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Abstract

A Technical Validation of The PET/SPECT/CT
(Triumph) Scanner

Ludvig Larsson Åkerman

Positron Emission Tomography (PET) plays a very important role in the field of drug
development already in the preclinical phase. This is done by using positron labeled
molecules for different approaches/methodologies such as cell analysis, frozen section
autoradiography, homogenate binding, organ distribution and at the end in vivo
small-animal PET imaging. The technique is also used for integrated animal studies in
which both functional information from PET or Single Photon Emission Tomography
(SPECT) and structural information from Computed Tomography (CT) are
integrated. However, significant improvements in technical aspects of the animal
scanner such as resolution (under 1 mm), high sensitivity and ease of the operational
procedures have affected the usage of these types of imaging. This study aims to test
the technical and operational performance of the FLEX Triumph preclinical
PET/SPECT/CT imaging system. Spatial resolution, sensitivity and partial volume
effects have been the parameters in focus but a performance comparison between
different isotopes and an in vivo mouse study has also been performed. The results
show that the Triumph is capable of producing high quality images for all modalities
and also high quality PET/CT fusions. 
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Acronyms and Abbreviations 

2D  Two Dimensional 

3D  Three Dimensional 

ACD  Annihilation Coincidence Detection 

AT  Attenuation Correction 

Bq  Bequerel, Decays/s 

CMP  Custom Made Phantom 

CT  Computed Tomography 

FBP  Filtered Back Projection 

fMRI  functional Magnetic Resonance Imaging 

FOV  Field of View 

FWHM Full Width Half Maximum 

FWTM Full Width Tenth Maximum 

GSO  Gd2SiO5:Ce 

LGSO  Lu1-xGdxSiO5 

LYSO  Lu2SiO5:Ce 

MLEM Maximum Likelihood Estimation Maximization 

MRI  Magnetic Resonance Imaging 

OSEM Ordered Subset Expectation Maximization 

PET   Positron Emission Tomography 

RoR  Radius of Rotation 

ROI  Region of Interest 

SPECT Single Photon Emission Tomography 

VOI  Volume of Interest 



1. Introduction 
Positron Emission Tomography (PET) plays a very important role in the field of 

drug development from pre-clinical studies to clinical trials. [1].In the pre-clinical 

part different approaches/methodologies are used such as cell analysis, frozen 

section autoradiography, homogenate binding, organ distribution and at the end in 

vivo small-animal PET imaging. The technique is also used for animal studies in 

which both functional information from PET or Single Photon Emission 

Tomography (SPECT) and structural information from Computed Tomography 

(CT) are integrated.  

Significant improvements in technical aspects of the animal scanner such as in 

resolution (under 1 mm) and high sensitivity and easiness of the operational 

procedures have affected the usage of these types of imaging. [2,3].

1.1 AIM 

The aim of this work was to study the technical and operational performance of the 

FLEX
TM

 Triumph
TM

 pre-clinical PET/SPECT/CT imaging system. The system is 

intended for in vivo animal studies and is combining the physiological and functional 

information using PET and SPECT in conjunction with the structural information 

using CT. This information is used for further reconstruction, fusion and analysis of 

different image volumes [4]. 

1.2 Structure of the thesis 

The thesis presented in this document is divided into 6 chapters. Chapter 1 covers an 

introduction and describes the aim of the thesis. Chapter 2 covers all background 

knowledge needed including tomographical imaging, radiation physics and camera 

specifications. Chapter 3 covers methods and materials used for this evaluation and 

the results are then presented in chapter 4. Chapter 5 contains a discussion about the 

performed evaluations, their results and a comparison to the aim of the thesis. Chapter 

6 includes conclusions and suggestions for future work. 



2. Background 

2.1. Tomography 

Tomography is a mathematical procedure that enables a three dimensional 

reconstruction from several two dimensional projections. By taking 2D images of an 

object from different angles and then applying a tomographic reconstruction a 3D 

model of the object can be created. The tomographical reconstruction also enables 

slicing of the model that allows for a detailed analysis of the interior of the object 

without physically slicing it. There exist several different imaging techniques that 

make use of tomography to produce images with varying resolution. [5]  

2.2. Tomographical Imaging Modalities 

Tomographical Imaging is the name of all imaging modalities that makes use of 

tomographical reconstruction. They are used to gather either structural or functional 

information of the normal body such as the activation of different parts of the brain 

and in pathology like the detection and characterization of tumours as well as  in the 
studying of neurological disorders such as the Alzheimer’s diseases. Structural 

information represents the anatomical layout of the patient, showing for instance 

bones, thicker tissues, edges and borders between different organs. The functional 

information represents how the organs/tissues of scanned object works/functions 

which reflect the physiological and functional interaction between injected compound 

and targets of interest.   

Fig 1-3 CT scan, PET scan and PET/CT Fusion 

The functional data comes from one of three modalities, PET, SPECT or functional 

Magnetic Resonance imaging (fMRI). Both PET and SPECT are based on detection 

of radioactive substances called tracers that are injected into patient. Detecting the 

position of these radioactive substances and then applying a tomographical 

reconstruction can then produce an image of the patient. fMRI makes use of magnetic 

fields instead of radioactive substances to study the blood flow, which represents the 

neural activities in the brain. [6] 



For the structural information there exist two different modalities, Computed 

Tomography (CT) and Magnetic Resonance Imaging (MRI). CT uses x-rays to 

acquire structural data while MRI uses magnetic fields. MRI is based on fact that 

protons act like magnets and when placed in a strong external magnetic field they will 

align along the direction of the field. By sending out an electromagnetic energy pulse 

called a radio frequency the protons will realign for a short movement before going 

back to their original state, called relaxation. The energy that is sent out during the 

relaxation is called an echo and by measuring the amount of echoes from different 

areas a structural image can be created. [7]  

The integrated modalities such as PET/CT and SPECT/CT complete each other such 

as tumours or target found by PET and SPECT are more exactly anatomically 

positioned with CT. [6] 

The improvements of PET and the higher availability have increased its use for 

clinical applications. The fact that PET provides an earlier and more accurate 

diagnosis than anatomic imaging modalities, like CT, makes it highly valuable for 

human studies. The use of PET varies but some of the more common uses includes, 

the detection of malignant lesions, differentiate between benign and malignant lesions 

and assess therapeutic responses in humans. The improved detection of lesions that 

comes with the PET has contributed to a much quicker and more accurate clinical 

diagnosis. It has also been able to make more advanced procedures like surgery and 

radiation therapy both easier and faster, saving much suffering for the patient. [8]  

To be able to study small animals like rats and mice, dedicated scanners have been 

developed. The scanners function in the same way as human scanners but have a 

smaller opening (gantry), leading to a smaller FOV? in where to place the animal. 

Animal PET scanners have compared to human scanners a superior intrinsic 

resolution which is needed since the ROIs in the animals may only be a few 

millimetre in size. As a result of the high spatial resolution the sensitivity often suffers 

and higher activity concentrations are used in animals than in human studies. The use 

of more long-lived PET nuclides like 
18

F (half-life 109.8 min) are preferably used 

over 
11

C (half-life 20 min) to also compensate for the lower sensitivity. Note, this is 

only applicable if the molecule can be marked just as easily using any of the two 

nuclides. One of the most common in vivo PET studies is where experimental 

tumours are used as biological models in oncological research. The animal scanners 

can then be used to study the effectiveness of new anti-cancer drugs. [9] 

2.3 X-rays, gamma rays and beta particles 

All types of radiation can be classified as either particulate radiation or 

electromagnetic radiation. �
+
 particles that are used in PET are classified as 

particulate radiation while gamma radiation that is used for SPECT and X-rays that 

are used for CT are both classified as electromagnetic radiation. 

A proton-rich atom is unstable and to gain stability it converts a proton to a neutron. 

During this conversion a positron (positively charged electron) is created to carry the 

charge of the lost proton since the neutron has no charge. The positron is then emitted 

from the nucleus resulting in a β+ 
decay. The conversion will also result in the 



creation of a neutrino to compensate for the mass difference between a proton and a 

neutron plus positron  

p -> n + ββββ+
 + v 

The positron will have different energy depending on which isotope it originated 

from. While passing through matter the positron will lose energy by interacting with 

other atoms until it looses its energy. Then it will annihilate with an electron 

(annihilation site), generating two anti-parallel pair of photons with energy of 511 

keV.  

are electromagnetic radiation emitted from the nucleus of an atom often as a result of 

a beta decay. Gamma rays  

Gamma rays that are used for SPECT comes from the excess energy that is given off 

when a nucleus is left in an excited state after an emission of a particle, alpha or beta 

decay. If the nucleus is in an excited state it will want to drop down to a stable state 

and to do that it must give away the excess energy in the form of gamma rays. 

Gamma rays are high frequency electromagnetic radiation and also ionizing radiation, 

which can cause serious damage to living tissue and thus exposure should be limited. 

The SPECT detectors are designed to only detect the gamma rays.  

When charged particles are accelerated or decelerated, caused by passing heavy 

atoms, emission of electromagnetic radiation may occur. This radiation is known as 

roentgen, continuous X-rays or brehmsstralung. The amount of emitted energy is 

dependent on the mass of the particle. Heavy particles are less affected by other 

objects, but for smaller particles like an electron the energy loss is noticeable. The 

loss of energy will also cause the particles to change direction. 

X-rays that are used for CT may also contain characteristic radiation. In this case the 

radiation is emitted from electrons jumping between energy levels while orbiting 

around a nucleus. When electrons jump from a higher energy level to a lower energy 

level they emit the abundant energy in the form of X-rays.  

To produce X-rays in a CT camera these transitions are forced by firing electrons at 

the atom that will eject lower level electrons, leaving free space for higher-level 

electrons to drop down to. [10]. 

2.4 Positron emission tomography 

PET is a tomographical imaging technique used to generate image volumes that 

represents the biological interaction between administered tracers with targets of 

interest. In other words, PET generates image volumes, which depict and provide the 

physiological and functional information. The images generated from a PET-camera 

can be of great assistance e.g. when diagnosing patients with neurological diseases or 

finding the exact location of cancer tumours. [11] 

2.4.1. The principles of PET 



PET is a non-invasive method that does not require any kind of surgery or other 

intrusion than the penetration of a needle through the skin when administrating the 

tracer intravenously These labelled compounds will decay emitting positrons (β+
-

decay) which have different energy based on chosen radionuclide. The energy of the 

positron will decide how far it will travel before annihilating with an electron. The 

annihilation will create a pair of photons that are emitted back-to-back with specific 

energy (511 keV) and which are detected by the PET camera [12].  

The detectors in a PET camera are placed in a ring surrounding an area that is known 

as a gantry. The gantry is where the objects and patients are placed when doing a PET 

acquisition. The purpose of having the detectors in the shape of a ring is that it is a 

shape that. for what is called Annihilation Coincidence Detection (ACD). ACD means 

that a PET-camera will only register a photon when both of the back-to-back emitted 

photons hit one detector each within a short time window (12ns or less). If only one of 

the photons hits a detector, for which there are several possible reasons, the camera 

will register that as a single event and not double. The use of ACD is what allows for 

the PET to produce high-resolution images. [6] 

Fig. 4-5 The inside of a human scanner to the left and the inside of the Triumph 

animal scanner to the right. 

2.4.2 The PET procedure 

In general a PET acquisition begins with blank scan, which is a scan with nothing 

placed in the gantry. The purpose of this scan is to measure the difference in 

sensitivity between all of the detectors and the result is used to normalize the 

detectors. The animal is then placed in the gantry and a transmission scan is 

performed where a radioactive source or an X-ray tube is rotated around the object. 

The result from this scan is used for attenuation correction of the animal. Attenuation 

correction is used to compensate for the loss of intensity of the photons travelling 

through the animal (see more under Error Factors in PET).The tracer is then injected 

into the animal and one (static study) or several scans (dynamic study) are made. The 

last scan is the PET acquisition scan which is the longest scan. The data from this 

scan is the data that is used for creating the image using tomographical 

reconstruction[6] 



A PET acquisition can be either static or dynamic. A static acquisition consists of 

only one frame while a dynamic acquisition consists of several frames. Each frame 

corresponds to a section of temporal data. For example, a 40-minute scan can be 

divided into 10 frames where each frame corresponds to 4 minutes of data. The 

frames can be sized in any way depending on the type of study. While a static 

acquisition only will depict a summation of all collected data a dynamic acquisition 

can be used to observe how the uptake of the tracer in the animal varies over time. 

The dynamic data can be used to perform kinetic analyses or create movies. [13] 

2.5 Single Photon Emission Computed Tomography 

The first attempt to use Single Photon Emission Computed Tomography (SPECT) 

was done in 1975 by putting a stationary gamma camera in front of a rotating patient. 

It later became clear that instead of having the patient rotate it was more efficient to 

let the camera rotate around a stationary patient. The number of detector heads used in 

the SPECT camera increased over the years and today’s SPECT cameras uses several 

detector heads (gamma cameras) instead of only one [6]. 

2.5.1 The principles of SPECT 

SPECT is an imaging technique that is based on the detection of single photons. The 

photons are emitted by a gamma-emitting radiopharmaceutical that has been injected 

into the patient prior to the examination. Since SPECT does not incorporate ACD the 

detectors in SPECT will register all photons that hit them and in general the resolution 

of a SPECT camera will be lower than for a PET camera. SPECT can provide 

valuable information from studying the kinetic behaviour of the administered tracer. 
The radiopharmaceuticals used in SPECT examinations usually have a long half-life, 

which is good for studying longer biological processes in the patients. [6] 

The SPECT acquisition involves collecting data from several angles, usually in 3˚-6˚ 

steps. It is common for modern SPECT cameras to use several detectors that all have 

the same function but are placed at different starting angles. The reason for using 

several detectors is to lower the acquisition time since each head does not have to turn 

the full 360˚. There exist theorems that detail describes the necessary and sufficient 

conditions for acquiring an artifact-free reconstruction. One of the conditions includes 

the need to have acquisition data from at least 180˚ around the object. When using 

two detectors placed opposite to each other and doing 180˚ acquisition, twice the 

necessary data will be acquired. The abundant data will be used to increase quality 

like spatial resolution.  

SPECT also incorporates collimators that are inserted at the front of the detector to 

remove photons coming from the wrong direction and shape the stream of emitted 

photons. The collimator is also responsible for creating the projection and different 

collimators are used in different studies Since the collimators are used to only let 

photons from certain angles pass through to the detector the shape of the collimator 

can influence the resolution and sensitivity. In animal imaging, pinhole collimators 

are most commonly used. The single-pinhole collimator will increase resolution, since 



it will lead to a lower amount of noise, but decrease sensitivity while the multi-

pinhole collimator will do the opposite. [14]  

Fig. 6 The GE Millenium VG Hawkeye SPECT 

Fig. 7 The inside of the Triumph, the gantry for the SPECT and the CT. 

2.5.2 The SPECT procedure 

When performing a SPECT study it begins with the injection of a radiotracer into the 

patient. After injection the patient is positioned in the camera and the data is collected 

from the detector heads that will rotate, in steps, with specific degrees (90, 180 or 

360) around the patient/animal. This is called the emission scan. After the emission 



scan a transmission scan will be performed, which will be used for making 

attenuation correction of the object. The transmission scan is usually performed with 

the help of an external radionuclide source but just as in the case of the PET the 

transmission scan for SPECT can also be replaced by a CT scan. [6] 

2.6 Computed Tomography 

While the PET and SPECT systems are able to extract some structural information 

from a patient the resolution on those parts are not that good. The structural 

information that is gathered by a computed tomography (CT) scan is far superior. One 

of the big advantages of CT compared to PET and SPECT is the low structural noise 

in the resulting images. The low noise results in very clear images of patients’ 

anatomical structure. CT is very fast but has some disadvantages when it comes to 

separating sick and healthy tissue in low contrast areas like the human brain. By 

administrating contrast medium to the patient before the examination the contrast in 

the CT images can be improved, but the most efficient use of CT is in combination 

with PET or SPECT [6] 

2.6.1 The principles and procedure of CT 

Computed Tomography is an imaging technique that uses X-rays to extract 

information about an object. The data is acquired from detectors that are placed on 

one side of the patient while the X-ray tube is placed on the opposite side of a patient. 

The X-ray tube will x-rays towards the detectors, through the patient. While x-rays 

are being fired the detectors and the x-ray tube are rotated 360 degrees around the 

patient to acquire projections from different angles. The projections are then 
reconstructed to create a 3D image. The quality of the image will vary depending on 

the rotation speed and how many projections that are being acquired.  [6]  

2.7 Differences between modalities 

PET and SPECT are both used to obtain functional information Because the two 

techniques are based on different techniques they have different pros and cons. 

SPECT is more available and much cheaper than PET, making it more widely used. 

The gamma ray tracers used for SPECT usually have a longer half-life, like 6 hours 

for 
99m

Tc, than the β+ 
tracers used for PET, like 1.9 hours for 

18
F. The SPECT tracers 

hence allow for longer acquisition times and are usually cheaper than PET tracers. 
The drawbacks with SPECT come from the low-resolution and long required scan 

times. Even though technical progress has been able to decrease scan times and 

increase spatial resolution PET is still better. Since PET offers shorter scan times, 

higher spatial resolution and the ability to perform quantitative measurements it is 

many times the preferred technique when available 

The CT has a much lower noise magnitude than PET and SPECT but has a poor 

ability to separate between healthy and sick tissue and between different soft tissues.  

Because of these drawbacks CT is best suited for being combined with either PET or 

SPECT, where the structural information from the CT can be used to its full potential. 



[15] 

2.8 PET/CT & SPECT/CT Fusion 

By combining the functional information, which is provided by PET or SPECT, with 

the structural information, which is provided by a CT scan the diagnostic value can be 

increased. PET and SPECT gives biomedical information that increases the image 

contrast while CT adds anatomical details.  

For locating tumours and depiction of malignancy the PET/CT fusion has been shown 

to be more accurate than PET and CT alone [6]. The PET/CT fusion has however 

brought with it some new problems. These include different size of the field of view, 

false quantitative values and creation of artefacts. [11]  

As PET/CT has become more popular so has SPECT/CT. Even though SPECT/CT 

was the first dual-modality system it was not until after the success of PET/CT that it 

gained popularity. The simultaneous acquisition that comes with SPECT/CT offers 

better image registration capabilities than is available when using separate scanners. 

[14] 

2.9 Performance evaluation 

2.9.1 PET 

Positron emission detection systems were first introduced in the 1950’s. However the 

system has been further developed and improved to a so-called “high-resolution” and 

“high-sensitivity” tomographic device. There exist many different configurations of 

PET systems and they differ on several variables such as the choice of scintillation 

crystal used and the capability of 2D or 3D acquisition [10], number of crystals used 

or sometimes combined crystals to improve the resolution. When the use of PET 

imaging increased, the number of PET systems also increased. Because the systems 

rarely have the same architecture, a comparison between them is very hard and the 

demand for comparable performance evaluations hence increased. Performance 

evaluations are of interest for both manufacturers and customers: the manufacturer 

wants to test and specify the system while customers are interested if the system is as 

good as the manufacturer claims. To allow for comparison between different systems, 

standardized measurements protocols have been created by several organizations. One 

of the most recognized protocols has been published in several versions by the 

National Electrical Manufacturing Association (NEMA). The first version was 

published in 1994 (NU 2-1994) but was replaced only a few years later by an updated 

version (NU-2 2001). [16]. 

The PET development over the last decade has been focused on increasing the 

sensitivity and improving the spatial resolution and image quality in order to decrease 

the scanning time for both patient and animal [17] 

The evaluation of performance of the PET system in this thesis is based on the latest 

NEMA protocol (NU-4 2008) [18]. Some modifications have been applied to the 

procedures suggested in NEMA protocol. The performance parameters that have been 

tested for this thesis include: spatial resolution, sensitivity and quantification values. 



Spatial resolution is “the ability to distinguish between two closely spaced objects on 

an image”. To measure the performance of the spatial resolution the Full Width at 

Half-Maximum (FWHM) and the Full Width at Tenth-Maximum (FWTM) are used.  

The focus of this thesis has been on the spatial resolution and sensitivity of the PET. 

Sensitivity is the ability of the camera to detect true events for a given activity. Since 

the sensitivity often varies with the axial location of the source an axial sensitivity 

profile is created. The profile shows how the sensitivity varies along the axial FOV. 

When gamma rays travel through matter they can scatter, changing trajectory, as a 

result of interacting with other particles. The ability to detect scattered gamma rays 

varies between different systems. Therefore it is of interest to know how sensitive a 

particular system is to scattered radiation. [16]. 

2.9.2 SPECT 

The research on SPECT systems has been focused on increasing the spatial resolution, 

but increasing the spatial resolution comes at the cost of sensitivity. Therefore, when 

performing an evaluation of a SPECT system the sensitivity is of much interest. A 

system with high sensitivity allows for lower doses of radioactivity and in vivo 

studies can be performed with less time per animal. [19] 

This work focused on the evaluation of the spatial resolution, the sensitivity and the 

“spill over” effect.  

2.10 FLEXTM TriumphTM pre-clinical imaging system

2.10.1 General information 

The FLEXTM TriumphTM pre-clinical imaging system is a pre-clinical 

PET/SPECT/CT system used for molecular imaging in combination with biomedical 

research and pharmaceutical development. 

[20] 

2.10.2 Technical Specifications of the triumph 

PET specifications 

Detector materials: LYSO and LGSO 

Detector axial FOV:  100 mm 

Detector pixel size:  2mm X 2mm X 12/14·mm (LYSO/LGSO) 

Total number of pixels:  6144 Crystals 

Number of detector rings:  32 rings 

Number of contiguous image planes 63 

Detector Ring diameter:  16.2 cm 

Bore size:  11 cm 

Slice spacing:  1.175 mm (2D reconstruction) 

Number of slices:  63 slices 

Trans-axial spatial resolution:   0.9-1.2mm FWHM reconstructed with MLEM 

Table 1. PET specifications 



Fig. 8 A close-up of the detectors in the PET ring.

SPECT specifications 

Detector Size 18.2-cm X 19.7-cm X 12.3-cm 

Detector Material CZT (Cadmium Zinc Telluride, CdZnTe) 

Active Area 12.7-cm X 12.7-cm 

Array Size 5-by-5 CZT modules 

Pixel Size 1.5-mm  

Pixel Pitch 1.6-mm 

Pixel Array 80-by-80 

Detector Weight 11.8-kg 

Table 2 SPECT specifications 

CT specifications 

Active Area 120-mm X 120-mm 

Pixel Size 50-µm 

Pixel Array (total number of elements) 2400 X 2400 

Pixel Array (effective elements) 2240 X 2368 

Input Window 1-mm thick Aluminum 

Frame Rate 2 to 9 frames/s 

Resolution 8 line paris/mm 

Dynamic Range 2000 

Scintillator Material Csl flipped scintillator plate 

Detector Weight 2.6-kg 

Table 3 CT specifications 

2.10.3 Calibrations [21] 



Before any of the modalities can be used for acquisition several calibrations have to 

be performed. Calibrations are needed to correctly position the camera heads and to 

decide the exact position of the bed. The SPECT system also requires a calibration for 

each new isotope. 

PET/SPECT/CT Gantry calibration 

Each modality requires a gantry calibration that makes sure that all mechanical parts 

are in the correct positions and are working properly. 

PET Normalization calibration  

The sensitivity of the detectors might change over time due to conditions like 

humidity and temperature. To compensate for these changes normalization has to be 

performed on a regular basis. A Germanium(
68

Ge) rod is used as the radioactive 

source and it is set to rotate for several hours inside the PET ring. 

PET Quantitative calibration  

A quantitative calibration is needed to be able to extract any quantitative information 

from the images. A phantom filled a very precise measured activity, from a known 

isotope, is scanned for a long time and the result is used for the calibration. 

SPECT Uniformity calibration 

To make sure that the SPECT detectors have a uniform sensitivity a uniformity 

calibration is needed. The uniformity calibration is unique for every combination of 

isotope and collimator. The acquisition runs until 10.000 true counts have been 

acquired and the result is used to scale the number of counts for each detector in 

future acquisitions. 

SPECT Quality control 

The quality control is performed in the same way as the uniformity calibration, but 

only acquires 3.000 counts. The purpose is to make sure that the detectors have not 

changed their uniformity since the last uniformity calibration. 

SPECT Geometric calibration 

This calibration must be done for the reconstruction of SPECT acquisitions to be 

correct. It allows the scanner to know how the SPECT cameras move relative to the 

source. This calibration is performed by running SPECT acquisitions at different 

Radius of Rotations (RoR) with a point source and then fit the data to circular orbits. 

CT Camera calibration  

The CT scanner can be set to different voltages, binning modes and spot sizes. For 

each single combination of these parameters a new camera calibration is needed. 



2.11 Error factors in PET 

There are many different factors that can affect the results of a PET acquisition. 

Because PET is based on ACD only one of the two photons has to be interrupted in 

some way for the PET to fail registering the annihilation. Here are some of the most 

important factors that can cause errors during the acquisition. 

2.11.1 Random coincidence 

When annihilation occurs, two back-to-back photons are created. Sometimes one of 

these photons gets absorbed or scattered away when passing through tissue. If two 

annihilations occur around the same time and one photon from each annihilation is 

registered within the time-window the camera will detect one incorrect annihilation. 

[6] 

Fig. 9 Description of Random Coincidences 

2.11.2 Scattering (Compton scattering) 

When photons travel through tissue they sometimes change trajectory after interacting 

with a loosely bound electron. The energy that binds the electron to the atom is 

extremely small compared to the energy of the passing photon. Therefore the electron 

will be ejected from the atom and the photon will change its direction. [10] 



Fig. 10 Description of Scattered Coincidences. 

2.11.3 Attenuation correction 

When photons travel through tissue they are sometimes absorbed. Thicker tissue will 

absorb more photons leading to an underestimation of the activity in the centre of the 

objects. To compensate for this attenuation correction (AT) is applied resulting in 

higher image quality. The attenuation factors, which are used for the AT, are normally 

calculated from a transmission scan or a CT scan in the case of a PET/CT camera. [6] 

2.11.4 Dead-time 

In the PET camera detectors, the scintillations from the small crystals are converted to 

electronic pulses each time they are hit by a photon. During the convention the 

detectors are paralyzed and are not able to detect new photons for short period of 

time. This time is called dead-time and will lead to a loss of data. [6] 

2.12 Reconstructions 

The acquired data must be reconstructed to provide 3D data that can be viewed as 

images. During reconstruction several methods will adjust for the error factors to 

create a correct image. The reconstruction is usually done by using one of three 

methods, either analytically using Filtered Back Projection (FBP) or iteratively using 

Maximum Likelihood Expectation Maximization (MLEM) or Ordered Subset 

Expectation Maximization (OSEM). FBP is an older and simpler method and adds 

some noice to the images [24]. It was later suggested that higher quality images could 

be obtained using the MLEM method that will try and “guess” the most likely image. 

That image would then be used to try and “guess” the next image (iteration). The 

quality of the reconstructed image will depend on the number of iterations used, but 

too many iterations will result in an image with more noise[25]. Today OSEM, which 

is a faster version of MLEM, is the most commonly used method. [26] 

2.12.1 PET  

The PET system in the TRIUMPH lets the user select between FBP and MLEM as the 

reconstruction method. For this project MLEM set to ten iterations has been used for 

all reconstructions, which is recommended by manufacture.  

2.12.2 SPECT 

The SPECT system in the Triumph only offers OSEM as the reconstruction method.  

2.12.3 CT 

The CT system in the Triumph only offers FBP reconstructions.  



3. Materials and method 

3.1 Tracers 

There exist many different tracers that are being used in PET studies. Each tracer has 

both advantages and disadvantages and which tracer to use is based on what is being 

studied. For each tracer a specific isotope is used and that isotope will give the tracer 

specific properties In PET all tracers that are used will emit positrons, but depending 

on the isotope the positron will have different amounts of energy. The energy of the 

positron will decide how far it will travel before an annihilation with an electron can 

occur. The half-life of a specific isotope will affect how long the scan time can be. [6] 

Isotope Energy(MeV) Range(B
+
)(mm) Half-life Modality 

18
F 0.64 (β+

) 0.6 109 min PET 
68

Ga 1.90 (β+
) 2.9 68 min PET 

99
Tc 0.142 (γ) N/A 6.01 hours SPECT 

125
I 0.027 (γ) N/A 59.4 days SPECT 

Table 4. Isotope information. 

3.2 PET 

The performance evaluation of the PET system has, where applicable, been based on 

NEMA Standards Publication NU 4-2008. Several parameters has been measured 

such as spatial resolution, scatter correction, sensitivity and quantification values. 

All the acquisitions were reconstructed by using 2D-MLEM with the high resolution 

option selected and ten iterations. 

3.2.1 Spatial Resolution 

The spatial resolution was measured by placing a small capillary (1.1mm inner 

diameter – 1.3mm outer diameter) inside a thin (1mm) metal sleeve. The capillary 

was filled with ~4MBq of 
18

F and was then placed in the middle, at a 10 mm offset 

and at a 25 mm offset in eight directions for a total of 17 positions.  



Fig. 11. The capillary used for spatial resolution measurements. Used for both PET 

and SPECT. 

Fig. 12. Showing the placements of the capillary for the spatial resolution 

measurements. 

The FWHM (Full Width Half Maximum) and the FWTM (Full Width Tenth 

Maximum) for each position was then computed in both radial and tangential 

directions. The same data was computed for a slice situated at ¼ offset from the 

middle slice, as suggested in the NEMA NU 4-2008[18].  

A hot rod phantom with sectors of holes with 1.2, 1.6, 2.4, 3.2, 4.0 and 4.8 mm 

diameter, with center to center spacing of two times the diameter, was also used to 



measure the resolution. The phantom was filled with ~17 MBq of 
18

F and the 

acquisition was set to 2 h. 

   
Fig. 13-14. The Micro Deluxe Hot Rod, during acquisition to the left and a close up to 

the right. 

3.2.2 Sensitivity 

The sensitivity was measured by using a small point source filled with ~0.5 MBq of 
18

F that was placed in the middle of the field of view both axial and transaxial. The 

LABPET software included with the system was used to center the point source in the 
axial direction. The points source was then moved in short steps (1.18 mm), 

corresponding to the distance between two slices, in both directions. Images were 

acquired for 20 seconds at each step, for a total of 63 steps. The sensitivity was then 

calculated by taking the total amount of counts minus the random counts. The result 

was then divided by the acquisition time thus getting registered counts/second. By 

dividing the registered counts/second by the decay corrected activity used for the scan 

a sensitivity profile was created.  

Sensitivity =

TotalCounts − RandomCounts

AcquisitionTime

� 

� 
� 

� 

� 
� 

Activity

3.2.3 Quantification 

For the quantification measurement a plastic cylinder with a volume of ~45 ml was 

filled with ~25 MBq of 
18

F and a small sample was taken to measure the activity with 

high accuracy in a well counter. Images of the tube were acquired for 30 min and then 

reconstructed dynamically into 6 frames. A large enough VOI (volume of interest) 

was then used to measure the activity at each frame to compare the values given by 

the camera with the values gathered from the well counter. The PET camera is 

designed to do a decay correction to halfway through the scan meaning that the 

activity after 15 minutes (~21.9 MBq) should be given at every frame. The value from 

camera is given as Bq/ml (~0.48Mbq/cm
3
). 



Fig. 15. The phantom used for quantification measurements. 

3.2.4 Spill over  

To measure the spill over in water a large phantom, covering the whole gantry, with 

two inserts was used. The small insert had a volume of 6 ml while the large insert had 

a volume of 67 ml. They were used separately; each insert was filled with ~0.7 

MBq/ml and scanned for 30 minutes. After one half-life, ~0.35 MBq/ml, they were 

scanned again for 30 min. To approximate the underestimation of activity around the 

edges of the inserts several cylindrical VOIs were created with a height of 3.5 cm (to 

cover several slices). The radiuses were adjusted so that the VOIs covered between 

100% and down to ~10% of the insert. The mean value from the VOIs was then used 

to compare activity losses depending on distance to the edges. The FWHM and 

FWTM for each insert and each activity was also calculated and compared to the real 

diameter of the inserts.  

3.2.5 
68

Ga vs. 
18

F 

A comparison between the resolution of 
68

Ga and 
18

F was done by placing a small 

capillary (1.1mm inner diameter – 1.3mm outer diameter) in the middle of the FOV. 

A capillary was first filled with ~4.2 MBq of 
18

F and then another capillary was filled 

~6.7 MBq of 
 68

Ga. Both capillaries were scanned for 30 min. 



3.3 SPECT 

The performance evaluation of the SPECT system was focused on sensitivity, spatial 

resolution and spill over. 

3.3.1 Spatial resolution 

For the spatial resolution measurement a small capillary (1.1mm inner diameter – 

1.3mm outer diameter) was filled with five different activities of 
99m

Tc evenly 

distributed between 1.7 MBq and 7.6 MBq. For each activity the capillary was 

scanned four times, one for each of the possible energy windows (5%, 10%, 20%, 

OPEN). The scan time for each energy window varied based on a manually calculated 

decay correction. The FWHM was calculated by taking the average of the middle five 

slices. 

3.3.2 Sensitivity  

For the sensitivity measurement the same data as for the spatial resolution was used. 

The reconstructed files were imported to MATLAB were a circular VOI, covering 

eight of the middle slices, was used to calculate the average number of detected 

counts per slice. The counts per slice were then divided by the activity in the capillary 

to get the counts per slice per MBq to ease comparison between activities. 

3.3.3 Spill over 

To measure the spill over a custom made phantom (CMP) was created. The CMP 

consisted of a cylinder filled with air surrounded by water with activity. It was filled 

with three different concentrations of 
99

Tc (~10, ~3, ~1 MBq/ml) and for each 

concentration the CMP was scanned two times for 20 minutes first with the 10% 

energy window and then with the OPEN energy window. The acquired data was 

analyzed in MATLAB for how much activity was detected in the cylinder. The 

analysis was done by creating six circular ROIs where the largest one was the same 

size as the inserted cylinder, 13 pixels diameter, and the smallest one was only 3 

pixels diameter. The ROIs were used to measure how many counts that were being 

detected in different areas of the cylinder. The amount of detected counts in each ROI 

was then calculated as a percentage of how many counts could be detected when 

instead placing the ROI inside the area with activity.   

3.3.4 Testing of a low energy isotope, 
125

I 

To see how well the camera could detect a low energy isotope a small capillary was 

filled with ~1 MBq of 
125

I and then scanned twice, first for 25 minutes and then for 50 

minutes. The 10% energy window was used. The FWHM was calculated and 

compared to the FWHM acquired from when using 
99m

Tc.  

3.4 CT 

The performance evaluation of the CT has been limited to the systems ability to apply 

an acceptable fusion between PET/CT and SPECT/CT. The results were based on 



data from the in vivo mouse study. The PET scan has been acquired first followed by 

a CT scan. The fusion has then been performed by the built in system. 

3.5 In vivo mouse study  

To evaluate the performance of in vivo studies a live mouse study was performed 

using a nude mouse with an experimental grown tumour.   

Cancer tissue is characterized by increases in the activity of certain signaling 

pathways, which is associated with increases in several forms of metabolism. PET 

makes it possible to use biomarkers to detect those pathways and evaluate the 

abnormal activity of the cancer tissue.  

A small radioactive peptide labelled with the positron-emitter, 
68

Ga, was administered 

intravenously. This peptide localizes the tumour and binds to already attached 

antibodies.. The nonbinding peptide rapidly clears the body via the kidneys and 

bladder. 

NMRI nu/nu mice bearing LS174T (human colon carcinoma) Xenografts were 

prepared for in vivo validation of this concept. 

The animal study was approved by the local ethics committee and performed in 

conjunction with the Guide for the Care and Use of Laboratory Animals. The animal 

was first scanned in PET followed by an immediate CT scan to enable fusion. 

4. Results 

4.1 PET 

4.1.1 Spatial resolution 

Capillaries

In the middle slice the FWHM for the capillary at the center was equal to 1.19 mm. 

For the 10 mm offset the radial FWHM was equal to 1.36 mm while the tangential 

FWHM was equal to 1.28 mm. For the 25 mm offset the radial FWHM was equal to 

1.86 mm while the tangential FWHM was equal to 1.49 mm. 
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Fig. 16 Results from spatial resolution measurements for PET. Middle Slice 

In the ¼ slice the FWHM for the capillary in the center increased to 1.37. The radial 

FWHM in the ¼ slice for the 10 and 20 mm offset was equal to 1.36 mm and 1.84 

mm respectively. The relative loss of resolution between the middle slice and the ¼ 

slice was equal to 8 % at the center of the FOV. 
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Fig. 17 Results from spatial resolution for PET. ¼ Slice 

Micro Deluxe Phantom™ 

The result from the two-hour acquisition with the Micro Deluxe Phantom
TM

 with Hot 

Spot Insert’s showed that the 1.6 mm holes were visually separable while the 1.2 mm 

holes were inseparable.  



Fig. 18 Image from the Hot Rod Micro Deluxe Phantom acquisition. 

4.1.2 Sensitivity 

The sensitivity for LABPET was equal to ~0.5 % when the point source was on the 

axis and centered in the axial FOV. When the point source was moved to ¼ of the 

axial FOV the sensitivity dropped to ~0.3 %. 
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Fig. 19 The axial sensitivity profile for the PET. 

4.1.3 Quantification 

The result from the quantification measurement shows that the activity is 

underestimated by ~15%. The real activity is ~0.48Mbq while the activity measured 

from the reconstructed image is ~0.41MBq. 
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Fig. 20 Results from  

quantification  

measurement. 

4.1.4 Spill over in water 

The results show that when using a concentration ~0.7 MBq/ml the activity loss at the 

edges is ~6% for the large insert and ~11% for the small insert. When using a 

concentration of ~0.35 MBq/ml the loss is ~7% for large insert and ~15% for the 

small insert. For the large insert it is enough to cut off ~1/4 and of the radius to 

exclude the losses when using ~0.7 MBq/ml. for the small insert it is enough to cut 

off ~1/2 of the radius to exclude the losses when using ~0.7 MBq/ml.  
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Fig. 21 Spill over profile, showing the relative amount of maximum detected counts. 
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Fig. 22 Spill over profile, showing the relative amount of maximum detected counts. 
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Fig. 23 Spill over profile, showing the relative amount of maximum detected counts. 
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Fig. 24 Spill over profile, showing the relative amount of maximum detected counts. 

The FWHM show an underestimation of the size of the inserts while the FWTM 

shows an overestimation.  

Table 5 The FWHM and FWTM of the different inserts and activities. 
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4.1.5
 68

Ga vs 
18

F 

The spatial resolution comparison between the capillaries showed a resolution loss of 

~4 % when using 
68

Ga as opposed to 
18

F. 

/2�3��
�4�253

�

���

�

���

�

���

�	
� �	��

�
� ���

,���

Fig. 25 The FWHM and FWTM for 
18

F and 
68

Ga. 

4.2 SPECT 

4.2.1 Spatial resolution  

The results from the spatial resolution test show that the FWHM for the SPECT is 

about 0.8 mm for all energy windows The results show a tendency of decreasing 

resolution when using larger energy windows. Also seen is a slightly lower resolution 

for the 20% and OPEN energy windows compared to the 5% and 10% energy 

windows. The FWTM varies between 1.3 and 1.8 mm while comparing different 

energy windows and activities shows the same trend as for the FWHM.  
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Fig. 26 The FWHM for the capillary in the SPECT with different activities. 

�

���

���

���

���

�

���

���

���

���

�

�� ��� ��� -./0

6	�#��0���7

���"�12

���"�12

���"�12

���"�12

���"�12

Fig. 27 The FWTM for the capillary in the SPECT with different activites. 

4.2.2 Sensitivity 

The result shows that sensitivity is the same for the whole measured activity 

spectrum, 1-10 MBq. The energy windows narrows the amount of detected counts 



with the 5% energy window detecting the less amount of counts and the OPEN 

energy window detecting the most amount of counts. 
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Fig. 28 Sensitivity for different energy windows and different activites. 

4.2.3 Spill over 

The result shows that the relative spill over stay about the same in the studied activity 

range, 1-10 MBq. The lowest relative spill over, ~7%, is measured for the smallest 

ROIs and the highest, ~24%, is measured for the largest ROI. The averaged difference 

between 10% energy window and OPEN energy window is ~2%. 

DetectedCountsVOIinAir

DetectedCountsVOIinActivity
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Fig. 29 The spill over, in air, relative to the total activity. 

Activity"
Energy 

Window" " " ROI Diameter" " "

" " 1� 2� 3� 4� 5� 6�

1 MBq� 10%� 6,97%� 6,60%� 8,14%� 8,99%� 13,14%� 19,77%�

1 MBq� OPEN� 9,24%� 8,05%� 10,66%� 11,95%� 16,61%� 24,29%�

3 MBq� 10%� 8,57%� 8,35%� 10,94%� 11,50%� 15,80%� 23,24%�

3 MBq� OPEN� 9,60%� 8,40%� 10,37%� 11,56%� 16,10%� 24,09%�

10 MBq� 10%� 8,24%� 7,57%� 9,21%� 9,57%� 12,91%� 20,28%�

10 MBq� OPEN� 11,10%� 9,92%� 12,04%� 12,86%� 17,04%� 24,32%�

" � " " " " " "

AVERAGES� 8,95%� 8,15%� 10,23%� 11,07%� 15,26%� 22,66%�

Table 6 Detailed information about spill over for the SPECT. 

4.2.4 
125

Iodine 

The results from capillaries filled with 
125

I shows no problems resolving the low 

energy isotope. The FWHM for the capillary with 25s/projection for the middle slices 

was averaged to 0.7 mm while the FWHM for the capillary with 50s/projection was 

averaged to 1.0 mm. 



                          
Fig. 30-31 Images exported from Amide, 25s/projection to the left and 50s/projection 

to the right. No adjustments to the colormaps have been made. 

4.3 CT and In Vivo  

The skeleton of the mouse that comes from the CT acquisition can be clearly seen and 
helps with localization of the tumour. The uptake of tracer, imaged from the PET 

acquisition, can be seen in the bladder (bottom), the kidneys (middle) and the tumour 

(top left). 

Fig. 32 A fused PET/CT image of a mouse with an experimental grown tumour. 



5. Discussion 
The aim of this study was to measure the performance of the Triumph system and its 

three modalities. Each modality was tested in regard to several parameters that were 

of most interest for that particular modality. Even though the focus has been shifted 

between different parameters for each system some measurements have allowed for 

comparison in-between systems. The performance evaluation has been extensive and 

the variables of most interest have been covered.  

The ability to understand and evaluate a tomographical imaging system is heavily 

dependant on the knowledge of hardware, software and physics. Without the basic 

knowledge of radioactive decay and the difference between different kinds of decay 

the resolution difference between PET and SPECT, for example, are hard to grasp. 

The same goes for understanding sensitivity that is strongly dependant on the 

hardware of the system. Understanding the meaning of the each parameter enables the 

results to be analyzed and criticized. To be able to perform this evaluation I had to 

learn about every part of the system and also about all the physics and ideas that the 

different modalities are based on. By not having knowledge of every step and every 

factor that can influence the result it is very hard to say if the results are reliable or not 

and to determine the cause of a poor result. Was the result a cause of poor system 

performance? Or was it a consequence of how the experiment was carried out?  

Both the PET and SPECT systems are designed to correct for radioactive decay and 

therefore correct handling of radioactive material is required. I needed to learn about 

the risks and dangers of handling radioactive substances and also how the risks can be 

avoided or minimized. Knowledge of how to prepare solutions with specific 

concentrations, preparing phantoms, measure activity and calculating decay 

correction was also required. To learn about the Triumph system, one month was 

spent co-installing the system together with the assigned installations engineer. Each 

system was installed, calibrated and tested so that it reached the required limits. 

The evaluation was based on the NEMA protocol but was from the beginning 

intended to follow it more closely than what was done. The reasons not to follow 

NEMA more closely were based on availability issues of the suggested equipment 

and the lack of access to sinograms and other essential data from the Triumph. The 

NEMA protocol has instead been used as an aid to design some of the studies. Some 

of the evaluations that were following the NEMA protocol were modified for before 

?? applying them to the Triumph. The spatial resolution was performed as suggested 

in NEMA NU 4-2008 but in eight trans-axial directions instead of just one and by 

using only two offsets (10 and 25mm) instead of four (5,10,15 and 25mm). This 

provides more information for the overall spatial resolution in the gantry but provides 

less detailed information concerning offset position. The use of more directions 

should compensate for the fewer number of offset positions and overall provide a 

more reliable result.[18]. By not following NEMA a comparison to other performance 

evaluation of this or other systems may be misleading. The results from every 

measurement do however give an understanding of the systems performance and 

provide valuable information like the relative loss of sensitivity at the edges of the 

gantry, reliability of quantitative values, spill over effects on quantitative values and 

comparison between isotopes.  



The evaluation of the SPECT system did not follow any specific protocol, like NEMA 

for PET, but some of the variables mentioned in NEMA were also evaluated on the 

SPECT. Spatial resolution was measured by using the same type of capillary that was 

used for the spatial resolution on the PET. The SPECT resolution study was not as 

thorough as the one for the PET but the results still allows for a comparison between 

the SPECT and the PET. The result from the spatial resolution study suggests that the 

SPECT should be better since the FWHM is lower. This could however be a result of 

the low resolution of the camera together with the interpolation method used to 

calculate the FWHM. The FWTM does provide values that are closer to the  true 

value of the capillary’s inner radius..This result points to a potential problem with the 

line source used for this evaluation. The line source may have the same or close to the 

same size as the real spatial resolution of the camera. This will lead to incorrect 

results and not provide the true resolution of the camera.  

The sensitivity measurement had to be performed differently on the PET and the 

SPECT because of the differences in how the two systems function. This makes a 

comparison of the sensitivity difficult. The most interesting and useful result from the 

sensitivity measurements is to see how it varies between energy windows.  

The spill over test that was performed used a phantom that was custom made by hand 

and therefore it was not created with same precision as the other phantoms that were 

used. The measurement did experience some problems in the form of air bubbles 

created inside the phantom. The phantom was still used since the bubbles were not 

considered to affect the quality of the measurement much. To adjust for the air 

bubbles, the slices used to measure spill over had to be taken from the middle and 

towards one side instead of having the slices centered around the middle slice. The 

purpose of correctly measuring spill over was still achieved.  

Even though the system is available to resolve the capillaries using 
125

I it is uncertain 

how well it will perform when injected into larger and more complex objects. The low 

energy of the 
125

I isotope makes it very dependant on attenuation correction, which at 

this state is not implemented in the Triumph. It is also concerning that the resolution 

of the capillaries varies rather much depending on the time per projection. 

One of the biggest issues that were faced when performing this evaluation was the 

limited time. More time would have provided better statistics since a higher number 

of studies could have been conducted. The results presented within this report are still 

thoroughly analyzed and provide a correct summation of the systems performance.  

Another issue that arises from the limited time was the evaluation of different 

collimators on the SPECT. Spatial resolution and sensitivity of the SPECT are heavily 

dependent on the choice of collimators. The Triumph actually ships with three 

different collimators and it would have been interesting to see how the system would 

perform with different collimators. 

To understand how the Triumph stands against other systems a comparison to the 

earlier GE animal PET scanner eXplore Vista can be made. Since the spatial 

resolution measurements in technical validations of the Vista has been done by using 

a point source instead of a capillary the FWHM results are hard to compare. But they 

also show results from scanning a micro deluxe phantom that are comparable. It can 



be seen that the 1.2 mm holes are visually separated by the Vista [22] while the results 

from the Triumph show that only the 1.6 mm holes are visually separable. The 

VISTA uses LYSO and GSO detector crystals while the triumph uses LYSO and 

LGSO crystals. But the GSO and LGSO crystals are expected to provide the same 

spatial resolution and have close to identical functionality [23]. So the reason for the 

difference in performance is most likely found in the software used for acquisition 

and reconstruction.  



6. Conclusion 
The Triumph does produce high quality images for PET, SPECT and CT even though 

results indicate that earlier GE PET cameras like the GE eXplore VISTA may have a 

higher resolution. The strength of Triumph comes from its variety of modalities and 

its ability to produce high quality PET/CT and SPECT/CT fusions. The ability for 

fusion does to some extent replace the loss of resolution by making localization much 

easier. The Triumph also has the ability to resolve a large variety of isotopes making 

it suitable for researchers that work with both PET and SPECT isotopes.  

6.1 Future work 

There were several ideas for further evaluation that had to be skipped because of 

limited time and missing equipment. Here are a few ideas that could improve future 

evaluations of the Triumph system.  

• More detailed comparisons between a larger number of isotopes on the PET 

and SPECT. Some of the more interesting isotopes include 
11

C, 
111

In and 
177

Lu. 

• Perform evaluations using different collimators for the SPECT. 

• Perform evaluations using much higher activities to see how the SPECT 
detectors responds. This is interesting since it is common too use much higher 

activities than the ones used in this evaluation. 

• When this evaluation took place there was no support for attenuation 
correction for any of the modalities. This is confirmed to be under 

development by GE and it can be of interest to see how much this will effect 

the results. 
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Fig. 4   http://www.ge.com 

Fig. 5   Triumph, courtesy of F. Engbrant, Nov 2009
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Fig. 7  L.Larsson, Mar 2010 

Fig. 8  Triumph detectors, courtesy of F. Engbrant, Nov 2009 

Fig. 9   Courtesy of Pasha Razifar 

Fig. 10  Courtesy of Pasha Razifar 

Fig. 11 -15 L. Larsson, Mar 2010 

Fig. 32  Image from ongoing project at Uppsala ASL, GE Healthcare. 


