compare three different therapeutic particles used for radioembolization in 

advanced intrahepatic cholangiocarcinoma. 

Methods: Yttrium-90 (90Y) glass, 90Y resin, and holmium-166 (166Ho) microsphere prescribed 

activity was calculated as per manufacturer’s recommendation. Post-treatment 

quantitative 90Y PET/CT and quantitative 166Ho SPECT/CT was used to determine tumour 

absorbed dose, whole healthy liver absorbed dose, treated healthy liver absorbed dose, 

tumour to non-tumour ratio (T/N), lung absorbed dose, and lung shunt fraction. Response 

was assessed using RECIST 1.1 criteria and PET-based change in tumour lesion glycolysis 

(TLG). Toxicity was assessed using the hepatotoxicity or radioembolization-induced liver 

disease (REILD) classification.

Results: Six 90Y glass, eight 90Y resin, and seven 166Ho patients were included for analysis. 

Mean administered activity was 2.6 GBq for 90Y glass, 1.5 GBq for 90Y resin, and 7.0 GBq for 
166Ho. Tumour and treated healthy liver absorbed dose were significantly higher for 90Y 

glass than for 90Y resin and 166Ho microspheres (mean tumour absorbed dose: 197 Gy 90Y 

glass vs. 73 Gy 90Y resin and 50 Gy 166Ho, mean treated healthy liver absorbed dose: 79 Gy 
90Y glass vs. 37 Gy 90Y resin and 31 Gy 166Ho). The whole healthy liver absorbed dose and 

T/N did not significantly differ between the particles. The three groups showed similar 

toxicity and response. 

Conclusion: The therapeutic particles used for radioembolization differ from each other, 

and showed significant differences in absorbed dose, although toxicity and response 

were similar for all groups. This emphasises the need for separate dose constraints and 

dose targets for each particle.  
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Prescribed activity was calculated as per manufacturer’s recommendation: BSA-method 

for 90Y resin microspheres [127], and the medical internal radiation dose (MIRD) mono-

compartment model for 90Y glass and 166Ho microspheres [24,25]. Chosen target dose for 
90Y glass microspheres was based on visual assessment of tumour targeting on [99mTc]Tc-

MAA SPECT: 120 Gy for good tumour targeting, 80-100 Gy for moderate to poor tumour 

targeting, or in rare cases 200 Gy when there was tumour ablative intent (i.e. radiation 

segmentectomy). The target dose for 166Ho microspheres was 60 Gy in all cases. 

Post-treatment imaging
Post-treatment quantitative imaging of 90Y glass and 90Y resin microspheres was performed 

with PET/CT (Siemens Biograph mCT, 15 minutes per bed position, 4 iterations with 21 

subsets and 5 mm full width at half maximum Gaussian filter, including time of flight 

information, resolution recovery, scatter, random, and CT-based attenuation correction, 

voxel size of 4.1 x 4.1 x 3.0 mm3) within 24 hours after microsphere administration. 

Quantitative imaging of 166Ho microspheres was performed with SPECT/CT (Siemens 

Symbia T16 or T2, energy window of 75-87 keV, 20 iterations with 8 subsets, including 

CT-based attenuation, resolution recovery, and Monte-Carlo based scatter correction 

[61] (which is not included in standard clinical reconstructions, but necessary to acquire 

quantitative images), voxel size of 4.8 x 4.8 x 4.8 mm3) three to six days after microsphere 

administration. Three months follow up imaging consisted of multiphasic CT for all 

patients and for 16 patients also of 2-[18F]FDG PET/CT. 

Intrahepatic dosimetry
In analogy to van den Hoven et al. [124], and derived from PERCIST [128], tumours were 

segmented on baseline 2-[18F]FDG PET/CT as all voxels with a standard uptake value 

normalized for lean body mass (SUL) higher than two times the SULmean in the aortic 

blood pool, and excluding volumes of less than 5 cm3. For each tumour, metabolic activity 

was recorded as total lesion glycolysis (TLG), which was calculated by multiplying the 

metabolic tumour volume by the tumour SULmean. Tumour volumes of interest (VOI) 

were transferred from 2-[18F]FDG PET/CT to either 90Y PET/CT or 166Ho SPECT/CT by rigid 

registration based on the low dose CTs [129]. In addition, the whole liver and treated liver 

segments were manually delineated using 3D Slicer (Figure 4.1) [130].

90Y and 166Ho reconstructed activity concentrations were converted into absorbed dose 

maps by correcting activity for the time of microsphere administration and assuming 

that all emitted energy was absorbed within the voxel of origin. Mean absorbed dose 

was recorded for all tumours, whole healthy liver tissue (defined as whole liver VOI minus 

all tumour VOIs), and treated healthy liver tissue (defined as treated liver VOI minus all 

tumour VOIs). For tumour and liver tissue a density of 1.04 g/mL was assumed [29]. The 

activity concentration in different compartments into account, including the tumour to 

non-tumour concentration ratio (T/N). However, although more advanced, it does not 

take differences in heterogeneous activity distribution within the specified compartments 

into account [122].

Dose-response and dose-toxicity studies are important to set targets for tumour absorbed 

dose and limits for healthy liver absorbed dose, making the treatment more personalised. 

There is increasing literature on dose-effect relationships, and there is a wide variety on 

optimal absorbed dose reported [123–126]. These differences are cause by differences in 

response criteria used, absorbed dose calculations, scan modalities, tumour types, and 

microsphere types [122]. 

In this study we aim to compare the three particles used for radioembolization, to 

understand the differences and make knowledge-based decisions in future treatment 

selection and planning. Using quantitative imaging we aim to compare delivered dose 

to the tumours, healthy liver parenchyma, and lungs, and in addition try to link these 

parameters with tumour response and toxicity. 

Material and methods

Treatment procedures and planning
Patients with locally advanced ICC, adequate clinical condition (Eastern Cooperative 

Oncology Group performance score ≤ 2) and adequate liver function (Child Pugh score 

< B8), who were treated with radioembolization, and underwent pre-treatment 2-[18F]

FDG PET/CT, were included in this retrospective study. All patients were considered 

to be unresectable at multidisciplinary tumour board, and/or failed conventional 

chemotherapy (gemcitabine + cisplatin) or were considered ineligible for chemotherapy 

(due to comorbidities). 

Standard radioembolization work-up included 2-[18F]FDG PET/CT and multiphasic CT of 

the liver to establish the extent of the disease and the hepatic vasculature. Candidates 

were discussed in a multidisciplinary tumour board, and eligible patients underwent pre-

treatment angiography in which ~150 MBq of technetium-99m labelled macroaggregated 

albumin ([99mTc]Tc-MAA) (TechneScan LyoMAA, Mallinckrodt Medical B.V. or Pulmocis, 

Curium Pharma) was administered, followed by planar scintigraphy and SPECT/CT, to 

estimate the lung shunt fraction (LSF) and to exclude extrahepatic activity depositions. 



5554

Chapter 4. Comparison of three different therapeutic particles in radioembolization of locally advanced

4

5% significance level was assumed. The relationship between MAA-based lung dosimetry 

and post-treatment lung dosimetry was tested using linear regression. 

Figure 4.1: Volumes of interest used for analysis. CT in greyscale with PET in colour overlay. The tumour 
(red) is segmented by thresholding the 2-[18F]FDG PET (pre-treatment), and this delineation is transferred to 
the 90Y PET/CT (or 166Ho SPECT/CT). The lungs (blue) are segmented by thresholding the associated CT of 
both the 2-[18F]FDG-PET/CT (pre-treatment), for lung volume measurement, and the associated CT of the 
90Y PET/CT (or 166Ho SPECT/CT), for dosimetry where the part of the lungs within 2 cm of the liver boundary 
is excluded (light blue). The liver (green) and the treated liver (in this example the same as the liver) are 
manually delineated on the associated CT of the 90Y PET/CT (or 166Ho SPECT/CT). The tumour (red) is again 
segmented by thresholding the 2-[18F]FDG PET (follow-up) for response assessment.

Table 4.2: REILD classification, as proposed by Braat et al. [133].

Hepatotoxicity classification Description

Grade 0 No liver toxicity

Grade 1 Minor liver toxicity, limited to increased aspartate aminotransferase, 
alanine aminotransferase, alkaline phosphatase, and/or γ-glutamyl 
transpeptidase levels (not exceeding grade 1 CTCAE toxicity)

Grade 2 moderate liver toxicity, with a self-limiting course. No medical 
intervention necessary

Grade 3 REILD, managable with noninvasive treatments such as diuretics, 
ursodeoxycholic acid, and steroids

Grade 4 REILD necessitating invasive medical treatment such as paracentesis, 
transfusions, hemodialysis, or a TIPS

Grade 5 fatal REILD

REILD = radioembolization induced liver disease, CTCAE = common terminology criteria for adverse events, 
TIPS = transjugular intrahepatic portosystemic shunt 

tumour to non-tumour ratio (T/N) was defined as the tumour absorbed dose divided by 

the treated healthy liver absorbed dose. 

Lung dosimetry
Post-treatment lung shunt absorbed dose (LSD) was determined on 90Y PET/CT or 166Ho 

SPECT/CT by segmenting the lungs on the associated CT (using a threshold and excluding 

the region of the lungs that is <2 cm from the liver, Figure 4.1) and assuming a lung density 

of 0.3 g/mL [29,40]. The post-treatment lung shunt fraction (LSF), defined as the total lung 

activity divided by the total liver plus lung activity, was determined by extrapolating the 

activity in the part of the lungs inside the field of view to the lung volume as measured on 

the pre-treatment 2-[18F]FDG-PET/CT and using the activity in the previously delineated 

liver. 

For comparison, estimated LSF and LSD based on pre-treatment planar scintigraphy 

of [99mTc]Tc-MAA was calculated. The clinically used estimated LSF was based on the 

geometric mean of posterior and anterior planar images of [99mTc]Tc-MAA. This estimated 

LSF was converted to a pre-treatment estimated LSD by multiplying the estimated LSF by 

the net administered activity (corrected for residual activity measurement) and assuming 

a lung mass of 1 kg.

Response and toxicity
Response assessment was performed on a per-lesion basis. Response was defined based 

on pre- and post-treatment multiphasic CT according to response evaluation criteria in 

solid tumours, version 1.1 (RESIST 1.1) [131]. In addition, for patients who also underwent 

follow-up 2-[18F]FDG PET/CT, metabolic response was defined on a per-lesion basis as the 

percentage change in TLG between pre- and post-treatment 2-[18F]FDG PET/CT, in line 

with PERCIST criteria. Over 45% reduction in TLG was regarded as partial response, over 

75% increase in TLG was regarded as progressive disease, and anything in between was 

regarded as stable disease [132].

To assess liver toxicity, post-treatment imaging results (presence of ascites and 

splenomegaly) and laboratory results were assessed according to the hepatotoxicity or 

radioembolization-induced liver disease (REILD) classification, as proposed by Braat et al. 

[133] (Table 4.2). 

Statistics
The different groups of microspheres were compared using the Kruskal-Wallis test. When 

the Kruskal-Wallis test indicated a significant difference for a metric, the microspheres were 

tested using the Mann-Whitney U test to indicate which microsphere(s) were different. A 
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Figure 4.2 shows the T/N, tumour absorbed dose, treated healthy liver absorbed dose, and 

whole healthy liver absorbed dose for each group of microspheres. The 90Y glass 

microspheres differ significantly from the 90Y resin and 166Ho microspheres for tumour 

absorbed dose (mean of 197 Gy vs. 73 Gy and 50 Gy respectively; p = 0.006), and treated 

healthy liver absorbed dose (mean of 79 Gy vs. 37 Gy and 31 Gy respectively; p = 0.001). 

The 90Y glass, 90Y resin and 166Ho microspheres did not differ for whole healthy liver 

absorbed dose (mean of 41 Gy, 37 Gy and 28 Gy respectively) and tumour to non-tumour 

ratio (T/N) (mean of 2.5, 2.1 and 3.0 respectively). 

Figure 4.2: Dosimetry of the liver for different microspheres. G = 90Y glass microspheres, R = 90Y resin 
microspheres, H = 166Ho microspheres, T/N = tumour to non-tumour activity concentration ratio. * denotes 
significant difference (p<0.05) between groups. The number above the boxplots for T/N and tumour dose 
indicates the number of tumours. The number above the boxplots for treated healthy liver dose and whole 
healthy liver dose indicates the number of patients. 

The LSD was below 30 Gy and the LSF was below 20% for all patients (Figure 4.3). Both 

LSD and LSF did not show significant differences between groups when based on [99mTc]

Tc-MAA planar scintigraphy, but did show significant differences when based on post-

treatment imaging. For the LSD, all three groups of microspheres were significantly 

different from each other (mean of 5.0 Gy for 90Y glass vs. 1.3 Gy for 90Y resin vs. 0.1 Gy 

for 166Ho; p = 0.001). For the LSF the 166Ho microspheres differ significantly from the 90Y 

glass and 90Y resin microspheres (mean of 0.2% for 166Ho vs. 3.7% for 90Y glass and 1.5% for 
90Y resin; p = 0.002). None of the particles showed a linear trend with the MAA particles, 

neither for LSD nor LSF (all 95% confidence intervals for slope include 0 and all R2 < 0.5) . 

Results

Twenty-three locally advanced ICC patients were treated, of whom seven with 90Y glass 

microspheres, eight with 90Y resin microspheres, and eight with 166Ho microspheres. 

Patients were treated between June 2011 and March 2020. One 166Ho microsphere patient 

was excluded because the activity at the time of SPECT acquisition was considered too 

high for adequate quantitative imaging (1739 MBq) [16], and one 90Y glass patient was 

excluded because of a 2-[18F]FDG negative tumour, precluding PET-based segmentation. 

Patient characteristics of the remaining 21 patients are summarised in table 4.3. Four 
90Y glass patients were treated with “first week” microspheres (within seven days post-

calibration) and two 90Y glass patients were treated with “second week” microspheres. 

Table 4.3: Patient characteristics.

90Y glass 90Y resin 166Ho

Number of patients 6 8 7

Median age in years (range) 64.5 (32-80) 61.5 (43-81) 59 (45-83)

Male / female 2 / 4 3 / 5 2 / 5

Median liver volume in mL (range) 2077 (1636-2631) 1842 (1231-2182) 2261 (1725-4019)

Number of tumours 7 24 11

Type of radioembolization treatment

 Whole liver 0 8 4

 Lobar 5 0 2

 Superselective 1 0 1

Previous treatments 

 Chemotherapy 2 4 5

 Surgery 1 0 0

 Chemotherapy + surgery 1 3 0

 Chemotherapy +  radioembolization 1 0 0

 Surgery + radioembolization 0 0 1

 none 1 1 1

ECOG performance status 

 0 5 7 5

 1 1 1 1

 2 0 0 1

Median administered activity in MBq (range) 2273 (894-4503) 1541 (729-1943) 6568 (2391-12897)

Median administered energy in GJ (range) 114 (49-225) 77 (36-97) 104 (38-205)

Median activity in MBq at time of post-
treatment image acquisition (range)

1818 (735-3536) 1397 (596-1697) 324 (156-374)

Median lung shunt fraction based on planar 
MAA imaging (range)

3.5% (1.9%-11.7%) 2.2% (0.8%-14.8%) 4.4% (1.6%-13.4%)

ECOG = eastern cooperative oncology group MAA = macroaggregated albumin
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Figure 4.4: Extensive intrahepatic oedema and necrosis following treatment. Multiphase contrast-enhanced 
CT at baseline (a, c) and 3 months after left lobar treatment with 90Y glass microspheres (b, d). At baseline, the 
primary tumour invades the entire left liver lobe on the portal venous CT (c) and shows mild enhancement 
in the arterial phase (a). After treatment the entire left liver lobe has intrahepatic radiation induced oedema 
and necrosis, making the primary tumour indistinguishable for response assessment according to RECIST 
1.1. However, its contrast enhancement in the arterial phase has completely disappeared, in line with a 
complete response according to the modified RECIST (mRECIST).

Table 4.4: Response based on RECIST 1.1 and TLG change on a per-lesion basis

90Y glass 90Y resin 166Ho

RECIST 1.1

CR 0/6 (0%) 0/22 (0%) 0/11 (0%)

PR 1/6 (17%) 1/22 (5%) 2/11 (18%)

SD 4/6 (67%) 16/22 (73%) 7/11 (64%)

PD 1/6 (17%) 5/22 (23%) 2/11 (18%)

TLG change

CR 2/6 (33%) 2/9 (22%) 0/11 (0%)

PR 4/6 (67%) 4/9 (44%) 3/11 (27%)

SD 0/6 (0%) 2/9 (22%) 4/11 (36%)

PD 0/6 (0%) 1/9 (11%) 4/11 (36%)

CR = complete response, PR = partial response, SD = stable disease, PD = progressive disease,  
RECIST = response evaluation criteria in solid tumours, TLG = total lesion glycolysis

Figure 4.3: Dosimetry of the lungs for different microspheres. Data of individual patients are connected 
by a line. LSD = lung shunt absorbed dose, LSF = lung shunt fraction, G = 90Y glass microspheres, R = 90Y 
resin microspheres, H = 166Ho microspheres, MAA = technetium-99m labelled macroaggregated albumin. * 
denotes significant difference between groups (p<0.05).

Anatomic response according to RECIST 1.1 could be assessed in 20 patients (one 

patient could not be evaluated because the patient developed intrahepatic oedema 

after treatment (Figure 4.4), and of one patient only one tumour could be evaluated 

because the other two tumours suffered from beam hardening artefacts caused by 

surgical clips). Metabolic response based on [18F]FDG PET/CT could be assessed in 16 

patients (the remaining 5 patients did not receive 3 month follow-up [18F]FDG PET/CT). 

Table 4.4 shows the response on a per-lesion basis. Number of tumours included for 

RECIST 1.1 and TLG change response were 6 and 6 for 90Y glass, 22 and 9 for 90Y resin, and 

11 and 11 for 166Ho, respectively. Based on RECIST 1.1 criteria, 90Y glass, 90Y resin and 166Ho 

microspheres showed no significant differences in response. Based on the TLG change, 

the 166Ho microspheres differed significantly from the 90Y glass microspheres, but not 

from the 90Y resin microspheres (mean TLG change of 21% for 166Ho, -80% for 90Y glass, 

and -15% for 90Y resin; p = 0.02). Overall, on a per-patient basis according to RECIST 1.1, 

2/20 patients showed partial response, 14/20 showed stable disease, and 4/20 showed 

progressive disease. 
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An important difference between the three microspheres is their specific activity. This 

results in large differences in the number of microspheres that are administered. Recently, 

Pasciak et al. showed that increasing the number of microspheres results in a more 

homogeneous dose distribution, leading to a greater volume fraction of the treated 

liver receiving a potentially toxic absorbed dose [134]. This could explain the differences 

observed in normal tissue complication probability found between 90Y glass and 90Y resin 

microspheres, where the smaller number of 90Y glass microspheres show lower toxicity 

than 90Y resin microspheres at the same average absorbed dose [123,135]. The newer 
166Ho microspheres compare most to the 90Y resin microspheres when it comes to the 

number of microspheres that are administered. The number of administered 90Y glass 

microspheres is considerably less. However, care needs to be taken regarding the long 

shelf life of 90Y glass microspheres, that allows these microspheres to be used over a wide 

range of specific activities, and thus, number of administered microspheres. This needs 

to be considered during treatment planning. As different types of microspheres have 

different toxicity thresholds, this may also hold for 90Y glass microspheres used at different 

days post-calibration.

The 90Y glass microspheres delivered a higher tumour absorbed dose compared to the 

other particles. This difference was caused by two distinct differences: (i) a higher total 

amount of activity was administered with respect to the 90Y resin microspheres (which is 

in line with other studies [136,137]), and (ii) all patients treated with glass microspheres 

received a partial liver treatment (e.g. lobar treatment or radiation segmentectomy). 

This results in a low whole healthy liver absorbed dose, while the treated healthy liver 

absorbed dose can be relatively high. The 90Y resin microsphere group consisted solely of 

whole liver treatments. Therefore, for this group, the whole healthy liver absorbed dose 

equals the treated healthy liver absorbed dose. The 166Ho microsphere group consisted of 

a combination of whole liver and partial liver treatments. 

Looking at response on a per-tumour basis, TLG change showed overall better response 

than RECIST 1.1. This was at least partially due to the fact that RECIST 1.1 does not 

distinguish between necrotic and non-necrotic tissue. Although we could not set a 

target dose for response based on these results, Figure 4.1 does show an example of a 

dose-response relationship within a single tumour. Figure 4.1 shows a residual tumour 

on follow-up 2-[18F]FDG PET/CT, corresponding to the part of the tumour receiving the 

lowest absorbed dose, as shown on 90Y PET/CT. 

In line with previous studies on radioembolization in ICC [117,120,137,138], limited 

hepatotoxicity was found. Interestingly, grade 5 REILD occurred once in a patient who 

received by far the highest mean whole healthy liver absorbed dose (81 Gy, where the 2nd 

Figure 4.5 shows the hepatotoxicity classification with respect to whole healthy liver 

absorbed dose and treated healthy liver absorbed dose. 90Y glass, 90Y resin and 166Ho 

microspheres showed no significant differences in REILD classification. One patient (four 

days post-calibration 90Y glass microspheres) had fatal REILD (grade 5), and this patient 

received the highest mean whole healthy liver absorbed dose (81 Gy). Furthermore, this 

patient showed one of the lowest T/N (0.6), although tumour targeting based on [99mTc]

Tc-MAA SPECT/CT was considered to be good. During the treatment angiography coil 

embolization of the segment 1 artery was performed, because of the development of a 

new collateral, which caused extrahepatic contrast enhancement of the lower oesophagus. 

Unfortunately, in retrospect, this artery also supplied a large portion of the tumour. This 

probably resulted in the low T/N, high whole healthy liver absorbed dose, and subsequent 

grade 5 REILD. 

Figure 4.5: Hepatotoxicity classification with respect to whole healthy liver absorbed dose (left) and treated 
healthy liver absorbed dose (right). 

Discussion

To our knowledge, this is the first case series comparing three commercially available 

microspheres for hepatic radioembolization treatment in locally advanced ICC. We showed 

differences in dosimetry between the three particles, where the 90Y glass microspheres 

delivered the highest absorbed doses. Nevertheless, the particles showed similar toxicity 

and response.  
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Another limitation was the bias in the groups regarding type of treatment. In our institute, 

all particles are used for whole liver treatments, but for selective treatments with a small 

target volume 90Y glass microspheres are preferred by the treating physicians, because 

of the high specific activity. Overall, in the presented locally advanced ICC patients, this 

led to a 90Y glass group with only partial liver treatments, a 90Y resin group with only 

whole liver treatments, and a mixed 166Ho microsphere group. Additionally, we could not 

use the [99mTc]Tc-MAA SPECT/CT data to compare intrahepatic dose metrics with post-

treatment PET/CT or SPECT/CT. This was because of the high number of patients that had 

discrepancies between the MAA procedure and the therapeutic treatment (e.g. different 

injection positions, additional coiling) [34]. We did use the [99mTc]Tc-MAA planar data for 

lung dosimetry, as a different catheter position would barely influence these results. 

In the present study, we compared three commercially available microspheres in locally 

advanced ICC. These particles differ in physical characteristics and methods for calculating 

the prescribed activity. These differences lead to differences in absorbed dose, where 90Y 

glass microspheres deliver the highest absorbed doses. Nevertheless, these groups show 

similar toxicity and response. This emphasises the need for separate dose constraints and 

dose targets for each particle. 

to highest whole healthy liver absorbed dose was only 52 Gy). The treated healthy liver 

absorbed dose can be relatively high without inducing severe hepatotoxicity, as long as it 

relates to a partial liver treatment, so the whole healthy liver absorbed dose stays relatively 

low (Figure 4.5). 

Planar scintigraphy images of MAA showed similar lung dosimetry for the entire population. 

This was expected [120,136,137], and confirms the similarity of the three groups at baseline. 

However, post-treatment lung dosimetry did show differences between therapeutic 

particles, where 166Ho microsphere stood out for both LSF and LSD. This is at least partially 

due to the different imaging modalities. 166Ho images are acquired on a SPECT system, 

and the Monte Carlo reconstruction method used was able to perform accurate scatter 

correction, resulting in an accurate estimation of the LSF [61]. However, 90Y images were 

acquired on a PET system, which suffers from both a low count rate and a high random 

fraction. This is known to cause a positive bias in the reconstruction, especially in parts of 

low counts (e.g. the lungs), resulting in an overestimation of the LSF [139–141]. LSD was 

higher for the 90Y glass microspheres than for the 90Y resin microspheres because of the 

higher administered activity. 

The ultimate goal of radiation treatment is to deliver as high as possible dose to the 

tumours while keeping the dose to the healthy liver as low as possible. This is partially 

captured by the T/N, which did not show significant differences between the particles in 

this study. However, Nezami et al. [136] did show differences in T/N between 90Y glass and 
90Y resin microspheres for ICC patients, where they assume this difference was caused by 

the differences in microsphere characteristics. This finding could not be replicated in the 

current study.  

Contrary to other articles on dosimetry in radioembolization, absorbed dose was calculated 

based on post-treatment imaging, not on the pre-treatment [99mTc]Tc-MAA SPECT/CT. In 

addition, the reconstructed activity was not scaled based on the net administered activity. 

This introduces errors of 90Y PET/CT and 166Ho SPECT/CT quantification. However, it avoids 

errors introduced by scaling and residual activity measurement used to determine the 

administered net activity [142]. 

A limitation of this study is the small study population. In addition, follow-up 2-[18F]FDG 

PET/CT was not available for all patients. Also, modified RECIST could not be assessed 

in the majority of patients because of hypovascular tumours, and was therefore not 

assessed. This prevented us from drawing conclusions on dose-response and dose-toxicity 

relationships. However, looking at the entire population, irrespective of the particle used, 

and on a per-patient basis, the results were in line with literature [117,120,137].
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Conclusions: Bremsstrahlung SPECT/CT can accurately estimate the LSF for a 90Y pre-

treatment procedure using a theoretically safe 90Y activity as low as 70 MBq, when 

reconstructed with an MC-based model.

Introduction

Radioembolization is an established treatment for unresectable liver tumours where  90Y 

loaded microspheres are administered in the arterial vasculature of the liver. Before the 

treatment dosage is administered, a dosage of 99mTc-macroaggerated albumin (99mTc-MAA) 

is administered to simulate 90Y microsphere distribution [37]. We will refer to this procedure 

as the pre-treatment procedure. A single photon emission tomography/computed 

tomography (SPECT/CT) of the 99mTc-MAA is acquired to detect potential extrahepatic 

depositions, and the lung shunt fraction (LSF) is estimated based on planar scintigraphy. 

However, the accuracy of this LSF estimation is uncertain and may be improved by using 

SPECT/CT images instead of planar scintigraphy [37–40]. Other problems regarding the 

accuracy of the LSF estimation still remain. First, the LSF may be overestimated by the 

MAA particles because of free circulating pertechnetate [44]. Second, the accuracy and 

reproducibility of the LSF estimation is thought to be affected by differences in shape and 

size distribution between MAA particles and microspheres [42,143]. These problems could 

be solved by using a particle for the pre-treatment procedure that is identical to the particle 

used for treatment, as is the essence of the 166Ho microsphere treatment approach [144]. 

We have investigated the possibility of using 90Y microspheres for the pre-treatment 

procedure to improve the estimation of the LSF for 90Y radioembolization. However, since 
90Y is an almost pure beta-emitter, it raises some concerns with regard to the safety of 

using it for the pre-treatment procedure. Low activities are preferred to avoid unintended 

radiation damage. For 166Ho radioembolization, a pre-treatment procedure using an 

activity of 250 MBq, which is imaged by planar scintigraphy and SPECT/CT, is currently 

used in clinical studies and has been shown safe [26,144–146]. The total energy absorbed 

from the decay of 1 MBq of 166Ho is 15.9 mJ, whereas the total energy absorbed from the 

decay of 1 MBq of 90Y is 49.4 mJ [29,145]. Because the energy deposition of 90Y is 3.11 times 

higher than that of 166Ho, theoretically a lower activity for 90Y pre-treatment procedures 

should be used to be as safe as the current clinical 166Ho protocol, for example an activity 

around 80-100 MBq. This low activity (<100 MBq) imposes some difficulties for imaging.  

90Y imaging with positron emission tomography (PET) is based on the small decay branch 

of 90Y generating positrons. Only 32 in a million decays result in positron emission [147]. 

This small positron decay ratio is sufficient for post-treatment dosimetry when patients 

Abstract

Purpose: Prior to 90Y radioembolization, a pre-treatment procedure is performed, in which 
99mTc-macroaggerated albumin (99mTc-MAA) is administered to estimate the amount 

of activity shunting to the lungs. A high lung shunt fraction (LSF) may impose lower 

prescribed treatment activity or even impede treatment. Accurate LSF measurement 

is therefore important, but is hampered by the use of MAA particles, which differ from 
90Y microspheres. Ideally, 90Y microspheres would also be used for the pre-treatment 

procedure, but this would require the activity to be lower than an estimated safety 

threshold of about 100 MBq to avoid unintended radiation damage. However, 90Y is very 

challenging to image, especially at low activities (<100 MBq). The purpose of this study 

was to evaluate the performance of three nuclear imaging techniques in estimating 

the LSF in a low activity 90Y pre-treatment scan, using an anthropomorphic phantom: 

(i) positron emission tomography/computed tomography (PET/CT), (ii) Bremsstrahlung 

single photon emission tomography/computed tomography (SPECT/CT), and (iii) planar 

imaging. 

Methods: The lungs and liver of an anthropomorphic phantom were filled with 90Y chloride 

to acquire an LSF of 15%. Several PET/CT (Siemens Biograph mCT),  Bremsstrahlung SPECT/

CT (Siemens Symbia T16) and planar images (Siemens Symbia T16) were acquired at a 

range of 90Y activities (1586 MBq down to 25 MBq). PET images were reconstructed using 

a clinical protocol (attenuation correction, TOF, scatter and random correction, OP-OSEM), 

SPECT images were reconstructed using both a clinical protocol (attenuation correction, 

OSEM) and a Monte Carlo (MC) based reconstruction method (MC-based detector, scatter, 

and attenuation modelling, OSEM), for planar images the geometric mean was calculated. 

In addition, in all cases except clinical SPECT, background correction was included. The 

LSF was calculated by assessing the reconstructed activity in the lungs and in the liver, 

as delineated on the CT images. In addition to the 15% LSF, an extra ‘cold’ region was 

included to simulate an LSF of 0%. 

Results: PET reconstructions accurately estimated the LSF (absolute difference <2 

percent point (pp)) when total activity was over 200 MBq, but greatly overestimated the 

LSF (up to 25pp) when activity decreased. Bremsstrahlung SPECT clinical reconstructions 

overestimated the LSF (up to 13pp) when activity was both high and low. Similarly, 

planar images overestimated the LSF (up to 23pp). MC-based SPECT reconstructions 

accurately estimated the LSF with an absolute difference of less than 1.3pp for activities 

as low as 70 MBq. 
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Sirtex) [124,154]. The phantom was imaged multiple times during decay, down to a final 

total activity of 25 MBq, which is well below the estimated safety threshold of about 100 

MBq for a 90Y pre-treatment procedure. 

The LSF was defined as the activity in the 

lungs divided by the activity in the lungs 

and the liver [37]. Resin microspheres are 

contraindicated in patients who have an 

LSF of more than 20%. It is advocated to 

reduce the prescribed activity in patients 

who have an LSF between 10% and 20% 

[127]. Glass microspheres (TheraSphere®, 

BTG) are contraindicated in patients 

whose LSF could result in a delivery of 

more than 610 MBq of 90Y to the lungs (i.e. 

approximately 30 Gy for 1 kg lungs) [25]. 

The LSF of our phantom was 15%. This LSF 

was chosen because it is within the range 

where LSF-indicated activity reductions 

are generally advocated; therefore, the LSF 

needs to be accurately estimated within 

this range. 

Image acquisition
Twelve PET/CT scans, twelve SPECT/CT scans and twelve planar scintigraphy images were 

acquired over a period of six half-lives to include a broad range of 90Y activities (t1/2 = 64.1 

hours) (Table 5.1).   

Table 5.1: Phantom activities at time of acquisition.

Scan number 1 2 3 4 5 6 7 8 9 10 11 12

Total phantom activity at PET 
acquisition (MBq)

1570 946 557 336 220 100 89 70 54 42 35 25

Total phantom activity at SPECT 
acquisition (MBq)

1550 959 565 341 223 119 88 70 55 42 35 26

Total phantom activity at planar 
scintigraphy (MBq)

1524 952 561 338 221 118 87 69 54 42 35 26

receive a high amount of activity (treatment), but it may not be sufficient to accurately 

estimate the LSF when the activity is strongly reduced (pre-treatment procedure) [38]. 
90Y PET accuracy under low count conditions has been investigated with phantom 

studies [143,148–151]. These studies focused on lesion detectability, recovery coefficients, 

reconstruction algorithms and image acquisition parameters. However, to estimate 

the LSF, one must quantify very low activity concentrations. Activity recovery of a low 

concentration (37 kBq/mL) of 90Y has been described by Willowson et al. [148]. However, 

for a pre-treatment procedure one needs to be able to measure even lower activity 

concentrations, especially in the lung area (< 10 kBq/mL, based on an activity of 100 MBq, 

maximum LSF of 20% and a lung volume of 2 L). 

Another possibility for 90Y imaging is SPECT based on Bremsstrahlung photons. 

Bremsstrahlung photons have a very broad and continuous spectrum which prohibits 

the use of scatter windows for scatter correction. Scatter correction for Bremsstrahlung 

SPECT therefore relies on time-consuming Monte Carlo (MC) reconstruction models. 

Although there is general consensus that 90Y PET produces superior image quality over 

Bremsstrahlung SPECT [152], Bremsstrahlung SPECT is more sensitive than 90Y PET and 

might therefore be better suited to estimate low activities. 

In this study an anthropomorphic phantom was used to investigate whether the LSF of a 
90Y pre-treatment procedure can be accurately determined by 90Y PET/CT, Bremsstrahlung 

SPECT/CT, and/or planar scintigraphy.

Materials and Methods

Phantom
We used an anthropomorphic thorax phantom (Radiology Support Devices, Long Beach, 

CA), which represents the torso of an average male (Figure 5.1). The phantom was designed 

to realistically simulate PET and SPECT acquisitions. It includes the bone structures within 

the torso and fillable compartments representing the liver and lungs. 

The liver (1.1 L) was filled with an initial activity of 1347 MBq, as measured by a dose 

calibrator (VDC-404, Veenstra Instruments), of 90Y chloride in 0.5 M of HCl to prevent 

adhesion to the plastic phantom walls [153]. The lungs, filled with styrofoam beads, were 

filled with a total initial activity of 239 MBq of 90Y chloride in 0.5 M of HCl. The total volume 

of the lungs was 2.0 L and their density was 0.40 g/cm3. The remainder of the thorax 

phantom was filled with water. The total initial activity of the phantom, 1586 MBq, was 

comparable to a clinically used treatment dosage of 90Y resin microspheres (SIR-Spheres®, 

Figure 5.1: Anthropomorphic thorax phantom with 
lung and liver inserts.
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different half-life and positron branching ratio. The second method (PET-BGcorr) included 

a background correction in which the activity in the volumes of interest (VOIs) of the 

background image (reconstructed as described above) was subtracted from the activity 

in the VOIs of the phantom image. 

For SPECT data, the first reconstruction method (SPECT-clinical) was a clinically used two-

dimensional OSEM (2D OSEM) algorithm using 8 iterations with 5 subsets. Attenuation 

correction was based on a CT scan. No scatter correction or post-reconstruction filter 

was applied. The reconstructed voxel size was 2.4 x 2.4 x 2.4 mm3. The second algorithm 

(SPECT-MC) was an MC-based OSEM algorithm. In this reconstruction method scatter, 

attenuation, and collimator-detector response were MC simulated. This reconstruction 

method and its validation are described in detail by Elschot et al. [17]. Since MC-based 

reconstructions take longer to converge, images were reconstructed using 60 iterations 

and 8 subsets [17]. No post-reconstruction filter was applied. The reconstructed voxel 

size was 4.8 x 4.8 x 4.8 mm3. The third algorithm (SPECT-MC-BGcorr) was the same as 

the SPECT-MC algorithm, but in addition included a background correction in this MC 

reconstruction algorithm by adding the average measured background count to each 

forward projection. 

Planar images were created from the geometric means of the anterior and posterior 

images and the pixel size was 2.4 x 2.4 mm2 (planar-clinical). Background correction was 

performed by subtracting the counts in the regions of interest (ROIs) of the background 

image from the counts in the ROIs of the phantom image (planar-BGcorr).

Analysis 
The lungs and the liver were manually delineated on one CT scan to create a lung and a 

liver volume of interest (VOI). This reference CT was rigidly registered to all other CT scans 

and the VOI of the liver was transformed accordingly to ensure that the same volume 

was analysed for each scan. In between scans, during transport, the lungs could slightly 

move within the phantom which could induce slight differences in position for each scan. 

Therefore, for each lung, a separate rigid registration from the reference CT to all other 

CTs was performed. VOIs of the lungs were transformed accordingly. All registrations and 

transformations were performed using Elastix and visually inspected [129]. 

To partly compensate for partial volume effects, the VOIs were dilated by the spatial 

resolution of each system, 6 mm for PET and 14 mm for SPECT. When this dilation 

resulted in overlapping VOIs, the liver VOI had priority over the lung VOI. This approach 

was equal to what is used in clinical LSF analysis. VOIs were transferred to the PET and 

SPECT reconstructions and the LSF was calculated by dividing the activity in the lung 

PET/CT images were acquired on a Siemens Biograph mCT time of flight (TOF) system. 

Three bed positions were scanned to fit the entire phantom in the field of view (FOV). 

Acquisition time was 15 minutes per bed position (in agreement with our clinical protocol 

[100]) (total acquisition time of 45 minutes) and consecutive bed positions overlapped 

approximately 43%. A CT scan (120 kVp, 39 mAs) was made for attenuation correction and 

to support organ delineation.   

SPECT/CT and planar images were acquired on a dual head Siemens Symbia T16 system. 

For the SPECT/CT scans the lungs and liver of the phantom fit in a single FOV. Data were 

acquired in a 50-250 keV energy window with the high-energy collimators mounted [16]. 

Projections were acquired for 30 seconds per angle, using 120 angles over 360 degrees 

(total acquisition time of 30 minutes). These acquisition parameters were identical to our 

clinical settings [100]. A CT scan (110 kVp, 30 mAs) was made for attenuation correction 

and to support organ delineation. 

Planar scintigraphy images were acquired by means of a whole body scan with a scanning 

speed of 5 cm/min (total acquisition time of 20 minutes). The two gamma cameras were 

positioned opposite each other to acquire anterior and posterior images. Data were 

acquired in a 50-250 keV energy window with the high-energy collimators mounted. 

For both SPECT and planar acquisitions a single background measurement was performed 

without the phantom present using the settings described above. For PET a single long 

background measurement (total scan time of 24 hours) was performed with the phantom 

without activity in the scanner.  

Image reconstruction
For each imaging modality, data was reconstructed using the clinical protocol of our 

institution. In addition, a background correction was performed for each modality. 

For PET data, the first reconstruction method (PET-clinical) was a clinically used 

reconstruction algorithm on the scanner console. This is an ordinary Poisson ordered 

subset  expectation maximization (OP-OSEM) reconstruction method, including 

resolution recovery (TrueX), TOF information, random, attenuation, scatter, dead time, 

and decay correction. Random correction was based on smoothed delayed coincidences. 

Attenuation correction was based on a CT scan. Images were reconstructed using 4 

iterations with 21 subsets and a 5 mm full width at half maximum (FWHM) Gaussian 

post-reconstruction filter was applied. The reconstructed voxel size was 4.1 x 4.1 x 3.0 

mm3. Because 90Y is not provided on the isotope list of the scanner, 89Zr was used as 

an alternative isotope for acquisition and reconstructed images were corrected for the 
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For planar images, all previously described 3D VOIs from the corresponding SPECT/CT 

scans were projected to form 2D ROIs. Since the planar images had no reference to the 

CT scans, the liver ROI was manually positioned over the hot liver region in the planar 

image, which was clearly visible on all images. This approach was equal to what is used in 

clinical LSF analysis. The same transformation was then applied to the lung and cold ROIs, 

because the phantom was not moved between the SPECT/CT and the planar acquisition. 

The LSF was calculated as described previously. 

In order to get an estimate of the error margins on these LSF measurements we varied 

the dilation applied to the lung and liver VOIs by ± 5 mm. This represented the variation in 

delineation caused by different observers.

Results

The number of counts or true coincidences acquired during the different exams are listed 

in Table 5.2.

Figure 5.3 shows the coronal views of the PET and SPECT reconstructions and the planar 

images for scans with a total phantom activity of approximately 1550, 88 and 26 MBq. 

For total activities over ~350 MBq, the PET reconstructions had a visually higher spatial 

resolution than the SPECT reconstructions. For total activities below ~350 MBq the PET 

reconstructions were more noisy and below ~70 MBq the liver was no longer identifiable. 

Table 5.2: Number of counts/true coincidences acquired. 

Scan 1  
(~1550 MBq)

Scan 12  
(~26 MBq)

Background measurement  
(0 MBq)

Counts acquired during SPECT exam 
(30 minutes) 

1.9∙107 6.0∙105 2.8∙105

Counts acquired during planar 
imaging (20 minutes)

6.1∙106 2.3∙105 1.3∙105

True coincidences acquired during 
PET exam (45 minutes)

3.9∙105 1.7∙104

3.0∙105 (24-hour exam) 
9.3∙103 (scaled to 45-minute 

exam)

SPECT-clinical reconstructed a hot liver for all scans, but with substantial spillover activity 

outside the liver. Part of this spillover activity was reconstructed inside the lungs, but there 

was no visual homogeneous activity reconstructed inside the lungs (the upper parts of 

the lungs had no reconstructed activity in any of the scans). 

VOI by the activity in the lung and liver VOIs. The recovery coefficient was calculated by 

dividing the observed activity by the true activity. Because SPECT and planar images hold 

counts instead of Bq/mL like PET, the observed activity for these modalities is based on 

the known total activity in the phantom as:

A"#$ =
A&'&

C)*+, + C)./01
C"#$	, 

 where AROI is the observed activity in either the lung or liver ROI, Atot is the total activity 

of the phantom at the time of imaging, Clung is the amount of lung counts, Cliver  is the 

amount of liver counts and CROI is the amount of counts in either the lung of the liver ROI. 

The LSF of the anthropomorphic phantom in this study was 15%. However, the majority of 

radioembolization patients have an LSF < 10% [124]. These patients should be identified 

as suitable for treatment without the need of dosage reduction. To examine the accuracy 

of the LSF estimations for low LSFs, an extra region, apart from the lungs and the liver, was 

delineated on the reference CT. This region was a large (1.5 L), fully connected VOI located 

below the liver that fitted inside the FOV of all scans (Figure 5.2). It held cold (no activity 

present) water and served to simulate lungs with no activity (LSF of 0%). This cold VOI 

was transformed to the other CT scans according to the liver transformations previously 

described. The cold VOI had a smaller volume than the lung VOI, which leads to a smaller 

LSF estimate for equal activity concentrations. To compensate for this volume difference, 

the activity in the cold VOI was scaled to the lung volume by multiplying the activity in the 

cold VOI by the fraction of lung VOI volume over cold VOI volume. 

Figure 5.2: Coronal (a) and axial (b) views of a CT of the anthropomorphic thorax phantom with the 
undilated lung VOI (blue), the undilated liver VOI (red), and the cold VOI (green).
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Planar images showed the liver clearly, just like the SPECT-clinical reconstructions, but 

with substantial (scattered) background and spillover activity.

Figure 5.4 shows the activity recovery of the liver and the lungs for all imaging modalities. 

For PET, activity recovery was accurate (less than 10% difference) for activities over 45 

MBq, but activity was largely overestimated for activities below 35 MBq. This overestimation 

was slightly reduced by performing a background correction. 

Figure 5.4: Activity recovery for the liver (solid lines) and the lungs (dotted lines), for PET (a), SPECT (b), and 
planar images (c). Recovery coefficients >1 indicate overestimation of true activity, recovery coefficient <1 
indicate underestimation of true activity.

SPECT-clinical showed overestimation of activity in the lungs and underestimation of 

activity in the liver. The SPECT-MC reconstruction method showed large improvement over 

the SPECT-clinical reconstruction method. Using an MC-based reconstruction method led 

to accurate activity recovery (less than 10% difference) for activities over 10 MBq. Including 

a background correction in the MC-based reconstruction method had most effect on the 

scans with a total activity below 100 MBq. The activity recovery of the SPECT-MC-BGcorr 

varied between 1.01 and 1.03 for the liver compartment and between 0.84 and 0.97 for the 

lung compartment. The activity recovery of the SPECT-MC varied between 0.95 and 1.01 for 

the liver compartment and between 0.96 and 1.26 for the lung compartment.

Planar images largely overestimated the activity in the lungs and underestimated the 

activity in the liver, for the full range of activities. The background correction made the 

activity recovery more stable over the range of activities, but did not completely correct 

for the over- and underestimation in the lungs and liver, respectively.    

Figure 5.3: Coronal views of the PET-clinical, SPECT-clinical, and SPECT-MC-BGcorr reconstructions and 
geometric means of the planar-clinical images for scans with a total phantom activity of approximately 
1550, 88 and 26 MBq.

SPECT-MC and SPECT-MC-BGcorr were visually very similar (SPECT-MC had slightly 

more noise than SPECT-MC-BGcorr). Both reconstructed uniform activity in both the 

liver and the lungs for total activities over ~500 MBq. For total activities below ~500 

MBq, the reconstructions were more noisy, but in contrast to PET, the liver was still 

visible in all reconstructions. 



7776

Chapter 5. Radioembolization lung shunt estimation based on a 90Y pre-treatment procedure:

5

SPECT-MC and SPECT-MC-BGcorr both estimated the LSF accurately for total activities 

over 70 MBq (absolute difference of 0.5pp (SPECT-MC) and 0.6pp (SPECT-MC-BGcorr) at 

1550 MBq and an absolute difference of 0.5pp (SPECT-MC) and 1.3pp (SPECT-MC-BGcorr) 

at 70 MBq). Furthermore, the uncertainty represented by the shaded area was quite small 

for total activities over 70 MBq (± 0.9pp (SPECT-MC) and ± 0.5pp (SPECT-MC-BGcorr) at 

70 MBq). 

Figure 5.5 d, e, f shows the LSF based on the cold VOI, simulating an LSF of 0%. PET estimated 

the LSF accurately only for the scan with a total activity of 1570 MBq (absolute difference 

of 1.7pp (PET-clinical) and 1.3pp (PET-BGcorr) at 1570 MBq), but largely overestimated the 

LSF as the activity decreased (up to 35pp). 

Planar-clinical, planar-BGcorr and SPECT-clinical overestimated the LSF, similarly to the 

overestimation seen for the LSF of 15%.

SPECT-MC and SPECT-MC-BGcorr estimated the LSF accurately for total activities over 

100 MBq (absolute difference of 1.0pp (SPECT-MC) and 0.8pp (SPECT-MC-BGcorr) at 1550 

MBq). As the activity decreased, SPECT-MC-BGcorr outperformed SPECT-MC, having a 

more accurate LSF estimation (absolute difference of 2.4pp (SPECT-MC-BGcorr) vs. 4.6pp 

(SPECT-MC) at 70 MBq) and less uncertainty in its LSF estimation (± 0.5pp (SPECT-MC-

BGcorr) vs. ± 0.8pp (SPECT-MC) at 70 MBq). 

Discussion

This study evaluated the ability to accurately estimate the LSF of 90Y-based radioembolization 

by means of a low activity 90Y-based pre-treatment procedure. The imaging methods 

investigated comprised PET/CT, Bremsstrahlung SPECT/CT and planar imaging. We found 

that Bremsstrahlung SPECT/CT, when reconstructed with an MC-based model including 

a background correction, estimated the LSF down to activities as low as 70 MBq with a 

maximum absolute difference of 1.3 percentage points. 

Since 90Y is a high-energy beta-emitting radioisotope, it raises concerns with regard 

to the safety of using it for the pre-treatment procedure. Low concentrated activity in 

abdominal organs, such as the stomach, duodenum and pancreas, may result in a high 

absorbed dose with dismal consequences. Because of the low incidence of extrahepatic 

deposition of activity, no dose-effect relationships have been established, but the general 

consensus is that absorbed doses in abdominal organs are safe up to approximately 50 

Gy [155]. Based on the empirically proven safety of a 166Ho pre-treatment procedure using  

Figure 5.5 a, b, c shows the estimated LSF for a true LSF of 15%. PET accurately estimated 

the LSF (absolute difference <2 percent point (pp)) for total activities over 200 MBq 

(absolute difference of 0.6 pp (PET-clinical) and 0.8 pp (PET-BGcorr) at 1570 MBq), but 

started to overestimate (up to 25 pp) the LSF as the activity decreased. The background 

correction had most effect on scans with a total activity below 100 MBq. Furthermore, the 

LSF was more sensitive to varying delineations as the activity decreased, shown by the 

increasing shaded area. 

SPECT-clinical overestimated the LSF for almost all activities (absolute difference of 13pp 

at 1550 MBq), as expected based on visual inspections of the reconstructions. Similarly, 

planar imaging largely overestimated the LSF for all scans (absolute difference between 

21pp and 31pp). 

Figure 5.5: LSF for PET (a, d), SPECT (b, e), and planar images (c, f ) as a function of total 90Y activity in the 
phantom. The horizontal black lines indicate the true LSF of the phantom, which is either 15% (a, b, c) or 0% 
(d, e, f ). Shaded areas show the uncertainty in the LSF caused by varying the dilation of the VOIs by ± 5 mm.



7978

Chapter 5. Radioembolization lung shunt estimation based on a 90Y pre-treatment procedure:

5

probably not be corrected by including a background correction. However, switching 

to an MC-based reconstruction model, and thereby including scatter correction, does 

impact the LSF estimation at the full range of activities. Adding an additional background 

correction to this MC-based reconstruction model again only influences scans with a 

low activity. Therefore, for Bremsstrahlung SPECT/CT, proper modelling of scatter is 

more important than including a background correction for accurate LSF estimation. 

Only for the low activity scans (<100 MBq) a combination of MC-based modelling 

and background correction is necessary in order to acquire accurate LSF estimations. 

However, since a background correction seems to underestimate the LSF at low activities 

(as opposed to a tendency to overestimate the LSF without background correction) one 

may conservatively choose not to use a background correction. 

For the PET acquisitions the background correction could not be incorporated in the 

clinical Siemens reconstruction algorithm, like is the case for SPECT-MC-BGcorr, and is 

therefore performed on an image basis.  90Y PET suffers from low count rate and high 

random fraction. In addition, there is the natural background signal originating from the 
176Lu in the LSO crystal. Both this, and the resulting sparse sinograms, are prone to a 

positive bias in maximum likelihood reconstructions at low activities [156]. The algorithm 

used in this study was designed to minimize the effects of algorithm bias to the sparse 

data. Still, Carlier et al. show that increasing random fractions increase algorithm bias 

[149]. Their study reports small algorithm bias for random fractions ranging from 0.70 to 

0.85. Random fractions in our study ranged from 0.91 to 0.99, indicating we can expect 

considerably more algorithm bias than observed by Carlier et al.. By performing a long 

background measurement (24 hours), we attempted to obtain a reliable background 

estimation. Subtracting the reconstructed background activity from our reconstructed 

phantom activity did improve the LSF estimation, but still shows large overestimation 

of LSF for low activities, indicating that our PET reconstructions suffer more from the 

algorithm bias than from the background activity. Correcting this algorithm bias requires 

(partly) redesigning the reconstruction algorithm, which was beyond the scope of this 

research.  

The activity recovery of the PET reconstructions showed good agreement with the study 

by Willowson et al. [148]. They reported good activity recovery for an activity concentration 

of 37 kBq/mL. We found good activity recovery (less than 10% difference) for activities as 

low as 45 MBq, which translates to an activity concentration of 41 kBq/mL for the liver 

compartment and 23 kBq/mL for the lung compartment. 

250 MBq, and the fact that 90Y has a 3.11 times higher energy deposition compared to 
166Ho, theoretically, a lower activity for the 90Y pre-treatment procedure should be used 

[29,144,145]. That would result in a 90Y activity of around 80-100 MBq, which is above the 

threshold for accurate LSF estimation using Bremsstrahlung SPECT/CT when reconstructed 

with an MC-based reconstruction model. The use of 100 MBq of 90Y for the pre-treatment 

procedure could result in a maximum lung dose of 5 Gy (worst case scenario of 100% LSF 

for 1 kg lungs). This is well below the safety threshold of 30 Gy to the lungs.

On the one hand low activities for pre-treatment procedures are preferred for 

safety reasons. On the other hand the activity should also be sufficient to observe 

any extrahepatic depositions. Prince et al. investigated 34 extrahepatic depositions 

from a group of 160 patients who received a 99mTc-MAA injection as part of their 

radioembolization workup [145]. The extrahepatic depositions had a median activity of 

1.3% of the administered activity and a median volume of 6.8 mL. For a 90Y pre-treatment 

procedure using 80 MBq this would result in an activity concentration of 153 kBq/

mL. According to some studies, spheres with activity concentrations this low are not 

visible on PET/CT [143,148,151]. However, these studies were performed to investigate 

lesion detectability and the spheres in these studies had to be distinguishable from 

background activity. Extrahepatic depositions are generally located in a cold area, so 

visibility could be better since there is no background activity. To our knowledge, there 

are no studies describing the limits of lesion detectability in MC-based reconstruction 

models for Bremsstrahlung SPECT/CT. However, Dewaraja et al. did describe the visibility 

of extrahepatic depositions in a 90Y phantom study in which their reconstruction model 

included MC-based scatter correction [18]. The lowest simulated extrahepatic activity 

concentration in their study was 108 kBq/mL, and when the MC-based scatter correction 

was included in the reconstruction model, this extrahepatic deposition was clearly 

visible. While this result gives confidence in the potential of MC-based Bremstrahlung 

SPECT/CT for quantification of extrahepatic depositions, the visibility of such depositions 

with 90Y imaging needs further investigation. 

The number of background counts acquired in the PET, SPECT and planar acquisition 

protocols were a small fraction of the total counts for the acquisitions with high 

activity, but the background counts take up a significant part of the total counts for 

the acquisitions with low activities(<100 MBq). For these low activities, background 

correction had a significant impact on LSF estimation. 

The SPECT-clinical reconstruction algorithm did not include a background correction. 

Since SPECT-clinical reconstructions overestimated the LSF for high activities, and a 

background correction will only impact on low activity scans, this overestimation would 
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or a clinical patient study including a 90Y pre-treatment procedure in combination with a 
99mTc-MAA pre-treatment procedure for comparison. This would require the ordering of a 

small dosage of 90Y, but it is not uncommon to order multiple vials (one of which could be 

used for the pre-treatment procedure) summing to an overall desired activity, as was done 

in same-day radioembolization procedures [158]. 

Conclusions
This study evaluated the ability to accurately estimate the LSF of 90Y-based 

radioembolization by means of a low activity 90Y-based pre-treatment procedure. The 

imaging methods investigated comprised PET/CT, Bremsstrahlung SPECT/CT, and planar 

imaging. Bremsstrahlung SPECT/CT reconstructed with an MC-based model including a 

background correction can accurately estimate the LSF for a 90Y pre-treatment procedure 

using a theoretically safe 90Y activity as low as 70 MBq.

Willowson et al. [157] recommend slightly different reconstruction settings for our 

scanner (recommended: 2 iterations, 21 subsets; this study: 4 iterations, 21 subsets). For 

these recommended settings they show an average error in activity concentration at 300 

kBq/mL of -2% (range +4% to -9%). We show an error in activity concentration at 260 kBq/

mL of -1%. This error is within the range reported by Willowson et al..  

Limitations of our study include that, owing to practical reasons, no phantom data 

with a 0% LSF was acquired. Therefore, a 0% LSF was simulated by delineating an 

additional, cold VOI. This simulation of a 0% LSF was suboptimal because the cold VOI 

was a water compartment instead of a lung-like compartment. Furthermore, the cold 

VOI compartment in this phantom was located close to the liver. This position resulted 

in more spillover activity from the liver inside the cold VOI than in the top part of the 

lung VOI, which is located relatively far from the liver. The effect of the position of the 

cold VOI in relation to the liver can be observed by comparing the LSF estimations of the 

planar acquisitions for the 15% and 0% LSF simulations. LSF estimations by planar imaging 

were heavily influenced by the spillover activity from the liver and resulted in higher LSF 

estimations for the cold VOI (0%) than for the lung VOI (15%). It is expected that a 0% 

LSF measurement with no activity in the lungs in a clinical setting would result in less 

overestimation of the LSF as compared with the current method with the cold VOI.  

Another limitation of our study is the fact that MC-based SPECT/CT reconstructions take 

more time (approximately 3 hours) than clinical reconstructions and that MC-based 

reconstruction algorithms are not available for clinical practice. For availability of the MC-

based reconstruction algorithm used in this study, please contact the authors.  

Our phantom was filled with 90Y chloride and has uniform activity distribution throughout 

the liver and the lungs, whereas in a clinical setting, patients treated with 90Y microspheres 

might have non-uniform activity distribution within the liver and/or lungs. This could 

influence image quality and quantification and therefore affect LSF estimation. 

Another issue that might be encountered in a clinical setting are motion artefacts. 

Breathing can cause a mismatch between CT and PET or SPECT, which can result in 

spillover of liver activity into the lungs. This spillover effect can result in an overestimation 

of the LSF. Yu et al. [40] show that this can be substantially avoided by excluding the region 

of the lungs that is within 2 cm of the diaphragm.

This study focused on the LSF estimation part of the 90Y pre-treatment procedure. It should 

be regarded as a first step toward application of a 90Y pre-treatment procedure. A next 

step toward implementation could be a multicenter phantom study to verify repeatability, 
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Introduction

Prior to 90Y radioembolization treatment of liver tumours, a dosage of 99mTc-

macroaggregated albumin (99mTc-MAA) is administered to simulate the distribution of 

the 90Y-loaded microspheres. This pre-treatment safety procedure is mainly performed to 

estimate the lung shunt fraction (LSF) and to detect potential extrahepatic depositions 

[37]. In addition, a single photon emission computed tomography/computed tomography 

(SPECT/CT) scan of 99mTc-MAA may be used for intrahepatic dosimetry [122]. 

The prescribed activity of 90Y microspheres can be calculated based on the Body Surface 

Area (BSA)-method for resin microspheres or the mono-compartment model for glass 

microspheres [25,127]. Both methods assume a uniform dose distribution within the 

(targeted) liver volume, and thereby neglect individual patient’s dose distribution. 

Another model to calculate prescribed activity is the partition model, which takes the 

average tumour to non-tumour ratio into account [159]. However, this method may still 

be an oversimplification in the case of multiple tumours with varying uptake.[122] As an 

alternative to the tumour to non-tumour ratio, the tumour dose may be maximized based 

on the maximal parenchymal dose [123]. 

All image-based dosimetry methods rely on the accuracy of the pre-treatment procedure, 

which is often limited in case of 99mTc-MAA. Observed differences in 99mTc-MAA and 
90Y-microsphere distributions could be caused by their differences in shape and size and 

by free circulating pertechnetate [34,42,44]. A better representation of the microsphere 

distribution may be achieved  by using identical particles for pre-treatment and treatment, 

as is feasible in 166Ho microsphere radioembolization [144,145]. 

A similar objective may be pursued for 90Y-loaded microspheres. However, the total energy 

absorbed per Bq is higher for 90Y than for 166Ho, which limits the pre-treatment activity to 

the estimated safety threshold of 100 MBq [29,140,145]. In addition, SPECT of 90Y is based 

on Bremsstrahlung imaging, which prevents the use of a photopeak energy window and 

energy window based scatter correction. Quantitative SPECT can be accomplished by 

applying Monte Carlo based reconstruction [17]. Alternatively, 90Y may be imaged using 

positron emission tomography (PET). However, the small positron branching ratio of 90Y 

in combination with the required low activity for pre-treatment makes PET challenging.  

In an earlier study, we demonstrated the feasibility of accurately estimating the LSF of 

a low activity 90Y-based pre-treatment procedure when imaged with SPECT/CT and 

reconstructed with a Monte Carlo-based reconstruction model to include scatter 

correction [140]. In the present study it was investigated whether low activity 90Y SPECT/

Abstract

Purpose: Prior to 90Y hepatic radioembolization, a dosage of 99mTc-macroaggregated 

albumin (99mTc-MAA) is administered to simulate the distribution of the 90Y-loaded 

microspheres. This pre-treatment procedure enables lung shunt estimation, detection of 

potential extrahepatic depositions, and estimation of the intrahepatic dose distribution. 

However, the predictive accuracy of the MAA particle distribution is often limited. Ideally, 
90Y microspheres would also be used for the pre-treatment procedure. Based on previous 

research, the pre-treatment activity should be limited to the estimated safety threshold 

of 100 MBq, making imaging challenging. The purpose of this study was to evaluate 

the quality of intra- and extrahepatic imaging of 90Y-based pre-treatment PET/CT and 

quantitative SPECT/CT scans, by means of phantom experiments and a patient study.

Methods: An anthropomorphic phantom with three extrahepatic depositions was filled 

with 90Y chloride to simulate a lung shunt fraction (LSF) of 5.3% and a tumour to non-

tumour ratio (T/N) of 7.9. PET/CT (Siemens Biograph mCT) and Bremsstrahlung SPECT/

CT (Siemens Symbia T16) images were acquired at activities ranging from 1999 MBq 

down to 24 MBq, representing post- and pre-treatment activities. PET/CT images were 

reconstructed with the clinical protocol and SPECT/CT images were reconstructed with a 

quantitative Monte Carlo-based reconstruction protocol. Estimated LSF, T/N, contrast to 

noise ratio of all extrahepatic depositions, and liver parenchymal and tumour dose were 

compared with the phantom ground truth. A clinically reconstructed SPECT/CT of 150 

MBq 99mTc represented the current clinical standard. In addition, a 90Y pre-treatment scan 

was simulated for a patient by acquiring post-treatment PET/CT and SPECT/CT data with 

shortened acquisition times. 

Results: At an activity of 100 MBq 90Y, PET/CT overestimated LSF (+10 percentage point 

(pp)), underestimated liver parenchymal dose (-3 Gy/GBq), and could not detect the 

extrahepatic depositions. SPECT/CT more accurately estimated LSF (-0.7 pp), parenchymal 

dose (-0.3 Gy/GBq) and could detect all three extrahepatic depositions. 99mTc SPECT/CT 

showed similar accuracy as 90Y SPECT/CT (LSF: +0.2 pp, parenchymal dose: +0.4 Gy/GBq, 

all extrahepatic depositions visible), although the noise level in the liver compartment was 

considerably lower for 99mTc SPECT/CT compared to 90Y SPECT/CT. The patient’s SPECT/CT 

simulating a pre-treatment 90Y procedure accurately represented the post-treatment 90Y 

microsphere distribution.

Conclusion: Quantitative SPECT/CT of 100 MBq 90Y could accurately estimate LSF, T/N, 

parenchymal and tumour dose, and visualise extrahepatic depositions.
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Table 6.1: Initial activity, size, and shape of the compartments within the anthropomorphic phantom. 

Compartment Initial activity 
[MBq]

Size [mL] Shape

Liver 1477 1.2 · 103 Liver

Lungs 102 2.1 · 103 Left and right lung

Solid intrahepatic tumour 158 15.9 Sphere

Necrotic intrahepatic tumour 188 (outer rim), 
0 (core)

18.9 (outer rim), 
5.6 (core)

Sphere inside 
a sphere

Small extrahepatic deposition 7 2.0 Sphere

Medium extrahepatic deposition 15 4.2 Sphere

Large extrahepatic deposition 30 8.2 Sphere

To represent the current clinical pre-treatment procedure using 99mTc-MAA, the phantom 

was filled in a similar manner as described above with 99mTc, with a total phantom activity 

of 153 MBq, an LSF of 5.2%, and a T/N of 7.6.  

Image acquisition
Thirteen PET/CT and SPECT/CT scans were acquired of the anthropomorphic phantom 

as the 90Y activity decayed from 1999 MBq down to 24 MBq. The total activity of the 

phantom at the time of imaging is listed in Table 6.2.  For all scans, a CT scan was made for 

attenuation correction and to support delineation. 

Table 6.2: Total activity of anthropomorphic phantom at time of imaging. 

Scan number 1 2 3 4 5 6 7 8 9 10 11 12 13

Total activity PET 
(MBq)

1966 1178 701 438 248 149 114 95 73 53 40 31 24

Total activity SPECT 
(MBq)

1999 1192 727 441 251 148 116 96 74 52 41 31 24

All 90Y PET/CT images were acquired on a Siemens Biograph mCT time of flight (TOF) 

scanner. Two bed positions were scanned to fit the entire phantom in the field of view. 

Acquisition time was 15 minutes per bed position, resulting in a total acquisition time of 

30 minutes.  Consecutive bed positions overlapped approximately 43%.  

All 90Y SPECT/CT images were acquired on a dual-head Siemens Symbia T16 scanner. 

Photons were acquired in a 50–250 keV energy window with the high-energy collimators 

mounted. Projections were acquired for 30 seconds per angle, using 120 angles over 360 

degrees, resulting in a total acquisition time of 30 minutes.

CT and PET/CT allowed detection of extrahepatic depositions and intrahepatic dosimetry, 

using an anthropomorphic phantom and short acquisition scans of a clinical patient to 

simulate a 90Y pre-treatment scan.

Methods

Phantom
We used an anthropomorphic thorax phantom (model ECT/TOR/P, IEL, Chilcompton, UK) 

with a liver compartment, lung compartments (filled with styrofoam beads), and a spine 

insert. Two tumour compartments were added to the liver (one solid and one necrotic 

tumour) and three extrahepatic depositions were added to the background volume. The 

extrahepatic depositions were located posteriorly to the liver and below the left lung 

(small extrahepatic deposition), posteriorly to the liver and below the right lung (medium 

sized extrahepatic deposition) and above the liver and in between the lungs (large 

extrahepatic deposition) (Figure 6.1).

Figure 6.1: Anthropomorphic phantom including liver, lung, tumour, and extrahepatic deposition 
compartments.

The phantom was filled with 2.0 GBq 90Y chloride in 0.5 M of HCl to prevent adhesion to 

the plastic phantom walls [153]. The initial activity, size, and shape of all compartments are 

listed in Table 6.1. The phantom had a lung shunt fraction (LSF) of 5.3% and a tumour to 

non-tumour ratio (T/N) of 7.9. Based on the results of a previous study by Prince et al., the 

activity concentration of the extrahepatic depositions was chosen to be 1.3% of the total 

activity in the phantom divided by 6.8 mL [145]. 
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Analysis
The liver, lungs, tumours, and extrahepatic depositions were semi-automatically delineated 

on one CT scan using 3D Slicer [130]. The reference CT was rigidly registered to all other 

CT scans, and all VOIs were transformed accordingly, to ensure that the same volume was 

analysed for each scan. Registrations and transformations were performed using Elastix 

and were visually inspected [129]. The liver, lungs, and extrahepatic deposition VOIs were 

dilated by the spatial resolution of each system (14 mm for 90Y SPECT and 6 mm for 90Y PET 

and 99mTc SPECT) to partially compensate for the partial volume effect. For 90Y SPECT the 

dilation resulted in overlapping lung and liver VOIs, and the liver VOI was chosen to have 

priority over the lung VOI (as is custom in clinical practice).

Mono-compartment model
The mono-compartment model uses the LSF to calculate the prescribed activity for 

radioembolization. The LSF was calculated as: 
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 (1)

where Clung is the total number of counts in the dilated lung VOI and Cliver is the total 

number of counts in the dilated liver VOI. 

In addition, potential extrahepatic depositions need to be detected in a pre-treatment 

scan. As a measure for detectability, the contrast to noise ratio (CNR) for each extrahepatic 

deposition was calculated as:
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where extrahepatic_deposition is the mean pixel value of the non-dilated extrahepatic 

deposition VOI, background is the mean pixel value of the background VOI (defined as the 

entire phantom minus the dilated VOIs of the liver, lungs and extrahepatic depositions), 

and Sbackground is the standard deviation of the background VOI. 

The low count rate, and the ensuing high noise level, may induce false positive detection 

of extrahepatic depositions. To identify the presence of such false positives, spherical VOIs 

with the same size as the extrahepatic depositions were centered on all voxels within 

the phantom background VOI, and the associated CNR of these background spheres 

was calculated using equation 2, where the background is defined as the background 

VOI minus the background sphere. An extrahepatic deposition was considered to be 

detectable when its CNR was twice that of the largest CNR of the background spheres. 

The 99mTc SPECT/CT image was acquired on a dual-head Siemens Symbia T16 scanner. 

Photons were acquired in a 129–150 keV photopeak window and a 108–129 keV lower 

scatter window with the low-energy high-resolution collimators mounted. Projections 

were acquired for 20 seconds per angle, using 120 angles over 360 degrees, resulting in a 

total acquisition time of 20 minutes. 

For 90Y SPECT a single background measurement was performed without the phantom 

present using the settings described above. For 90Y PET, a single long background 

measurement (total scan time of 24 hours) was performed with the phantom without 

activity in the scanner. These background measurements were used to perform 

background corrections. 

Image reconstruction
90Y PET projections were reconstructed with an Ordinary Poisson Ordered Subset 

Expectation Maximization (OP-OSEM) reconstruction algorithm, including resolution 

recovery (TrueX), TOF information, random, attenuation, scatter, dead time, and decay 

correction. The reconstruction used 4 iterations with 21 subsets, and a 5 mm full width at 

half maximum (FWHM) Gaussian post-reconstruction filter was applied. The reconstructed 

voxel size was 4.1 x 4.1 x 3.0 mm3. The background measurement was reconstructed using 

the same settings. Background correction was performed by subtraction (for mean or 

summed values) or quadratic addition (for standard deviations) of the reconstructed 

activity in the volumes of interest (VOIs) of the background reconstruction, from the 

reconstructed activity in the VOIs of the 90Y reconstruction.  

90Y SPECT projections were reconstructed with a Monte Carlo (MC) based OSEM 

reconstruction algorithm, including attenuation correction, resolution recovery, and MC-

based scatter correction. The background correction was performed by adding the average 

measured background count to the forward projection. Since MC-based reconstructions 

take longer to converge, the reconstruction used 60 iterations with 8 subsets, and an 8 

mm FWHM Gaussian post-reconstruction filter was applied [17]. The reconstructed voxel 

size was 4.8 x 4.8 x 4.8 mm3. 

99mTc SPECT projections were reconstructed using an OSEM reconstruction algorithm 

with flash3D, dual energy window scatter correction, and attenuation correction. The 

reconstruction used 6 iterations with 8 subsets, and a 5 mm FWHM Gaussian post-

reconstruction filter was applied. The reconstructed voxel size was 2.4 x 2.4 x 2.4 mm3.
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Voxel-based dosimetry
Two additional metrics to those that could be used for the calculation of prescribed activity 

were analysed. These are the CNR of the tumours, calculated according to equation 2, 

where the background is the parenchyma VOI eroded by the spatial resolution of each 

system, and the background variability (BV) of the parenchyma calculated as: 
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where Sparenchyma
 is the standard deviation of the parenchyma VOI eroded by the spatial 

resolution of each system and parenchyma is the mean pixel value of the parenchyma VOI 

eroded by the spatial resolution of each system.

Patient dosimetry
To evaluate the image quality for a more inhomogeneous activity distribution, one patient 

who underwent radioembolization with 90Y-doped glass microspheres (TheraSphere, BTG 

International Ltd.) gave informed consent to receive additional scans. The patient received 

a total of 3.87 GBq 90Y (3.12 GBq at time of PET imaging and 3.09 GBq at time of SPECT 

imaging). At our institute, all radioembolization patients receive a post-treatment PET/CT 

with the image acquisition and reconstruction settings described in the previous section. 

This patient received an additional PET with shortened acquisition time of 29 seconds per 

bed position (instead of 15 minutes per bed position) to simulate a pre-treatment scan of 

100 MBq 90Y. In addition, this patient received a SPECT/CT with the image acquisition and 

reconstruction settings described in the previous section, and a SPECT with shortened 

acquisition time of 1 second per view (instead of 30 seconds per view) to simulate a pre-

treatment scan of 100 MBq 90Y. A SPECT background measurement was performed with 

an acquisition time of 29 seconds per view. These background projections were added 

to the 1 sec/view projections to ensure the right noise level. Prior to performing the 

clinical scan, we tested whether a short scan accurately mimics a low activity scan by 

acquiring additional short acquisitions of the anthropomorphic phantom at 1984, 1182 

and 711 MBq, and comparing the metrics described above with the anthropomorphic 

scan acquired at 100 MBq. 

Liver VOIs were manually drawn on the low dose CTs and were split into two VOIs: a high-

dose (HD) and a low-dose (LD) VOI. The HD VOI included all voxels with a concentration 

greater than twice the average liver activity concentration on one of the reconstructed 

images; the LD VOI included all remaining liver voxels. The SPECT and PET reconstructed 

counts were converted into units of activity by normalisation of the total counts in the 

liver VOI to the activity administered to the patient. The absorbed dose images assumed 

Multi compartment model
Another way to calculate the prescribed activity for radioembolization is by using 

the partition model, which in addition to the LSF, uses the T/N. To calculate the T/N, a 

parenchymal VOI was created by subtracting the tumour VOIs from the liver VOI. T/N was 

calculated as: 
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where tumour is the mean pixel value of the non-dilated tumour VOI and parenchyma is 

the mean pixel value of the non-dilated parenchymal VOI. 

The prescribed activity for radioembolization can also be based on a threshold for 

parenchymal dose and/or tumour dose. The predicted dose per GBq injected 90Y was 

calculated as: 

LSF = 	
C'()*

C'()* +	C',-./
∙ 100%

CNR =
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒_𝑑𝑑𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 −	𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑

SIJKL*/M()N

T
NP =

𝑒𝑒𝑏𝑏𝑡𝑡𝑑𝑑𝑏𝑏𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒ℎ𝑦𝑦𝑡𝑡𝑒𝑒

DTJ/*.T =
	
CTJ/*.T
CTMTJ'

∙ 50

mTJ/*.T	

CTMTJ' = C',-./ + C'()* + C.WT/JX.YJT,K Z[\]^_`_]a^ 

DTJ/*.T	(PET	only) =
	
ATJ/*.T
ATMTJ'

∙ 50

mTJ/*.T	

BV =
		𝑆𝑆nopqrstuvo		
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒ℎ𝑦𝑦𝑡𝑡𝑒𝑒	

 (4)

where Ctarget  is the total number of counts in the non-dilated target VOI. The target is either 

the parenchyma, solid tumour or necrotic tumour. Fifty is the absorbed energy in joule 

from the decay of 1 GBq of 90Y, and mtarget is the mass of the target VOI in kg (determined 

using the target VOI and a conversion factor of 1.03 g/mL) [29]. Ctotal is the total number of 

reconstructed counts and was defined as:
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This definition of Ctotal is based on the assumption that all injected activity ends up in 

either the liver or the lungs, and that for this particular phantom there is also activity 

located in the extrahepatic depositions. 

The SPECT reconstructions were calibrated against an external source to yield Bq/mL 

by scaling the total number of reconstructed counts to the injected activity. The PET 

reconstructions already provide Bq/mL and thus it was possible to directly calculate the 

dose per GBq injected 90Y as:
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where Atarget is the activity in the non-dilated target VOI in GBq and Atotal is the known total 

activity in the phantom in GBq.
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needed. For SPECT, all extrahepatic depositions were detectable at the activity that would 

theoretically be safe to use for a 90Y-based pre-treatment scan (100 MBq).

Figure 6.3: A) LSF as a function of total phantom activity. B) CNR of the small, medium and large extrahepatic 
depositions as a function of total phantom activity.

Table 6.3: Total activity in the phantom (and activity concentration of the extrahepatic depositions between 
parentheses) at which extrahepatic depositions were detectable. 

Large deposition Medium deposition Small deposition

PET >~300 MBq (0.6 MBq/mL) >~300 MBq (0.6 MBq/mL) >~1000 MBq (1.9 MBq/mL)

SPECT >~30 MBq (0.06 MBq/mL) >~45 MBq (0.08 MBq/mL) >~90 MBq (0.2 MBq/mL)

Multi compartment model
Figure 6.4A shows the estimated parenchymal dose per GBq of 90Y injected. For SPECT, 

the estimated parenchymal dose was accurate (absolute difference <1 Gy/GBq) over the 

entire range of 90Y activities. For PET, scaling the reconstructed counts to the injected 

activity resulted in accurate parenchymal dose estimates (absolute difference <1 Gy/GBq) 

for activities over ~1 GBq. Calculating the dose using the quantitative nature of PET led to 

underestimation of the dose for activities over ~70 MBq and to overestimation of the dose 

for activities under ~70 MBq. The 99mTc SPECT estimated parenchymal dose was 31.1 Gy/

GBq (where the true dose was 31.3 Gy/GBq).

that all emitted energy was absorbed within the voxel of origin. Mean absorbed dose and 

cumulative dose volume histograms were calculated for both VOIs.

Results

Phantom study
Figure 6.2 shows axial and coronal views of the PET and SPECT reconstructions of the 

phantom. At 2.0 GBq, both 90Y PET and 90Y SPECT clearly visualised the solid and necrotic 

tumour, as well as all extrahepatic depositions. The PET reconstruction had a higher spatial 

resolution than the SPECT reconstruction, which led to a more apparent ‘cold’ core of the 

necrotic tumour. At ~100 MBq, noise started to prevail in the PET reconstruction and the 

extrahepatic depositions were not visible anymore. However, for the SPECT reconstruction 

at ~100 MBq, all extrahepatic depositions were still visible. For 99mTc SPECT, both tumours 

and the extrahepatic depositions were clearly visible.
 

Figure 6.2: Axial (top row) and coronal (bottom row) views of the phantom with x-ray images in gray scale 
and nuclear images in colour overlay, scaled between 0 and 50% of the maximum number of counts in the 
reconstruction. Arrows indicate the locations of the extrahepatic depositions.

Mono-compartment model
Figure 6.3A shows the LSF as a function of phantom activity. PET accurately estimated 

the LSF (absolute difference <1 percent point (pp)) for activities over ~1 GBq, and 

overestimated the LSF for activities below ~1 GBq. SPECT accurately estimated the LSF 

(absolute difference <1 pp) for activities over ~50 MBq. The 99mTc SPECT estimated an LSF 

of 5.0% (where the true LSF was 5.2%). 

Figure 6.3B shows the CNR for the extrahepatic depositions within the phantom. For both 

PET and SPECT the CNR of the extrahepatic depositions decreased with the phantom 

activity. SPECT had a higher CNR than PET, over the entire range of phantom activities. 

The CNR of the 99mTc SPECT was slightly higher than the CNR of 90Y SPECT at ~100 MBq.  

Table 6.3 shows the minimal total activity at which the extrahepatic depositions were 

detectable. The smaller the extrahepatic deposition, the larger the minimal total activity 
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doses of the tumours were more stable over the entire range of activities. The 99mTc SPECT 

showed a similar estimated dose of the tumours as the 90Y SPECT. 

Figure 6.4C shows the T/N of the phantom. The observed trends were very similar to the 

trends observed for the estimated tumour dose.  

Voxel-based dosimetry
Figure 6.5A shows the CNR of the solid and necrotic tumour.  For both PET and SPECT 

the CNR decreased with decreasing phantom activity. SPECT had a higher CNR than PET, 

over the entire range of phantom activities. The solid tumour had a higher CNR than the 

necrotic tumour, for both modalities. The CNR of the tumours of the 99mTc SPECT was 

considerably higher than the CNR of the tumours of the 90Y SPECT at ~100 MBq. 

Figure 6.5: A) CNR of the solid and necrotic tumour as a function of total activity in the phantom. B) 
Background variability (BV) of the parenchyma as a function of total activity in the phantom.

Figure 6.5B shows the background variability (BV) of the parenchyma. For both PET and 

SPECT, the BV increased with decreasing phantom activity. The BV of SPECT was lower 

than the BV of PET for the entire range of phantom activities. The BV of the 99mTc SPECT was 

considerably lower than the BV of the 90Y SPECT at ~100 MBq. 

Figure 6.4: Dose to the parenchymal tissue (A) and tumours (B) per GBq of 90Y injected as a function of total 
activity in the phantom. C) T/N as a function of total activity in the phantom.

Figure 6.4B shows the estimated tumour dose per GBq of 90Y injected. For both PET and 

SPECT, the tumour dose was underestimated. The estimated dose of the solid tumour 

was larger than the estimated dose of the necrotic tumour, although differences were 

smaller for PET than for SPECT. For total activities over ~100 MBq, PET estimated doses of 

the tumours were larger than SPECT estimated doses of the tumours. For activities below 

~150 MBq, PET estimated doses of the tumours started to decrease. SPECT estimated 
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(mean doses HD: 608 and 663 Gy, mean doses LD: 16.0 and 6.2 Gy, D50% HD: 482 and 328 

Gy, D50% LD: 2.0 and 0.0 Gy, for long and short acquisition times respectively).
 

Figure 6.7: Cumulative dose volume histograms of the PET/CT scan with long and short acquisition times 
(A). Axial slice of the dose map of the long acquisition time (B) and of the short acquisition time (C). The 
green delineation represents the high dose (HD) VOI. The low dose (LD) VOI consists of the remaining liver.

Discussion

This study showed that the image quality of a 90Y pre-treatment SPECT/CT scan (100 

MBq), when reconstructed with an MC-based reconstruction model, was sufficiently 

accurate for LSF, T/N, parenchymal, and tumour dose estimation and that extrahepatic 

depositions could be detected. A simulated 90Y pre-treatment (100 MBq) SPECT/CT scan 

of a radioembolization patient showed accurate dosimetry. Furthermore, our previous 

results on accurate LSF estimation with 90Y SPECT/CT were confirmed [140].     

The estimates of T/N and tumour dose were lower than the true T/N and tumour dose for 

both PET and SPECT, even at high phantom activities. This is caused by the partial volume 

effect. PET has a higher spatial resolution than SPECT and therefore the partial volume 

effect was more severe in SPECT than in PET (at 2.0 GBq, PET had a higher estimated T/N 

and tumour dose than SPECT). The partial volume effect also explains the higher estimated 

T/N and tumour dose of the solid tumour as compared with the necrotic tumour, since the 

solid tumour had a smaller surface-volume ratio than the necrotic tumour. The increase 

in underestimation of T/N and tumour dose at low phantom activities for PET is caused 

by the dominant noise component in these images (at 24 MBq, 61% of the trues could be 

attributed to background activity).

Patient dosimetry
The method of adding a background measurement to the measured sinogram to achieve 

the right noise level for a simulated low activity scan for SPECT was tested with the 

anthropomorphic phantom. It showed that the simulated low activity scans acquired at a 

true total activity of 1984, 1182 and 711 MBq resemble a measured low activity scan of 100 

MBq quite well in terms of LSF (difference less than 0.1pp), parenchymal dose (difference 

less than 0.5 Gy/GBq) and tumour dose (difference less than 20 Gy/GBq). We therefore 

conclude that the simulated 100 MBq scan of the patient was a good indicator for the 

image quality of a 90Y-based pre-treatment scan.

Figure 6.6 shows the dose volume histograms and the axial slices of the dose maps of the 

SPECT scan of the patient at long and short acquisitions times. Visually, the dose maps 

were very similar. Quantitatively, the dose volume histograms were similar and the mean 

dose for the LD and HD VOIs were in close agreement (mean doses HD: 497 and 518 Gy, 

mean doses LD: 32.5 and 28.1 Gy, D50% HD: 405 and 407 Gy, D50% LD: 3.6 and 1.8 Gy, for 

long and short acquisition times respectively).
 

Figure 6.6: Cumulative dose volume histograms of the SPECT/CT scans with long and short acquisition times 
(A). Axial slice of the dose map of the long acquisition time (B) and of the short acquisition time (C). The green 
delineation represents the high dose (HD) VOI. The low dose (LD) VOI consists of the remaining liver.

Figure 6.7 shows the dose volume histograms and the axial slices of the dose maps of the 

PET scan of the patient at long and short acquisition times. Visually, the short acquisition 

reconstruction was a lot noisier than the long acquisition reconstruction. Although 

the mean doses for the LD and HD VOIs were relatively comparable, the dose volume 

histograms showed differences, implying substantial differences in dose distribution 
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administered during a pre-treatment procedure will still be present in the liver vasculature 

during the treatment procedure, which could change the vasculature and limit the 

prognostic value of the pre-treatment procedure. It may be important to not only limit 

the activity of the pre-treatment procedure to avoid unintended radiation damage, but 

also to limit the number of microspheres administered to avoid an embolic effect. The 

ideal number of microspheres that should be used for a pre-treatment procedure needs 

further investigation. 

A limitation of our study is that, owing to practical reasons, only one phantom configuration 

was scanned. The extrahepatic depositions all had the same activity concentration, and 

only three depositions were inserted in our phantom. The volumes of our extrahepatic 

depositions covered the lower end of the range of extrahepatic depositions described by 

Prince et al. (1.1–41.3 mL) [145]. The same holds for the activity, where our extrahepatic 

depositions contained 0.35%, 0.76% and 1.52% of the total activity, while Prince et al. 

found extrahepatic deposition activity ranging from 0.1% to 19.5%. Although based on 

this phantom experiment we cannot state that all extrahepatic depositions found by 

Prince et al. (on 99mTc-MAA SPECT) would be visible on a 100 MBq 90Y SPECT, the majority 

of these extrahepatic depositions would likely be visible, because our phantom was on 

the lower end of both volume and activity, and we can assume that larger and/or more 

active extrahepatic depositions will be easier to visualise.

Due to the single phantom configuration, this study only investigated image quality of 

a phantom representing a radioembolization patient with a T/N of 7.9. A wide range of 

T/N has been reported in patients [159,160]. The results from this study cannot be directly 

extrapolated to distributions with other T/N, although the CNR of the tumours would 

most likely go down for tumours with a lower T/N. 

Another limitation of the phantom is that the activity distribution within the phantom 

compartments was uniform, and did not represent a clinical setting. Therefore, we 

included a patient scan to evaluate the image quality for a more inhomogeneous activity 

distribution. There is no ground truth distribution for the patient scan, however, compared 

to the long acquisition time scan, results were comparable. 

The SPECT data were reconstructed with an MC-based reconstruction algorithm, which 

is currently not available for clinical practice. However, the image quality of the 90Y SPECT 

scan relies heavily on the scatter correction offered by the MC-based reconstruction 

model, which has also been implemented by other groups [18,161]. For availability of the 

MC-based reconstruction algorithm, please contact the authors.

To determine the detectability of extrahepatic depositions in a scan, ideally an observer 

study should be performed. Since this is not possible for a phantom study, we chose to 

compare the CNR of the extrahepatic depositions with the CNR of spheres placed in the 

cold background of the phantom, to study false positive detection. As a threshold value 

for detectability we chose a factor of two for the ratio between those CNRs in order to 

avoid background spheres that have similar visibility as the extrahepatic depositions. 

The clinical standard for the pre-treatment procedure is the use of 99mTc-MAA. 99mTc, 

with its single photopeak, is easier to image than 90Y, which has a broad Bremsstrahlung 

spectrum. Furthermore, 99mTc is usually imaged with a low-energy collimator instead of 

the high-energy collimator used for 90Y, and therefore 99mTc images are expected to have 

a better spatial resolution. It is thus expected that a pre-treatment 99mTc-MAA SPECT will 

have a higher image quality than a pre-treatment 90Y SPECT. Even though image quality of 

pre-treatment 99mTc-MAA SPECT is superior, as followed from the CNR for the extrahepatic 

depositions, CNR of the tumours, and background variability of the parenchyma, the 

quantitative measures LSF, T/N, parenchymal, and tumour dose were comparable for both 
99mTc and 90Y pre-treatment scans. 

Current guidelines on dosage calculation from the manufacturers of microspheres are 

all based on a mono-compartment model and advise to determine the lung shunt 

fraction before proceeding with radioembolization treatment [24,25,127]. This makes 

the LSF the most significant metric of this study for current clinical practice. A different 

approach to dosage calculation is to use a multi-compartment model, which would be 

more personalised. This requires a T/N ratio (partition model) for dosage calculation. The 

downside of using the T/N ratio is that there is currently no consensus on how to calculate 

the T/N and how to deal with multiple tumours [122]. Chiesa et al. proposed to use a 

multi-compartment model using the parenchymal dose as input for dosage calculation 

[123]. Both LSF and parenchymal dose are metrics that could be accurately estimated 

by 90Y SPECT in this study. When moving toward voxel level estimates, a metric like the 

background variability (BV) becomes important. The BV favours the 99mTc SPECT, which 

has a considerably lower BV than 90Y SPECT. However, the dose volume histograms of the 

single patient show promising results, which might imply that voxel level estimates could 

be achievable for diagnostic activity 90Y SPECT.

From a biological point of view, it is expected that using 90Y microspheres instead of 99mTc-

MAA for the pre-treatment procedure will lead to a distribution that is more similar to the 

treatment procedure, since the same particle is used for the pre-treatment and treatment 

procedures. In combination with accurate imaging, this can lead to more accurate dose 

planning. However, since microspheres are not metabolised [109], the microspheres 
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A next step toward implementation of a 90Y-based pre-treatment procedure would be a 

patient study with several patients who receive both a pre-treatment 99mTc-MAA SPECT 

and a pre-treatment 90Y SPECT for comparison. Another option is to simulate the pre-

treatment 90Y SPECT using a short acquisition time as was done in this study.

Conclusion
In this phantom study, a 90Y pre-treatment SPECT/CT scan (100 MBq), reconstructed with 

a Monte Carlo-based reconstruction model, was found to have a similar quantitative 

accuracy as 99mTc-MAA SPECT/CT in estimating LSF, T/N, parenchymal, and tumour dose, 

while it can also visualise extrahepatic depositions. The image quality of a simulated 
90Y pre-treatment scan of a patient was visually and quantitatively similar to the post-

treatment scan. 
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Introduction

New digital positron emission tomography/computed tomography (PET/CT) scanners, 

such as the GE Discovery MI and the Siemens Biograph Vision, offer better time of flight 

(TOF) performance and a larger axial field of view (FOV) for higher effective sensitivity 

than their photomultiplier tube (PMT)-based counterparts. This increased sensitivity can 

be used to shorten acquisition time, reduce radionuclide activity and/or improve image 

quality. It is likely that hospitals will gradually switch to these next generation digital PET/

CT scanners. 

The higher effective sensitivity of new digital PET/CT scanners could particularly benefit 

yttrium-90 (90Y) imaging, which tends to be very noisy owing to the small positron 

branching ratio. PET is often regarded as the preferred imaging modality for 90Y imaging 

since it offers higher resolution than Bremsstrahlung single photon emission computed 

tomography (SPECT) [100,152]. It is used to image the distribution of 90Y microspheres 

after radioembolization treatment. Clinical relevant features of a post-treatment 90Y 

PET scan include the lung shunt fraction (LSF), presence of extrahepatic depositions, 

and intrahepatic dose distribution [152,162]. At the time of imaging, 90Y activities in 

the liver typically range from 500-5000 MBq [34,163–165]. Since radioembolization and 

the dosimetry involved constitute a relatively new clinical area, 90Y imaging is often 

performed in the setting of research studies, where 90Y PET is used in dose-response 

studies [45,124,163,166]. Consistency of quantitative measurements is key throughout an 

imaging study, and a change of scanner during the study may affect this consistency. To 

warrant study consistency, a good understanding of the 90Y imaging properties of both 

systems is required. 

The higher sensitivity of new digital PET/CT scanners may open doors to new applications. 

Recently, we proposed the use of a low dosage of 90Y microspheres (~100 MBq) for a 

pre-treatment radioembolization procedure for therapy planning purposes [140,141]. 

Currently, pre-treatment radioembolization procedures are performed with technetium-

99m (99mTc) labelled macroaggregated albumin (MAA). Because of the differences in shape 

and size between the MAA particles and the microspheres, differences between estimated 

dose distribution by MAA and the true dose distribution have been reported [34,42,44,167]. 

These differences could be minimised by using the same particle for treatment and 

pre-treatment procedure, as has been shown for holmium-166 (166Ho) microsphere 

radioembolization [47]. A safe dosage for the pre-treatment 166Ho microsphere procedure 

is 250 MBq [144,145].  Inasmuch as the total energy absorbed per Bq is higher for 90Y than 

for 166Ho, this dosage would translate to 100 MBq of 90Y to avoid unintended radiation 

damage [29,140,141].

Abstract

Background: New digital PET scanners with improved time of flight timing and extended 

axial field of view such as the Siemens Biograph Vision have come on the market and are 

expected to replace current generation photomultiplier tube (PMT)-based systems such 

as the Siemens Biograph mCT. These replacements warrant a direct comparison between 

the systems, so that a smooth transition in clinical practice and research is guaranteed, 

especially when quantitative values are used for dosimetry-based treatment guidance. 

The new generation digital PET scanners offer increased sensitivity. This could particularly 

benefit 90Y imaging, which tends to be very noisy owing to the small positron branching 

ratio and high random fraction of 90Y. This study aims to determine the ideal reconstruction 

settings for the digital Vision for quantitative 90Y imaging and to evaluate the image quality 

and quantification of the digital Vision in comparison with its predecessor, the PMT-based 

mCT, for 90Y imaging in radioembolization procedures. 

Methods: The NEMA image quality phantom was scanned to determine the ideal 

reconstruction settings for the Vision. In addition, an anthropomorphic phantom was 

scanned with both the Vision and the mCT, mimicking a radioembolization patient 

with lung, liver, tumour, and extrahepatic deposition inserts. Image quantification of 

the anthropomorphic phantom was assessed by the lung shunt fraction, the tumour to 

non-tumour ratio, the parenchymal dose, and the contrast to noise ratio of extrahepatic 

depositions.

Results: For the Vision, a reconstruction with 3 iterations, 5 subsets and no post-

reconstruction filter is recommended for quantitative 90Y imaging, based on the 

convergence of the recovery coefficient. Comparing both systems showed that the noise 

level of the Vision is significantly lower than that of the mCT (background variability of 

14% for the Vision and 25% for the mCT at 2.5·103 MBq for the 37 mm sphere size). For 

quantitative 90Y measures, such as needed in radioembolization, both systems perform 

similarly. 

Conclusions: We recommend to reconstruct 90Y images acquired on the Vision with 3 

iterations, 5 subsets and no post-reconstruction filter for quantitative imaging. The Vision 

provides a reduced noise level, but similar quantitative accuracy as compared with its 

predecessor the mCT. 
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The purpose of the present study is to evaluate the performance of the Siemens Biograph 

Vision in comparison with its PMT-based counterpart, the mCT, for 90Y imaging. We used 

the NEMA phantom to determine the ideal reconstruction settings for the Vision in analogy 

to the QUEST study [157]. These reconstruction settings for the Vision were compared 

with the recommended reconstruction setting of the mCT [157] in terms of standardized 

image quality metrics. In addition, clinical relevant features for radioembolization were 

compared by using an anthropomorphic phantom. 

Methods

Phantoms
Two phantoms were used for this study: the NEMA image quality phantom (PTW, Freiburg, 

Germany) and a modified anthropomorphic thorax phantom (model ECT/TOR/P, IEL, 

Chilcompton, UK). The NEMA phantom is used to compare standardised image quality 

metrics in analogy with the QUEST study [157]. The thorax phantom is used to simulate 

a radioembolization patient and to evaluate the accuracy of lung shunt estimation, 

extrahepatic deposition visibility, and intrahepatic activity distribution. 

The NEMA phantom consists of a 9.7 L torso-shaped compartment containing six fillable 

spheres (inner diameter of 10, 13, 17, 22, 28 and 37 mm) and a cold, cylindrical lung insert. 

It was prepared in a similar way as in the QUEST study protocol [157], where the phantom 

was filled with 90Y chloride, in 0.5 M HCl to prevent adhesion to the plastic phantom walls 

[153], to acquire a sphere-to-background concentration ratio of 8 and a total initial activity 

of 2.5·103 MBq. 

The modified thorax phantom consists of a torso-shaped compartment containing a liver 

compartment with a solid tumour (sphere of 15.9 mL) and a necrotic tumour (outer rim 

18.9 mL and inner sphere 5.6 mL), two lung compartments, a cylindrical spine insert, and 

three extrahepatic compartments (spheres of 2.0, 4.2 and 8.2 mL). The phantom was filled 

with 90Y chloride in 0.5 M HCl, to acquire a lung shunt fraction (LSF) of 5.0%, a tumour 

to non-tumour ratio (T/N) of 8.0 and a total initial activity of 1.0·103 MBq. The activity 

concentration of the extrahepatic depositions in the phantom was based on the median 

size (6.8 mL, range 1.1-42 mL) and median activity (1.3% of the infused activity) of 34 

extrahepatic depositions found by Prince et al. [145], and was therefore chosen to be: 1.3% 

of the total activity in the phantom / 6.8 mL. 

The low activity of 90Y for the pre-treatment procedure makes imaging challenging. Using 

100 MBq, Bremsstrahlung SPECT can produce quantitative images to accurately estimate 

the LSF, but images are of low resolution [140]. PET overestimates the LSF at 100 MBq [140]. 

This is caused by the low count statistics and the high random fraction, which result in a 

positive bias and high noise levels in the PET reconstruction. This makes PET unsuitable as 

an imaging modality for imaging the dose distribution of a pre-treatment 90Y procedure.  

The previous study that showed the infeasibility of PET as an imaging modality for a 
90Y pre-treatment procedure, was performed with the PMT-based Biograph mCT PET 

system (Siemens) [140]. It’s successor, the digital Biograph Vision, has improved spatial 

resolution, improved timing resolution, an extended axial FOV, and increased sensitivity 

by 70% measured at the centre of the transaxial FOV (Table 7.1) [168]. When comparing 

fluorine-18 (18F) fluorodeoxyglucose images of oncological patients from both systems, 

the Vision scored higher in terms of overall image quality and image noise, than the mCT 

[169].

Table 7.1: Technical specifications of Biograph Vision and Biograph mCT. LSO = lutetium oxyorthosilicate, 
FOV = field of view, FWHM = full width at half maximum. 

Vision[168] mCT[170]

Crystals LSO, 3.2 x 3.2 x 20 mm LSO, 4.0 x 4.0 x 20 mm

Detector elements Silicon photomultipliers Photomultiplier tubes

Axial FOV 26.1 cm 22.1 cm

TOF timing resolution 210-215 ps 540 ps

Transverse spatial resolution (measured at 1 cm 
vertically from the centre of the FOV with 18F)

3.7 mm (FWHM) 4.4 mm (FWHM)

Sensitivity (according to NEMA NU-2 2012) 16.4 kcps/MBq 10.0 kcps/MBq

Time coincidence window 4.7 ns 4.1 ns

Energy window 435-585 keV 435-650 keV

Bed overlap 49% 43%

The improvements of the Vision with regard to the mCT are expected to lead to improved 
90Y imaging. The QUEST phantom study [157] has extensively studied the performance 

of multiple PET systems for 90Y imaging and recommends reconstruction settings for 

quantitative purposes for the systems involved. However, the Vision was not part of the 

QUEST study and to our knowledge there are no recommended reconstruction settings 

for this system regarding quantitative 90Y imaging. 
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Analysis
For the NEMA image quality phantom we analysed the same metrics as the QUEST 

phantom study. These are:

Percent background variability (BV), following the NEMA NU 2-2007 guidelines, defined 

for each sphere size as: 
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where SDB,s is the standard deviation of the average of the 60 background regions of 

interest (ROIs) for sphere size s and CB,s is the average count of the 60 background ROIs for 

sphere size s. 

Percentage misplaced counts in the lung insert (∆Clung), following the NEMA NU 2-2007 

guidelines, defined as: 
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where Clung is the average count in the lung insert ROI and CB is the average count of the 

background ROIs. 

Background concentration accuracy (BCA), defined for each sphere size as:
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where aB,measured
 is the measured activity concentration in the background and aB,true is the 

true activity concentration in the background.

Total activity accuracy (TAA), defined as:
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where ATOT,measured is the measured total activity in the entire FOV and ATOT,true is the known 

true total activity in the phantom. 

Recovery coefficient (RC), following the NEMA NU 2-2007 guidelines for delineation of the 

spheres, defined for each sphere size as:
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Image acquisition
Both phantoms were scanned consecutively on a Siemens Biograph mCT  and a Siemens 

Biograph Vision. Table 7.1 lists technical specifications of both systems. Scans were 

acquired during decay and all activities at the time of imaging are listed in Table 7.2.

Table 7.2: Total activity (MBq) in the NEMA and thorax phantoms at time of imaging. 

Day 0 Day 2 Day 4 Day 6 Day 8 Day 9 Day 10

NEMA
mCT 2511 1560 901 537 328 259 194

Vision 2563 1526 930 553 322 264 205

thorax
mCT 961 597 345 206 126 99 74

Vision 982 585 356 212 123 101 78

Both phantoms were scanned in two bed positions of 15 minutes per bed position on 

both systems. A CT scan was made for attenuation correction and to support delineation. 

Image reconstruction
Images acquired by the mCT were reconstructed with the reconstruction settings 

recommended by the QUEST study [157]. This is an ordered subset expectation 

maximization (OSEM) reconstruction algorithm, including time of flight (TOF) information, 

resolution recovery (TrueX), attenuation, scatter, random, dead time, and decay correction. 

The reconstruction used 2 iterations with 21 subsets, resulting in a voxel size of 4.1 x 4.1 x 

3.0 mm3 and no post-reconstruction filter was applied. 

Since, to our knowledge, no prior study has been published on 90Y PET imaging using the 

Vision, images acquired at the Vision were reconstructed with a variety of reconstruction 

settings, so as to determine the optimal setting. All reconstruction methods used an 

OSEM reconstruction algorithm, including TOF information, resolution recovery (TrueX), 

attenuation, scatter, random, dead time, and decay correction. The number of subsets is 

fixed at 5 by the vendor and the number of iterations was varied between 1 and 17. Images 

were reconstructed on a 220x220 matrix resulting in a voxel size of 3.3 x 3.3 x 3.0 mm3. No 

post-reconstruction filter was applied. The optimal reconstruction was determined based 

on convergence of the recovery coefficient with iteration number.
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Differences between the Vision and the mCT are tested for significance with a paired t-test 

assuming a 5% significance level. 

Results

Figure 7.1 shows the total prompts, randoms, and net trues for the Vision and mCT 

acquisitions of the NEMA and thorax phantoms. The net trues show a strong linear trend 

with activity, of which the slope, intercept, and coefficient of determination are listed in 

Table 7.3. The Vision has an increased trues rate compared with the mCT by 68% (NEMA 

phantom) and 65% (thorax phantom). 

Figure 7.1: Total prompts, randoms, and net trues for a range of 90Y activities for the Vision and mCT 
acquisitions of the NEMA phantom (a) and the thorax phantom (b). The solid and dashed lines are linear fits 
of the data for the Vision and the mCT respectively.

Table 7.3: Slope, intercept, and coefficient of determination (R2) of the linear fit of the net true counts in the 
sinograms. Numbers between brackets are the 95% confidence intervals. 

Measurement Slope (counts/MBq) Intercept  (counts) R2

NEMA Vision 448 [439 – 457] 1.57·104 [5.16·103 – 2.623·104] 0.9997

NEMA mCT 266 [261 – 271] 1.04·104 [4.53·103 – 1.62·104] 0.9997

Thorax Vision 263 [259 – 267] 1.58·104 [1.37·104 – 1.78·104] 0.9998

Thorax mCT 159 [152 – 167] 0.762·104 [4.15·103 – 1.11·104] 0.9983

where aS,measured
 is the measured activity concentration in the sphere and aS,true is the true 

activity concentration in the sphere.

To evaluate the thorax phantom we assessed the following metrics, which are commonly 

assessed for radioembolization treatment planning:

The lung shunt fraction (LSF), defined as:
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where Clung is the total count in the lungs dilated by 6 mm and Cliver is the total count in the 

liver dilated by 6 mm. The lung and liver contours were dilated by the spatial resolution of 

the PET systems to partially compensate for the partial volume effect. 

Tumour to non-tumour ratio (T/N) of the solid and the necrotic tumour, defined as: 
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where Ctumour is the average count in the tumour volume of interest (VOI) and Cparenchyma is 

the average count in the parenchymal VOI. 

Parenchymal dose per GBq of 90Y administered, defined as:
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where Aparenchyma is the activity in the parenchymal VOI, Atotal is the known total activity in 

the phantom, mparenchyma is the mass of the parenchymal VOI (determined using the liver 

VOI volume and a conversion factor of 1.03 g/mL), and fifty is the absorbed energy in joule 

from the decay of 1 GBq of 90Y. 

Contrast-to-noise ratio (CNR) of  the extrahepatic depositions as a measure of visibility, 

defined as:
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where Cdeposition is the average count in the extrahepatic deposition VOI, CB is the average 

count in a background VOI and SDB is the standard deviation of a background VOI.  
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both systems and showed large variations. The CNR, a measure for the visibility of the 

extrahepatic depositions, showed the most stable trend and decreased with decreasing 

phantom activity. The CNR was considerably higher for the Vision than for the mCT. 

Figure 7.2: Transverse slice of three Vision reconstructions (1, 2, 3 iterations with 5 subsets) and mCT 
reconstruction (2 iterations with 21 subsets) of the NEMA phantom at day 0 (2.5·103 MBq), centred on the 
spheres. Images are scaled between 0 and 1 MBq/mL.

Figure 7.3: Recovery coefficient (a) and percentage background variability (b) of the NEMA phantom 
spheres with varying diameter at day 0 (2.5·103 MBq) as a function of iteration number.

Ideal reconstruction settings Vision
Figure 7.2 shows the transverse slice of the NEMA phantom at day 0 (2.5·103 MBq) for three 

reconstruction settings for the Vision acquisition and for the 2-iterations setting for the 

mCT acquisition. Visually the reconstructions of the Vision outperform the reconstruction 

of the mCT because of the lower noise level and the better visibility of the (smaller) 

spheres. Increasing the number of iterations increases noise. 

Figure 7.3 shows the recovery coefficient and the percentage background variability plotted 

against iteration number of the different sphere diameters at day 0. Depending on the study 

purpose, one can either choose a number of iterations that favours high recovery (higher 

number of iterations) or one that favours low noise (low number of iterations). Since the 

purpose of this study is quantitative imaging, we like to achieve a high RC. The RC curves of 

the three largest spheres shown in Figure 7.3 converge at 3 iterations. The RC curves of the 

three smallest spheres show more varying trends. In order to not increase the background 

variability while the recovery coefficient barely improves, we choose 3 iterations with 5 

subsets as the ideal reconstruction setting for the Vision. For subsequent comparisons between 

the Vision and the mCT, the images acquired by the Vision will therefore be reconstructed using 3 

iterations with 5 subsets without a post-reconstruction filter. 

Comparison Vision and mCT
Figure 7.4 compares the NEMA phantom scanned at the Vision (reconstructed with 3 

iterations, 5 subsets) with the mCT scans (reconstructed with 2 iterations, 21 subsets). 

Paired t-tests showed a significant difference between the Vision and the mCT for 

background variability (BV) (p-value < 0.001) and background concentration accuracy 

(p-value < 0.05). The BV was about twice as high for the mCT. This affects the visibility of 

hot and cold spots. For other quantitative measures there was no significant difference 

between the Vision and the mCT. 

The thorax phantom mimics a radioembolization patient and has an activity distribution 

that is clinically more relevant than that of the NEMA phantom. Figure 7.5 shows metrics 

that are commonly assessed for radioembolization treatment planning. Paired t-tests 

showed a significant difference between both systems for the LSF (p-value < 0.05), the 

parenchymal dose (p-value < 0.05), and the CNR (p-value < 0.001). Although significant 

differences were observed, both systems showed similar trends for these metrics. Both 

overestimated the LSF, and as expected, the overestimation got worse when the total 

activity decreased. This can be attributed to the earlier described positive bias in maximum 

likelihood reconstructions at low activities [140,156]. However, unexpectedly, the Vision 

showed a slightly larger overestimation of the LSF than the mCT. Metrics regarding 

intrahepatic dose distribution (T/N and parenchymal dose) were underestimated by 
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Figure 7.5: Performance of the Vision and the mCT for measures concerning radioembolization treatment 
planning: (a) lung shunt fraction (LSF), (b) tumour to non-tumour ration (T/N), (c) parenchymal dose 
(Dparenchymal), and (d) contrast-to-noise ratio (CNR) of the extrahepatic depositions.

Discussion

In this study we evaluated the performance of the Vision for 90Y imaging and compared 

it with the performance of its predecessor, the mCT. We determined the optimal 

reconstruction settings for the Vision to be 3 iterations with 5 subsets. We found that the 

Vision outperformed the mCT in terms of noise level, but performed similarly in terms of 

quantitative accuracy. 

Figure 7.4:  Results of the NEMA phantom comparing the mCT (2 iterations, 21 subsets) with the Vision (3 
iterations, 5 subsets). BCA = background concentration accuracy.
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Comparing quantitative results of the Vision with the mCT does not show clinically 

relevant differences between the systems. This suggests that a smooth upgrade during 

quantitative studies is possible, if the proper reconstruction protocol is chosen. However, 

the noise level of the Vision is substantially lower than the noise lever of the mCT. This 

could make visualization of hot and/or cold regions, such as extrahepatic depositions, 

easier on the Vision. Van Sluis et al. shows similar results comparing the Vision and the 

mCT for 18F, where they show that the Vision outperforms the mCT visually, but based on 

quantitative measures both systems are comparable [169].

For the specific clinical case of 90Y imaging for radioembolization, quantitative measures 

are important. Although the LSF and parenchymal dose show significant differences 

between the Vision and the mCT, these differences are small (mean LSF difference is 0.9 

percent point (pp), mean parenchymal dose difference is 2.8 Gy/GBq). Furthermore, the 

uncertainty in volume measurement and uncertainty in the activity calibration, cause an 

uncertainty of ±10% in the true parenchymal dose of the thorax phantom. This makes 

it difficult to conclude with certainty whether the Vision or the mCT results in a more 

accurate estimated parenchymal dose. With a 90Y pre-treatment procedure in mind, errors 

in estimated parenchymal dose could cause under- or overdosage. In combination with 

the overestimation of the LSF by 9 pp at 100 MBq, we have to conclude that the Vision 

is, just like its predecessor the mCT, unsuitable as an imaging system for imaging of a 

theoretically safe pre-treatment dosage of 100 MBq 90Y.  

The Vision does have a lower noise level compared with the mCT. This means that the 

Vision would be the more appropriate system when addressing the dose distribution 

visually, for example after radioembolization treatment to identify whether the dose 

distribution in a tumour is homogenous or not.  

Conclusion
In this study we evaluated the performance of the Vision for 90Y imaging and compared 

it with the performance of its predecessor, the mCT. We recommend to reconstruct 90Y 

images acquired on the Vision with 3 iterations, 5 subsets and no post-reconstruction filter, 

for quantitative purposes. Visually, the Vision outperforms the mCT because of its lower 

noise level, but based on quantitative measurements both scanners perform similarly. 

The prompts, randoms, and trues of both the Vision and the mCT show good linearity, 

which implies that no saturation of the detectors occurs. The Vision had 65% (thorax 

phantom) or 68% (NEMA phantom) more net trues than the mCT. This is in agreement 

with the 70% increase in sensitivity found by van Sluis et al. for 18F [168]. The slope of the 

true count with activity is dependent on the geometry and activity distribution of the 

scanned object, since the slopes of the true count with activity on the same scanner with 

the same acquisition parameters differ between NEMA and thorax phantoms. The total 

prompts and randoms have an offset due to the presence of lutetium-176 (176Lu) in the 

crystals. The magnitude of this offset is dependent on e.g., the amount of crystals (and 

therefore the amount of 176Lu), the number of possible coincidence line-of-response, the 

time coincidence window and the energy window [171]. All these specifications differ 

between the mCT and the Vision and result in a larger offset for the mCT than for the 

Vision. 

Scans at both systems were acquired in step-and-shoot mode, instead of continuous-

table-motion mode. For scans with a short scan length and long acquisition time, like 
90Y PET liver scans, it has been shown that step-and-shoot mode has a higher counting 

efficiency compared to continuous-table-motion mode [172]. Therefore, we chose 

to perform all scans in step-and-shoot mode to obtain the best image quality and 

quantification precision.

The ideal reconstruction setting is dependent on the study purpose. Just like the QUEST 

study, we focused on quantitative accuracy. We recommend to reconstruct 90Y data 

acquired on the Vision with 3 iterations, 5 subsets and no post-reconstruction filter. This 

is based on the fact that after three iterations quantitative metrics will only marginally 

improve while noise will still substantially increase. When the objective of a scan is focused 

on visual image quality, one could decide to add a post-reconstruction filter. In this study, 

we did not study the influence of different filters in detail, since Gaussian filters will reduce 

quantitative accuracy. 

The results from our NEMA measurements on the mCT were comparable with the results 

from the QUEST study. There were some small deviations (like the steep trend seen for 

our background variability versus sphere diameter, which is less pronounced in the 

QUEST study) but these can be explained by the fact that the data represented by QUEST 

consisted of multiple scanners. The measurements on our single scanner still fall within 

the error margins of the QUEST study.
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conventional c-arms that only perform circular orbits (Figure 8.1). These semi-body tracing 

orbits allow to acquire nuclear images with a higher spatial resolution compared with the 

circular orbits.

Figure 8.1: Interventional X-ray and Scintigraphy Imaging (IXSI) clinical prototype scanner (left), and a 
conventional c-arm system, Philips Allura Xper FD10 (right). 

Third, the x-ray tube has been placed slightly off-focus. In the original design (Chapter 

3), the x-ray tube was placed in the focal point of the cone beam collimator. This yields 

intrinsically registered fluoroscopic and nuclear images, but it also limits the peak voltage 

of the x-ray tube to 80 kVp. In a clinical setting, higher peak voltages are sedirable. By 

placing the x-ray tube slightly out of the cone beam collimator focus, fewer x-rays will 

pass the collimator and hit the gamma camera, so higher tube voltages can be used. In 

the current clinical prototype, the x-ray tube is placed 5 cm out of focus and can be used 

with peak voltages up to at least 100 kVp. The downside of this design is that x-ray images 

and nuclear images are not intrinsically aligned anymore. However, this mismatch is less 

than 1 cm, depending on source-detector distance, which may be acceptable given the 

resolution of more than 1 cm. 

Clinical IXSI study
A clinical study will be performed with IXSI in which radioembolization patients will be 

imaged by IXSI in the intervention room during the pre-treatment procedure. 2D real time 

images of the administration of the 99mTc-MAA and 3D SPECT/CBCT images of the final 

Radioembolization may profit from accurate dosimetry, similarly to radiotherapy. However, 

accurate dosimetry in radioembolization is hampered by a number of factors, including: 

(i) the separate pre-treatment and treatment procedures which are days apart, thereby 

introducing potential poor matching of the catheter position; and (ii) the use of 99mTc-

MAA for the pre-treatment procedure, which inaccurately mimics the 90Y microsphere 

distribution. A solution to this second problem is replacing the 90Y microsphere/99mTc-

MAA tandem with the 166Ho microsphere, which can be used for both the low-dose 

pre-treatment and the high-dose treatment procedures. In this thesis, two additional 

solutions were suggested and investigated. The first is the introduction of a dual layer 

scanner for simultaneous hybrid nuclear and fluoroscopic imaging in the intervention 

room. This scanner could guide the physician during the pre-treatment procedure and 

perhaps combine the pre-treatment and treatment procedure into one procedure, 

preventing misplacement of the catheter. The second is inspired by the 166Ho microsphere 

approach: replacing the 90Y microsphere/99mTc-MAA tandem with a high-dose/low-dose 
90Y microsphere tandem. However, low dose 90Y imaging is extremely challenging. In this 

thesis, the feasibility of quantitative low dose 90Y imaging was investigated. We showed 

that imaging by SPECT/CT is sensitive enough to accurately estimate all important 

parameters needed for radioembolization treatment planning. In addition, the dosimetric 

characteristics of different types of microspheres were compared and a the quantitative 

accuracy of a new digital PET/CT scanner for 90Y imaging was investigated. 

Hybrid interventional x-ray and scintigraphy imaging
With the experimental prototype of the dual layer detector evaluated in Chapter 3, we have 

shown that simultaneous nuclear and scintigraphy imaging with a dual layer detector is 

possible. However, the configuration of this prototype was not flexible and portable, and 

therefore not suitable for the intervention room. To take the next step towards clinical 

testing we needed a clinical prototype. This clinical prototype has been built and is named 

IXSI: Interventional X-ray and Scintigraphy Imaging (Figure 8.1). At the moment of writing, 

IXSI is in the process of being approved for clinical use. IXSI differs in some ways from the 

design discussed in Chapter 3. 

First of all, the dual layer detector is mounted on a c-arm that is suited for use in the 

intervention room. The c-arm is mobile and can be moved in and out of the intervention 

room, so it only takes up space when the scanner is actually needed. Furthermore, the 

open design of the c-arm grants the physician easy access to the patient, even when the 

patient is being imaged. 

Second, the c-arm can rotate around the patient to acquire projection images that can be 

used to reconstruct 3D images. These rotations are semi-body tracing orbits, unlike the 
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Second, to allow for higher tube voltages to be used, one could use a scintillation crystal 

that has less afterglow. Examples are cerium bromide (CeBr3) or cadmium zinc telluride 

(CdZnTe), but both are expensive [175]. Therefore, we chose for the more cost-effective 

solution of placing the x-ray tube off-focus, with the downside of introducing a small 

mismatch between nuclear and scintigraphy images.  

Future perspectives of IXSI
If the physician can determine in the intervention room whether radioembolization can 

be performed safely, and how much activity needs to be administered, the pre-treatment 

procedure could be directly followed by the treatment procedure. Such a single-session, 

or one-day, procedure would be more time-efficient, less of a burden for the patient, and 

could improve the predictive value of the pre-treatment procedure. In current clinical 

practice, the catheter is removed before the patient is moved to the nuclear medicine 

department for SPECT/CT. For the treatment procedure the catheter needs to be 

repositioned in the exact same position as in the pre-treatment procedure. This is prone 

to errors, and different catheter positions often lead to differences in dose distribution, 

which reduces the predictive value of the pre-treatment scan [33–36]. Imaging in the 

intervention room with IXSI would allow the catheter to stay in place, which increases the 

predictive value of the pre-treatment scan. 

Although IXSI is designed for radioembolization procedures, it could potentially benefit 

other interventional procedures as well. An example is sentinel lymph node procedures, 

in which 99mTc-colloid is injected into the tumour site upon which regions of high activity 

will mark the lymph nodes draining the tumour. These lymph nodes can be identified 

using gamma probes, or freehand SPECT [176–178]. To add anatomical information in real 

time, freehand SPECT can be fused with ultrasound [179]. Since IXSI is also designed to 

combine 99mTc scintigraphy and anatomical imaging in real time, IXSI might improve the 

selection of lymph nodes.

At the moment, IXSI is designed for the imaging of 99mTc, and is therefore equipped 

with a collimator that has similar performance as the low-energy high-resolution (LEHR) 

collimator. Imaging of radionuclides used for radioembolization therapy, 90Y or 166Ho, is 

generally performed using high or medium energy collimators, respectively. IXSI could 

be altered to be equipped with a different type of collimator, to make it (more) suited for 

the imaging of 90Y or 166Ho. Thereby, IXSI could be used for imaging during the treatment 

procedure. In this way, tumour and healthy liver dose might be monitored during 

administration of the microspheres.  

dose distribution will be acquired. The clinical study will have a primary focus on the safety 

of the use of IXSI in the intervention room. Additional time spend in the intervention 

room, additional dose delivered by IXSI, ability to confirm the 99mTc-MAA injection position 

with IXSI, and ability to perform semi-body tracing orbits, are issues that will be monitored 

in the study.

The secondary aim of the study is to investigate the added value of the acquired images. 

The 2D images acquired by IXSI could provide the physician with information on the 

dose distribution in real time. Thus far, nuclear imaging is performed at the nuclear 

medicine department, after administration of 99mTc-MAA, thus only showing the final dose 

distribution. Nuclear imaging during the administration has never been performed, and 

could provide valuable information about the flow dynamics of the microspheres in vivo. 

The physician could use this information to optimise the catheter position, for example 

when there is a flow of microspheres to parts that should not be treated (extrahepatic 

depositions, or non-target liver segments), or to add additional catheter positions when 

there is insufficient tumour targeting. Real-time 2D imaging would allow the physician to 

immediately intervene in the procedure, and to directly see the results of this intervention.

The SPECT/CBCT images acquired by IXSI can be compared with clinical SPECT/CT images 

acquired at the nuclear medicine department. IXSI has one detector head and will acquire 

a SPECT image in 10 minutes, whereas a clinical SPECT scanner has two detector heads 

and acquires a SPECT image in 20 minutes (current clinical protocol of a 99mTc-MAA scan 

at the UMC Utrecht). This means that IXSI will acquire fewer counts in the projection data 

compared with a clinical SPECT/CT scan. Therefore, the image quality of a SPECT image 

acquired by IXSI will be worse than one acquired on a clinical scanner. However, the aim 

of IXSI is not to provide the physician with images of the highest diagnostic quality, but 

with information otherwise not available. In addition, using a short acquisition time yields 

estimated lung shunt factions and tumour to non-tumour ratios that are as accurate as 

with a long acquisition time clinical protocol [173]. Furthermore, the quality of the SPECT 

images acquired by IXSI can be improved by motion compensation [174]. This is possible 

because of the simultaneous acquisition of SPECT and CBCT of IXSI. This is not possible 

with a clinical SPECT/CT scanner, where the SPECT and CT are acquired consecutively. 

Technical improvements of IXSI
Although the clinical IXSI prototype will show to be improved over the experimental 

prototype discussed in Chapter 3, it can still be further optimised. Reducing the amount 

of aluminium surrounding the flat panel will increase the transmission of gamma rays. 

Furthermore, electronic components that are now positioned at the back of the flat panel 

could be moved to the sides. This will improve the homogeneity of the transmission. 
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with the desired activity. However, when the pre-treatment procedure is performed 1-2 

weeks prior to the treatment procedure, as is current clinical practice, a separate dosage 

of microspheres needs to be ordered. This can be quite expensive as the manufacturers 

of 90Y glass and 90Y resin microsphere do not offer small doses with low activity, and one 

would have to order an additional treatment dosage.   

In Chapter 5 and 6 we argued that the total activity used for the 90Y pre-treatment procedure 

should be ~100 MBq. It is however unclear what the ideal number of microspheres for 

the pre-treatment procedure would be. The 166Ho pre-treatment dosage consists of 

about 10% of the microspheres that are used for the treatment. In order to have the right 

amount of activity for the pre-treatment procedure, 166Ho microspheres used for the pre-

treatment procedure have a lower specific activity (100 Bq/sphere) compared with the 
166Ho microspheres used for the treatment (240-371 Bq/sphere). Extracting the 90Y pre-

treatment microsphere dosage from the treatment dosage, like described in the previous 

paragraph, will result in a pre-treatment dosage with the same specific activity as the 

treatment dosage. With the limit of ~100 MBq this would result in ~40k microspheres for 

a 90Y glass pre-treatment dosage, and ~1.3M microspheres for a 90Y resin pre-treatment 

dosage. It has been suggested that the number of spheres used for a (pre-)treatment 

procedure does influence dosimetry on a microscopic scale [134]. However, this is still 

a subject of research, and the ideal number of microspheres to be used needs further 

investigation. 

Dose response
Using the work described in this thesis, radioembolization procedures may be optimised 

and accurate dosimetry may become a reliable part of the procedure, enabling 

personalised treatment. Several ways to apply the quantitative images into a dose model 

exist, including the coarse current approach of a mono-compartment model (assuming 

homogeneous activity distribution), a partition model (introducing an average difference 

between tumorous and healthy tissue), and a voxel-based model (that includes the 

heterogeneous activity uptake in tumours and healthy liver, and is closest to radiotherapy 

models). Taking the step from the mono-compartment model to multi-compartment 

models or even voxel-based dosimetry for treatment planning, requires dose limits for 

tumours and healthy liver parenchyma [38]. The search for those dose limits is an active 

field of research, and is complicated because dose limits might differ between different 

tumour types and types of microspheres. In Chapter 4 we discussed the differences 

in dosimetry between the different types of microspheres for advanced intrahepatic 

cholangiocarcinoma. Unfortunately, the limited number of patients included in this study 

did not allow to define dose limits for tumour response. This requires more data, possibly 

gathered from multiple institutions. These multi-centre studies bring along additional 

Technical challenges of a 90Y pre-treatment procedure
In Chapters 5 and 6, we explored the technical feasibility of the use of 90Y microspheres 

instead of 99mTc-MAA for the pre-treatment procedure. From a technical point of view, the 

main challenge is imaging the extremely low activity of 90Y that would be needed for a 

pre-treatment procedure. We showed that this is possible with SPECT/CT using a Monte 

Carlo-based reconstruction method. A limitation of these chapters is that the results were 

mainly based on phantom experiments. Only one example of a patient scan was shown. A 

next step would be to verify these results in patients who have different dose distributions, 

and to show the safety and predictive value of a 90Y pre-treatment procedure in a clinical 

study.

During such a clinical study, new technical challenges might arise. One of those could be 

motion artefacts. Patients might move, and will breathe, during a SPECT/CT scan. This will 

lower the image quality and might impact the accuracy with which important parameters 

needed for radioembolization treatment planning can be determined. 

Another challenge could be a reduced number of counts acquired in the projection data. 

The phantom experiments were performed with phantoms mimicking an average male. 

However, for heavier patients attenuation will be increased and this will lower sensitivity. 

This could again affect the accuracy of the scan, since the amount of activity that should 

be used for the 90Y pre-treatment procedure is already very low. 

A third technical challenge is the availability of the Monte Carlo-based reconstruction 

method for clinical use. The accuracy of imaging the low amount of 90Y activity with SPECT 

depends on this reconstruction method. At the moment, the reconstruction method is 

only available for research purposes at the UMC Utrecht. For a clinical research study, the 

use of this method is will likely be acceptable. But introduction of the 90Y pre-treatment 

procedure in a routine clinical setting, may pose additional requirements on the Monte 

Carlo-based reconstruction method. 

Practical challenges of a 90Y pre-treatment procedure
Next to the technical challenges of a  90Y pre-treatment procedure, there are also some 

clinical and practical challenges. A 90Y pre-treatment requires a small dosage of 90Y 

microspheres. With a one-day treatment in mind, this small dosage can be ordered 

together with the treatment dosage. For glass microspheres, a dosage of microspheres 

can be ordered as multiple vials at no additional costs, one of which could be the pre-

treatment dosage. For resin microspheres, the microspheres are delivered in a ‘shipping 

vial’, and the treatment dosage has to be withdrawn from this shipping vial at the 

treatment centre. Therefore, these microspheres can also be divided over multiple vials 
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challenges. Dose measurements require quantitative imaging, and different institutions 

use different imaging modalities, different scanners, and different methods to calculate 

dose. This makes the combination of data acquired at multiple institutions difficult [122]. 

Studies evaluating the performance characteristics of new scanners, and comparing 

them with those of their predecessor, like Chapter 7, contribute to enhancing the current 

literature on dosimetry in radioembolization, and are needed for multi-centre studies. For 

quantitative 90Y imaging using PET/CT, a wide range of scanners have been compared and 

recommendations regarding ideal reconstruction parameters have been made [139,157]. 

Quantitative 90Y imaging using SPECT/CT often relies on Monte Carlo-based reconstruction 

methods [17,18,161]. Efforts need to be made to share these reconstruction algorithms 

and to compare their performances across scanner and patient characteristics. 
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One of the advances in PET is the introduction of a new detector type, so called silicon 

photomultipliers. This results in a PET scanner with improved spatial and temporal 

resolution, which both contribute to better image quality. 

Chapter 2 also discusses a new imaging modality that is able to simultaneously acquire 

x-ray and nuclear images in the intervention room, which is something that cannot 

be done by any of the current available scanners. This can be achieved by equipping a 

conventional c-arm (a scanner currently used in the intervention room to acquire x-ray 

images) with a gamma camera (the detector part of a SPECT scanner). Straightforward 

combination of these elements will block the line of view of one of them. Therefore, a 

design is proposed where the gamma camera can look around the x-ray tube. Such a 

design is feasible, and could provide the physician with valuable nuclear information in 

the intervention room during procedures like radioembolization. 

In Chapter 3 we introduced a new design for the interventional scanner that combines 

x-ray and nuclear imaging. In the old design, where the gamma camera looks around the 

x-ray tube, an intermediate reconstruction step is needed in order to produce overlaying 

x-ray and nuclear images. In the new design we introduced a dual layer detector, where 

the gamma camera is placed behind the x-ray detector. Although in this design the line 

of view of the gamma camera is blocked by the x-ray detector, the x-ray detector turned 

out to be transparent enough for the gamma camera to acquire nuclear images. The 

advantage of this design is that the x-ray and nuclear images are intrinsically registered, 

which makes the intermediate reconstruction step redundant. In this chapter we build 

and characterised a prototype dual layer scanner. With this scanner we are able to acquire 

real-time intrinsically registered x-ray and nuclear images, albeit at the cost of reduced 

sensitivity for the nuclear images.  

In Chapter 4 we compared the three different types of microspheres that are used for 

radioembolization. Initially, radioembolization was performed with the radionuclide 

yttrium-90 (90Y). There are 90Y glass and 90Y resin microspheres commercially available. 

More recently, microspheres labelled with holmium-166 (166Ho) became commercially 

available. In this chapter we used quantitative 90Y PET/CT and quantitative 166Ho SPECT/CT 

to compare the delivered dose in advanced intrahepatic cholangiocarcinoma patients. 

We show that the 90Y glass microspheres delivered the highest tumour dose, whilst 

the overall healthy liver dose did not significantly differ from the other microspheres. 

In addition, we compared the response to treatment and the toxicity between these 

groups. Although the three microspheres have different physical characteristics and 

show differences in dosimetry, toxicity and response were similar for all groups. This 

Summary

Radioembolization is a minimally invasive treatment for liver cancer. During a 

radioembolization procedure small radioactive spheres (microspheres) are administered 

in the vasculature of the liver. These microspheres lodge (mostly) in the tumorous tissue, 

where they locally irradiate liver tumours, whilst (mostly) sparing the healthy liver tissue. 

Prior to the treatment procedure, a pre-treatment safety procedure is performed in which 

surrogate particles, technetium-99m labelled macroaggregated albumin (99mTc-MAA),  are 

administered to simulate the distribution of the microspheres. These 99mTc-MAA particles 

are visualised using nuclear imaging. Based on the amount of 99mTc-MAA shunting to the 

lungs (lung shunt fraction), the unwanted accumulation of 99mTc-MAA elsewhere outside 

the liver (extrahepatic depositions), and the distribution of 99mTc-MAA within the liver 

(intrahepatic dose distribution), a nuclear medicine physician decides whether or not it is 

safe to proceed with the treatment procedure. When considered safe, the treatment will 

usually take place 1-2 weeks later. 

The microspheres that are administered during the radioembolization treatment have 

a certain level of radioactivity, measured in becquerel (Bq). Deciding where and how 

much activity needs to be administered for treatment is called treatment planning. The 

calculation of the amount of activity that needs to be administered is based on physical 

models, but these are generally not tailored to individual patients. This thesis introduced 

several ways to improve radioembolization treatment planning using nuclear imaging.

Since radioembolization is a minimally invasive procedure, the physician relies on 

medical imaging to look inside the patient. The current status of technical advances in 

image guidance of radionuclide therapy is discussed in Chapter 2. Traditional imaging 

modalities used to guide radionuclide therapies are the nuclear imaging modalities single 

photon emission computed tomography (SPECT) and positron emission tomography 

(PET). Both modalities are able to produce three dimensional images of the radionuclide 

distribution, by solving a mathematical problem referred to as image reconstruction. 

One of the advances in SPECT is to include Monte Carlo simulations into the image 

reconstruction algorithm. These simulations model the behaviour of individual photons 

in detail. By doing so, SPECT can produce quantitative images. This means that an image 

not only tells you where radionuclides are located (qualitative image), but also quantifies 

how much activity in Bq/mL there is (quantitative image). 
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procedure to increase the predictive power of the pre-treatment procedure. We showed 

that parameters needed for radioembolization treatment planning can be accurately 

estimated when acquired by SPECT/CT. 

emphasis the need for separate dose constraints and dose targets to be used for 

treatment planning for each particle. 

In Chapter 5 we tried to improve the lung shunt fraction estimation. We know that this 

estimate is inaccurate when based on a 99mTc-MAA pre-treatment safety procedure. The 

MAA particles differ from the microspheres, and therefore lead to differences in lung shunt 

fraction. Using the same 90Y labelled microspheres for the pre-treatment safety procedure, 

instead of the MAA particles, could solve this problem. However, to ensure that the pre-

treatment procedure can be performed safely, even when a patient turns out to have an 

unfavourable dose distribution, the activity of the 90Y needs to be kept very low (~100 MBq). 

This leads to problems regarding the imaging of the 90Y. Imaging of 90Y can be performed 

with PET/CT and SPECT/CT, and in this chapter we investigated whether these modalities 

were suitable for the estimation of the lung shunt fraction using a low activity of 90Y. This 

was done using a phantom (a testing dummy that mimics a human), which allows us to 

control the true lung shunt fraction. This study showed that we can accurately estimate the 

lung shunt fraction using a low activity of 90Y, as long as we use SPECT/CT with dedicated 

Monte Carlo-based reconstruction software for imaging. 

In Chapter 6 we investigated whether we could also accurately image extrahepatic 

depositions and intrahepatic dose distributions at a low activity of 90Y. Again, we used a 

phantom to show that SPECT/CT is capable of accurate imaging at this low activity, whereas 

PET/CT unfortunately is not. In addition we simulated a 90Y pre-treatment procedure in a 

radioembolization patient by acquiring a very fast SPET/CT scan to mimic the low activity 

of 90Y. This showed that even in a patient, who does not have a uniform dose distribution 

like the phantom, SPECT/CT can accurately image this distribution at a low 90Y activity. 

In Chapter 7 we characterised a new PET/CT scanner with silicon photomultipliers for 
90Y imaging. This new PET/CT scanner has improved resolution and sensitivity compared 

with the PET/CT scanner that was used for the 90Y experiments described in Chapter 5 and 

6. We therefore hoped that this new PET/CT would be more suited for imaging 90Y at low 

activities. However, although the new PET/CT improved image quality (lower noise level), 

it did not improve quantification of 90Y. Therefore, this new PET/CT scanner is not suitable 

for imaging the low 90Y activity that would be needed for a 90Y pre-treatment procedure.

In this thesis two improvements for radioembolization treatment planning were proposed. 

The first is the introduction of a dual layer scanner for simultaneous x-ray and nuclear 

imaging in the intervention room. Apart from the experimental prototype that has been 

built, a clinical prototype is being built to show whether this system can be used safely to 

guide radioembolization procedures.  The second is the proposal of a 90Y pre-treatment 
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bevinden (kwalitatieve beelden), maar ook kan kwantificeren hoeveel activiteit in Bq/mL 

er is (kwantitatieve beelden). 

Een van de vooruitgangen bij PET is de introductie van een nieuw detector type, de 

silicon photomultipliers. Dit zorgt voor een PET scanner met een verbeterde spatiele en 

temporele resolutie, die beide de beeld kwaliteit verhogen.

Hoofdstuk 2 beschrijft ook een nieuwe beeldvormende techniek die nucleaire en röntgen 

beelden tegelijkertijd kan verkrijgen in de behandel kamer, iets wat niet gedaan kan 

worden door de scanners die momenteel beschikbaar zijn. Dit kan gedaan worden door 

een standaard c-arm (een scanner die momenteel wordt gebruikt in de behandelkamer 

om röntgen beelden te maken) uit te rusten met een gamma camera (het detector deel 

van een SPECT scanner). Het eenvoudig combineren van deze twee elementen zal het 

gezichtsveld van een van de twee blokkeren. Daarom wordt een ontwerp voorgesteld 

waarin de gamma camera om de röntgenbuis heen kijkt. Dit ontwerp is uitvoerbaar en 

kan de arts waardevolle informatie geven in de behandelkamer tijdens behandelingen 

zoals radioembolisatie.  

In Hoofdstuk 3 beschrijven we een nieuw ontwerp voor de interventionele scanner 

die nucleaire en röntgen beelden kan verkrijgen. In het oude ontwerp, waar de gamma 

camera om de röntgenbuis heen kan kijken, was een tussenliggende beeldreconstructie 

stap nodig om overlappende nucleaire en röntgen beelden te verkrijgen. In het nieuwe 

ontwerp introduceren we een dubbellaags detector, waar de gamma camera achter 

de röntgen detector zit. Ook al is het gezichtsveld van de gamma camera geblokkeerd 

door de röntgen detector, de röntgen detector blijkt doorzichtig genoeg te zijn voor 

de gamma camera om nucleaire beelden te verkrijgen. Het voordeel van dit ontwerp is 

dat de nucleaire en röntgen beelden automatisch overlappen, wat de tussenliggende 

beeldreconstructie stap overbodig maakt. In dit hoofdstuk hebben we een prototype 

dubbellaags detector scanner gemaakt en gekarakteriseerd. Met deze scanner kunnen we 

automatisch overlappende nucleaire en röntgen beelden live verkrijgen, al is het tegen de 

prijs van een verminderde sensitiviteit voor de nucleaire beelden. 

In Hoofdstuk 4 vergeleken we de drie verschillende type microsferen die gebruikt 

worden voor radioembolisatie. Aanvankelijk werd bij radioembolisatie gebruik gemaakt 

van het radionuclide yttrium-90 (90Y). Er zijn 90Y glas en 90Y hars microsferen commercieel 

verkrijgbaar. Recentelijk zijn er ook microsferen beschikbaar gekomen die gelabeld 

zijn met holmium-166 (166Ho). In dit hoofdstuk hebben we kwantitatieve 90Y PET/CT en 

kwantitatieve 166Ho SPET/CT gebruikt om de afgegeven dosis in gevorderd intrahepatisch 

cholangiocarcinoom te vergelijken. We hebben laten zien dat de 90Y glas microsferen de 

Nederlandse samenvatting

Radioembolisatie is een minimaal invasieve behandeling van lever kanker. Tijdens een 

radioembolistie behandeling worden er radioactief gelabelde bolletjes (microsferen) 

toegediend in het vaatstelsel van de lever. Deze microsferen lopen (vooral) vast in 

het tumorweefsel, waar ze de lever tumoren lokaal bestralen, terwijl het gezonde 

leverweefsel (grotendeels) gespaard blijft. Voorafgaand aan de behandeling wordt een 

veiligheidsprocedure uitgevoerd, waarin soortgelijke deeltjes, technetium-99m macro 

geaggregeerd albumine (99mTc-MAA), worden toegediend om zo de distributie van de 

microsferen na te bootsen. Deze 99mTc-MAA deeltjes worden zichtbaar gemaakt door 

middel van nucleaire beeldvorming. Op basis van de hoeveelheid 99mTc-MAA die in de 

longen terecht komt (long shunt fractie), de ongewenste verzameling van 99mTc-MAA 

ergens anders buiten de lever (extra hepatische deposities), en de verdeling van 99mTc-MAA 

binnen de lever (intra hepatische dosis verdeling), besluit een nucleair geneeskundige of 

het veilig is om met de behandeling door te gaan. Wanneer dit het geval is vindt de 

behandeling meestal 1-2 weken later plaats. 

De microsferen die worden toegediend tijdens een radioembolisatie behandeling hebben 

een bepaalde hoeveelheid radioactiviteit, gemeten in becquerel (Bq). Het bepalen van 

waar en hoeveel activiteit er toegediend moet worden tijdens de behandeling wordt 

ook wel behandelplanning genoemd. De berekening van de hoeveelheid activiteit die 

toegediend moet worden is gebaseerd op natuurkundige modellen, maar deze worden 

over het algemeen niet op maat gemaakt voor individuele patiënten. Dit proefschrift 

introduceert verschillende methoden om de behandelplanning van radioembolisatie te 

verbeteren met behulp van nucleaire beeldvorming. 

Omdat radioembolisatie een minimaal invasieve behandeling is, is de arts afhankelijk 

van medische beeldvorming om in de patiënt te kunnen kijken. De huidige status van 

technische ontwikkelingen in medische beeld begeleiding bij radionuclidentherapie 

wordt besproken in Hoofdstuk 2. Traditionele beeldvormende technieken gebruikt bij 

radionuclidentherapieën zijn de nucleaire beeldvormende technieken single photon 

emission computed tomography (SPECT) en positron emission tomography (PET). Beide 

technieken kunnen drie dimensionele plaatjes maken van de radionuclide verdeling, door 

een wiskundig probleem op te lossen wat ook wel beeldreconstructie wordt genoemd. 

Een van de vooruitgangen bij SPECT is de introductie van Monte Carlo simulaties in de 

beeldreconstructie. Deze simulaties simuleren het gedrag van individuele fotonen in 

detail. Door dit te doen kunnen er met SPECT kwantitatieve beelden verkregen worden. 

Dit betekent dat een beeld niet alleen informatie geeft over waar radionucliden zich 
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Maar, ondanks dat de nieuwe PET/CT scanner een betere beeld kwaliteit oplevert (minder 

ruis), verbetert het niet de kwantificatie van 90Y. Daarom is deze nieuwe PET/CT scanner 

niet geschikt voor het afbeelden van een lage activiteit 90Y die nodig is voor een 90Y 

veiligheidsprocedure.

In dit proefschrift zijn twee verbeteringen voor radioembolisatie therapie planning 

besproken. De eerste is een dubbellaags detector voor het tegelijkertijd maken van 

nucleaire en röntgen beelden in de behandelkamer. Behalve dat er een experimenteel 

prototype is gebouwd, is en ook een klinisch prototype gebouwd om te laten zien of 

dit systeem veilig gebruikt kan worden voor radioembolisatie procedures. De tweede  

is het voorstel van een 90Y veiligheidsprocedure om de voorspellende waarde van de 

veiligheidsprocedure te vergroten. We lieten zien dat de parameters die nodig zijn voor 

de behandelplanning van radioembolisatie nauwkeurig kunnen worden geschat als deze 

gemeten worden op met behulp van SPECT/CT. 

hoogste dosis op de tumor geven, terwijl de dosis op het algehele gezonde leverweefsel 

niet significant verschilde tussen de microsferen. In aanvulling daarop hebben we de 

reactie op de behandeling en de toxiciteit tussen deze groepen vergeleken. Hoewel de 

drie typen microsferen verschillende fysieke karakteristieken hebben en ze verschillen in 

geabsorbeerde dosis laten zien, was de reactie op behandeling en de toxiciteit gelijkwaardig 

tussen de groepen. Dit benadrukt de noodzaak van afzonderlijke dosisbeperkingen 

en dosisdoelen die moeten worden gebruikt voor de behandelplanning voor elk type 

microsfeer. 

In Hoofdstuk 5 hebben we geprobeerd de long shunt fractie schatting te verbeteren. 

We weten dat deze schatting onnauwkeurig is als deze gebaseerd is op de 99mTc-

MAA veiligheidsprocedure. De MAA deeltjes verschillen namelijk van de microsferen, 

wat tot een verschil in long shunt fractie leidt. Door dezelfde 90Y microsferen voor de 

veiligheidsprocedure te gebruiken, in plaats van de MAA deeltjes, zou dit probleem 

opgelost kunnen worden. Maar, om er zeker van te zijn dat de veiligheidsprocedure veilig 

uitgevoerd kan worden, ook als de patiënt een ongunstige dosis verdeling blijkt te hebben, 

moet de 90Y activiteit heel erg laag blijven (~100 MBq). Dit zorgt voor problemen bij de 

beeldvorming van 90Y. De beeldvorming van 90Y kan gedaan worden met PET/CT en met 

SPET/CT, en in dit hoofdstuk hebben we gekeken of deze modaliteiten geschikt zijn om 

de long shunt fractie te schatten bij een lage 90Y activiteit. Hiervoor hebben we gebruik 

gemaakt van een fantoom (een dummy die een mens nabootst), zodat we de werkelijke 

long shunt fractie konden controleren. Hiermee hebben we laten zien dat we de long 

shunt fractie accuraat kunnen schatten bij een lage 90Y activiteit, zolang we SPECT/CT met 

Monte Carlo simulaties in de beeldreconstructie gebruiken voor de beeldvorming. 

In Hoofdstuk 6 onderzochten we of we ook de extrahepatisch deposities en de 

intrahepatisch dosis verdeling nauwkeurig in beeld konden brengen bij een lage 90Y 

activiteit. Wederom hebben we gebruik gemaakt van een fantoom om te laten zien dat 

dit mogelijk is met SPET/CT, terwijl dit met PET/CT niet het geval is. In aanvulling hierop 

hebben we een 90Y veiligheidsprocedure in een radioembolisatie patiënt gesimuleerd 

door een hele snelle SPECT/CT scan op te nemen die zo een lage 90Y activiteit na bootst. Dit 

liet zien dat ook bij een patiënt, die niet uniforme dosis verdeling heeft zoals het fantoom, 

SPECT/CT nauwkeurig de dosis verdeling van een lage activiteit 90Y kan afbeelden. 

In Hoofdstuk 7 hebben we een nieuwe PET/CT scanner met silicon photomultipliers 

gekarakteriseerd voor het afbeelden van 90Y. Deze nieuwe PET/CT scanner heeft een 

verbeterde resolutie en sensitiviteit vergeleken met de PET/CT scanner die was gebruikt 

voor de 90Y experimenten beschreven in hoofdstuk 5 en 6. Daarom hoopten we dat deze 

nieuwe PET/CT scanner geschikter zou zijn voor het afbeelden van lage activiteiten 90Y. 
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in gespeeld. Als mede PhDers begrepen jullie als geen ander welke hobbels je tegenkomt 

tijdens je promotie, en ons kantoor is voor mij altijd de plek geweest waar ik deze hobbels 

zonder enige terughoudendheid kon bespreken. 

Wilco, Leo, Pascal, Frank en Maryam, de IXSI is van een bij elkaar geraapt zooitje 

onderdelen veranderd in een echte scanner. En dit hebben we te danken aan jullie 

doorzettingsvermogen. Jullie hebben oneindig veel geklust aan de IXSI en ervoor gezorgd 

dat ik zonder problemen mijn experimenten kon doen. Daarnaast zorgden jullie ook nog 

eens voor de vrolijke noot op de verdieping. Ook als dingen weer eens langer duurden 

dan je zou willen, of er geneuzel was over documentatie, bleven jullie altijd lachen. Dank 
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