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Norsk sammendrag 
Det første positronemisjonstomografi (PET)/magnetisk resonans (MR) systemet i Norge ble 

installert på St. Olavs Hospital i Trondheim i 2013 og var en generøs gave fra Trond Mohn. 

Denne avbildningsmodaliteten muliggjør simultan PET- og MR-avbildning og gir dermed både 

metabolsk og anatomisk informasjon i en og samme undersøkelse. PET er en mye brukt 

bildemodalitet innen onkologi, men brukes også stadig mer innen nevrologi og kardiologi. De 

første kliniske PET/MR systemene ble introdusert i 2010 og var et spennende tilskudd til 

PET/computed tomograohy (CT) som ble lansert i 2001. MR-bilder gir en utmerket 

bløtvevskontrast og benyttes ofte fremfor CT i kroppsregioner hvor dette er spesielt viktig, som 

i hjernen. Når PET/MR ble lansert var det fremdeles ikke klart hvilke bruksområder denne 

modaliteten var spesielt egnet for. I tillegg førte unøyaktig MR-basert attenuasjonskorreksjon 

(MRAC) av PET-bildene til at denne modaliteten ikke ble brukt i klinisk praksis. Hensikten 

med arbeidet knyttet til denne avhandlingen var derfor å vurdere PET-bildekvaliteten for 

PET/MR sammenlignet med PET/CT og hvorvidt modaliteten kan brukes ved kliniske 

hjerneundersøkelser.   

Først ble klinisk tilgjengelige og forsknings MRAC-metoder evaluert og sammenlignet med 

CT-basert AC. Dette ble gjort for [18F]FDG PET-undersøkelser av pasienter med mistanke om 

demens, en undersøkelse som i økende grad brukes i tillegg til MR i denne pasientgruppen. 

Resultatene viste at nøyaktigheten for en nylig implementert klinisk MRAC metode var 

akseptabel, men at forskningsmetoder ga økt nøyaktighet.  

Videre ble PET-bildekvaliteten for PET/MR vurdert basert på kontrast og deteksjon av små 

lesjoner. Dette ble utført som en fantomstudie representativ for hjerneundersøkelser. 

Kontrasten og detekterbarheten var noe redusert for PET/MR sammenlignet med PET/CT, men 

tilsvarende detekterbarhet ble oppnådd med økt innsamlingstid for PET/MR.  

Resultatene i de to første studiene viste at PET/MR kan brukes ved kliniske 

hjerneundersøkelser, som f.eks. ved demens. Potensialet til PET og PET/MR innen 

nevrodegenerative sykdommer øker med ny forskning og utvikling av nye tracere. Innen 

nevroonkologi har det blitt utført mye forskning på gliom, og aminosyre PET anbefales nå for 

å komplementere MR for denne pasientgruppen. Mindre forskning har blitt utført for 

hjernemetastaser og den diagnostiske verdien av aminosyre PET har ikke blitt avklart. I den 

siste studien ble det derfor undersøkt hvorvidt en lovende aminosyretracer ([18F]FACBC) ville 
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gi diagnostisk verdi utover en MR-undersøkelse av hjernemetastaser. Hjernemetastasene viste 

generelt høyt opptak av [18F]FACBC sammenlignet med friskt vev i hjernen, men [18F]FACBC 

PET var ikke i stand til å detektere små hjernemetastaser i samme grad som MR. [18F]FACBC 

PET viste dog tendens til å avdekke tumorvev utenfor området definert med MR. Det ble også 

undersøkt hvorvidt [18F]FACBC PET kan skille mellom tilbakefall av tumorvev og skader fra 

strålebehandling, noe som er utfordrende med MR, men det kreves mer forskning for å 

bestemme den diagnostiske verdien av [18F]FACBC PET ved denne problemstillingen.  

Dette forskningsarbeidet er et viktig skritt for videre forskning på potensialet og 

bruksområdene for PET/MR i hjernen. I tillegg har denne forskningen ført til at PET/MR nå 

brukes klinisk ved undersøkelser av pasienter med demens ved St. Olavs Hospital.  
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English summary 
The first positron emission tomography (PET)/magnetic resonance imaging (MRI) system in 

Norway was installed at St. Olavs Hospital in Trondheim in 2013 as a generous gift from Trond 

Mohn. This hybrid imaging modality enables simultaneous PET and MRI examinations, 

providing metabolic and anatomic images in one examination. PET is widely used in oncology, 

but also increasingly applied in neurology and cardiology. The first clinical PET/MRI systems 

were introduced in 2010 and this was an exciting extension to PET/computed tomography (CT) 

systems available from 2001. MRI provides excellent soft tissue contrast and is preferred over 

CT in body regions where this is of high importance, like the brain. However, no key 

applications for the system were announced and PET/MRI was hampered by inaccurate MR-

based attenuation correction (MRAC) of PET images. Consequently, the system was not used 

in clinical routine. The aim of this thesis was therefore to evaluate the PET image quality of 

PET/MRI compared to PET/CT and whether PET/MRI is applicable for clinical brain 

examinations.  

First, clinically available and research MRAC methods were evaluated and compared to CT-

based AC. This was done for [18F]FDG PET evaluations of patients with suspected dementia, 

examinations that is increasingly used to support MRI for this patient group. The results 

showed that the accuracy of a recently implemented clinically MRAC method was acceptable, 

but the performance was further improved with research MRAC methods.  

Subsequently, the PET image quality of the PET/MRI system was evaluated in terms of 

contrast and detectability of small lesions in a phantom study representative for brain imaging. 

The contrast and detectability were slightly decreased for PET/MRI compared to PET/CT, but 

the same detectability was obtained for an increased acquisition time for PET/MRI.   

The results of the two first papers showed that PET/MRI is applicable for brain examinations 

in clinical routine, like dementia. The potential of PET and hence PET/MRI in 

neurodegenerative diseases is increasing with recent research and tracer development. In 

neuro-oncology, a lot of research has been done on glioma and amino acid PET is now 

recommended to complement MRI for this patient group. For brain metastasis, the literature is 

still limited, and the diagnostic value of amino acid PET is not yet clear. The last study was 

therefore conducted to assess whether a promising amino acid PET tracer ([18F]FACBC) would 

add diagnostic value to MRI in evaluation of brain metastases. The brain metastases showed in 

general high [18F]FACBC uptake compared to normal brain tissue, but detection of small 
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metastases was limited and inferior to MRI. However, [18F]FACBC PET might detect tumor 

tissue beyond the tumor volume defined on MRI. The potential for [18F]FACBC PET to 

differentiation tumor recurrence from radiation-related changes was also investigated, which 

may be challenging based on MRI, but further studies are required to determine the diagnostic 

value of [18F]FACBC PET in this situation.  

The work of this thesis is an important step to further investigations of the potential and 

applications of brain PET/MRI. Furthermore, PET/MRI is now used in clinical routine for 

examination of patients with dementia at St. Olavs Hospital based on the results of this thesis.   

 

 

  



 10 

List of abbreviations 
68Ga    Gallium-68   
68Ge    Germanium-68  

18F    Fluorine-18 
177Lu    Lutetium-177   

[11C]MET   L-[methyl-carbon-11]-methionine  

[11C]PiB   [Carbon-11]-labelled Pittsburgh Compound-B  

[18F]FACBC   Anti-1-amino-3-[fluorine-18]fluorocyclobutane-L-carboxylic acid  

[18F]FDG   2-deoxy-2-[fluorine-18]fluoro-D-glucose  

[18F]FDOPA   L-3,4-dihydroxy-6-[fluorine-18]fluorophenylalanine  

[18F]FET   O-(2-[fluorine-18]Fluoroethyl)-L-tyrosine  

[68Ga]PSMA   [Gallium-68]-prostate-specific membrane antigen  

[177Lu]PSMA   [Lutetium-177]-prostate-specific membrane antigen  

AA    Amino acid  

AC    Attenuation correction  

ACF    Attenuation correction factor  

AD    Alzheimer’s disease  

ALARA   As Low As Reasonably Achievable  

aMRI   Advanced MRI 

APD    Avalanche photodiode  

BBB    Blood-brain barrier 

BPL    Bayesian penalized likelihood  

ce-MRI   Contrast-enhanced MRI  

CNR    Contrast-to-noise ratio  

CNS    Central nervous system 

CRC    Contrast recovery coefficient  

CT   Computed tomography  

CTAC          CT-based attenuation correction 

DLB    Dementia with Lewy bodies  

DSC    Dice similarity coefficient  

DWI    Diffusion-weighted imaging  

EANM   European Association of Nuclear Medicine 

EANO   European Association for Neuro-Oncology  



 11 

FBP    Filtered backprojection  

FID    Free induction decay  

FLAIR   Fluid attenuated inversion recovery  

fMRI    Functional MRI  

FOV    Field of view  

FTD    Frontotemporal dementia  

FWHM   Full width at half-maximum  

GE    General Electric  

LAC    Linear attenuation coefficient  

LAT    L-amino acid transporters  

LOR    Line of response  

LSO    Lutetium oxyorthosilicate 

LYSO    Lutetium-yttrium oxyorthosilicate 

MCI    Mild cognitive impairment  

MRAC   MR-based attenuation correction  

MRI   Magnetic resonance imaging  

MRS    Magnetic resonance spectroscopy  

NEMA   National Electrical Manufacturers Association  

NMV    Net magnetization vector  

OSEM   Ordered Subset Expectation Maximization  

PD    Parkinson’s disease  

PET    Positron emission tomography  

PET-RANO  Response Assessment in Neuro-Oncology with PET 

PMT    Photomultiplier tube  

PSF    Point spread function  

PSMA   Prostate-specific membrane antigen  

PVE    Partial volume effects  

PWI    Perfusion-weighted imaging    

RD    Relative difference  

REC    Regional Committee for Ethics in Medical Research  

RF   Radiofrequency  

ROI    Region of interest  

SiPM    Silicon photomultiplier  

SNR    Signal-to-noise ratio  



 12 

SUV    Standardized uptake value  

TAC    Time activity curve  

TB    Total body  

TBR    Tumor-to-background ratio  

TE    Echo time  

TOF    Time-of-flight  

TR    Repetition time  

UCL    University College London 

UTE          Ultrashort echo-time  

VOI          Volume of interest  

ZTE           Zero-echo time  

  



 13 

List of publications 

Paper I 

Øen SK, Keil TM, Berntsen EM, Aanerud JF, Schwarzlmüller T, Ladefoged CN, Karlberg 

AM, Eikenes L. «Quantitative and clinical impact of MRI-based attenuation correction 

methods in [18F]FDG evaluation of dementia.» European Journal of Nuclear Medicine & 

Molecular Imaging Research. 2019 Aug 24;9(1):83.  

Paper II 

Øen SK, Aasheim LB, Eikenes L, Karlberg AM. «Image quality and detectability in Siemens 

Biograph PET/MRI and PET/CT systems-a phantom study.» European Journal of Nuclear 

Medicine & Molecular Imaging Physics. 2019 Aug 5;6(1):16. 

Paper III  

Øen SK, Johannessen K, Pedersen LK, Berntsen EM, Totland JA, Johansen H, Bogsrud T, 

Solheim TS, Karlberg A, Eikenes L. «Diagnostic value of [18F]FACBC PET/MRI in brain 

metastases.» Submitted to Clinical Nuclear Medicine, May 2022.  

Other publications 

Kuttner S, Lassen ML, Øen SK, Sundset R, Beyer T, Eikenes L. «Quantitative PET/MR 

imaging of lung cancer in the presence of artifacts in the MR-based attenuation correction 

maps.» Acta Radiologica. 2020 Jan;61(1):11-20. 

Ladefoged CN, Hansen AE, Henriksen OM, Bruun FJ, Eikenes L, Øen SK, Karlberg A, 

Højgaard L, Law I, Andersen FL. «AI-driven attenuation correction for brain PET/MRI: 

Clinical evaluation of a dementia cohort and importance of the training group size.» 

Neuroimage. 2020 Nov 15;222:117221. 

Hansen S, Kuttner S, Kampffmeyer M, Markussen TV, Sundset R, Øen SK, Eikenes L, Jenssen 

R. «Unsupervised supervoxel-based lung tumor segmentation across patient scans in hybrid 

PET/MRI» Expert Systems with Applications. 2021 April, 167:114244. 

  
 



 14 

1 Introduction 

Positron emission tomography (PET) is a nuclear imaging technique representing molecular 

processes and the first commercial PET scanner was introduced in 1976 (1). In 2001, the first 

hybrid PET/computed tomography (CT) system was introduced and successfully spread around 

the world (2). Standalone PET systems were replaced by PET/CT, and by 2016 more than 5000 

hybrid systems had been installed worldwide (3, 4). This hybrid imaging technology provided 

functional and anatomical information from PET and CT, respectively, in a single examination 

and decreased the PET imaging time. PET/CT is now well-established in the clinical routine 

for oncological applications, and is increasingly used within other fields, such as neurology 

and cardiology. 

Magnetic resonance imaging (MRI) provides superior soft tissue contrast compared to CT, and 

the combination of PET and MRI in a hybrid system was already discussed in the early 1990s 

(5). However, the interference between the magnetic field and PET detectors required major 

technological advancements and clinical whole-body PET/MRI systems were not introduced 

until 2010 (6, 7). Furthermore, quantitative attenuation corrections of the PET images were 

now based on MR images instead of CT images which caused inaccurate PET images, 

especially in the brain. In addition to the high cost of the system, this caused limited number 

of installations of the modality. The clinical benefits for this novel system were still unknown 

at the time, and users worldwide requested information about clinical key applications. Today, 

around 200 PET/MRI systems are installed worldwide (4) (Holger Schmidt, personal 

communication 2022.03.31).  

Nevertheless, the first PET/MRI system in Norway was installed at St. Olavs Hospital in 

Trondheim in 2013 as a generous gift from business leader Trond Mohn. Although this was an 

exciting system, the knowledge and confidence in the system was not in place and the 

PET/MRI system was not widely used for clinical applications, neither in Trondheim nor 

worldwide. Research projects were started to initiate implementation of PET/MRI in clinical 

routine, also by our research group at the integrated university hospital in Trondheim. As a part 

of this thesis, the impact of MR-based attenuation correction (MRAC) and the PET image 

quality of PET/MRI was evaluated and compared to the well-established PET/CT for brain 

examinations. As MRI is the main imaging modality in neurological and neuro-oncological 

applications, PET/MRI may play an interesting role in brain diagnostics where PET can add 
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complementary information to MRI. Therefore, we further investigated the potential of 

PET/MRI in dementia and brain tumors.  

 

1.1 PET 

1.1.1 Positron emission and annihilation 

The signal acquired in PET imaging originates from proton-rich radionuclides that decay by 

positron emission, hence the name positron emission tomography. The positron emitting 

isotopes are labelled to a pharmaceutical, called tracer, which is injected into the bloodstream 

of the patient and brings the radioactive molecules to the sites of interest. The most widely used 

radiopharmaceutical is a glucose analogue (2-deoxy-2-[fluorine-18]fluoro-D-glucose, 

[18F]FDG), as it guides the [18F]FDG molecules to cancer cells due to their high glucose 

metabolism. Other tracers can be used to label other molecular processes. In this way, the 

positrons are emitted from the sites we want to visualize, and the resulting PET image 

demonstrates the distribution of the tracer.  

The emitted positron travels a short distance in tissue, losing its kinetic energy by inelastic 

interactions with electrons in the tissue (8). When almost at rest the positron combines with an 

electron and annihilates, a process converting the mass of the positron and electron into 

electromagnetic energy in the form of two high-energy ! photons, as illustrated in Figure 1. 

The annihilation photons are emitted in opposite directions (180° ± 0.25°), each with an energy 

of 511 keV. The PET detectors surrounding the patient can detect these annihilation photons. 

If both photons from an annihilation is detected within a certain timeframe, the position of the 

annihilation is known to be along a line between the two detectors involved. The tracer is hence 

assumed to be located along this line, called the line of response (LOR). This information is 

used to reconstruct an image of the distribution of the tracer in the body of the patient, which 

is further described in section 1.1.4.  
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Figure 1 When a positron is emitted from a radionuclide, it travels a short distance in tissue before it interacts 
with an electron and an annihilation process takes place, where two 511 keV gamma photons are created. The 

annihilation photons are emitted in opposite directions and may be detected by the PET detectors. Illustration 

from van  der Veldt et al. (9), published under creative commons license CC BY 3.0 

(https://creativecommons.org/licenses/by/3.0/). 

 

1.1.2 PET detectors 

PET detectors surrounding the patient shall efficiently detect the 511 keV photons that escape 

the body (8), and provide information about the spatial location and energy of the incoming 

photons and the time of interaction (10). The PET detectors consist of two components: the 

scintillator and the photodetector. The scintillator converts the 511 keV photons to light 

photons that are transformed to an electrical pulse by the photodetector. The scintillator 

consists of a dense scintillation crystal, today usually LSO (lutetium oxyorthosilicate) or LYSO 

(lutetium-yttrium oxyorthosilicate), that have a high probability of stopping the incoming 

photons, fast timing resolution, reasonable energy resolution, and low dead time (10). Some or 

all the photon energy is deposited in the crystal, which produces light photons proportional to 

the amount of energy deposited. The light photons are subsequently converted to electrons and 

amplified by the photodetector (photomultiplier tube (PMT), avalanche photodiode (APD), or 

silicon photomultiplier (SiPM)) producing an electronic signal that represents a detection of an 

event. If two photons are detected within a time window (e.g., within 4 ns) in two distinct 

detectors within an acceptance angle it represents a coincidence event (10). 

Historically, PMTs have been the photodetectors used in PET systems due to their fast 

response, high sensitivity and relatively low noise (10). However, in the development of 
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integrated PET/MRI systems, solid-state photodetectors were proposed as they are insensitive 

to high magnetic fields. APDs were first used, which have a compact size and very high photon 

detection efficiency compared to PMTs, but much lower gain and a limited timing resolution 

(11). Further development led to the introduction of SiPM that are APDs tightly packed on a 

common silicon substrate (12). SiPMs combines the advantages of PMTs and APDs, providing 

high gain and photon detection efficiency, as well as very good timing resolution and compact 

size. SiPM is now the most used photodetector in modern PET systems, both PET/MRI and 

PET/CT (10). 

 

1.1.3 Photon interactions in matter and scattering  

The annihilation photons may be scattered or attenuated in tissue or hardware (e.g., patient 

table, coils) before reaching the detectors. ! photons interact with matter by three mechanisms: 

photoelectric effect, Compton scattering and pair production. The latter process requires a 

photon energy above 1,022 keV and is not possible for the annihilation photons with an energy 

of 511 keV. In the case of photoelectric effect the photon is completely absorbed in an 

interaction with an atom, and its energy is transferred to an orbital electron that is ejected (8). 

During Compton scattering the photon interacts with a free or loosely bound electron in the 

medium, transferring some of its energy to the electron and the photon’s direction is changed. 

Compton scattering is the dominating interaction in tissue. The loss in photon flux, or 

attenuation, through a medium is described by 

I(x) = I(0)e!"#	 (1) 

where I(0)	 is the incoming photon flux and I(x) is the photon flux after passing through a 

medium of thickness x. µ is the probability per unit distance that an interaction will occur and 

is called the linear attenuation coefficient (LAC). For the 511 keV photons + ≈ +$%&'&()(*'+,* +

	+*&-$'&.. 

Scattered events cause incorrect location of annihilations and background noise (Figure 2). In 

the case where two photons from different annihilations are detected within a coincidence 

timing window, it is called a random event, which also produce noise in the image. To provide 

a quantitative correct PET image, correction methods are developed to exclude scattered and 

random coincidence events (briefly described in section 1.1.6 and 1.1.7), and the loss of 511 
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keV photons due to interactions in tissue and hardware are compensated by attenuation 

correction (section 1.1.5).  

 

Figure 2 Types of coincidence events. Left: True coincidence event, Middle: Random coincidence event – two 
photons from distinct annihilations are detected as a coincidence causing an incorrect LOR, Right: Scattered 

coincidence event – scatter of an annihilation photon cause an incorrect LOR. Illustration from Alessio et al. (13), 

published under creative commons license CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/). 

 

1.1.4 Image reconstruction 

When two annihilation photons are detected within the coincidence window and both photons 

have an energy within the energy window (e.g. 350-650 keV (14)) it is registered as an event. 

This raw data is stored in a sinogram in static acquisitions, where each LOR has a memory 

location that is incremented by 1. For dynamic scans, both time and location of each event is 

stored and written to a file (8). This is called listmode acquisition. The raw data is used to 

reconstruct static or dynamic PET images. Earlier filtered backprojection (FBP) was the 

standard reconstruction algorithm, but now iterative reconstruction, like Ordered Subset 

Expectation Maximization (OSEM), is widely used (15). In expectation maximization (EM) 

reconstruction an initial image is suggested and the corresponding sinogram data are compared 

to the collected sinogram data (16). The initial image is then updated based on the differences 

in the data in an iterative process to converge to the true image. More iterations will generate 

an image closer to the true image but will also introduce more noise. To speed up the iteration 

process, only subsets of the sinogram data are used in each iteration of OSEM reconstructions.  

As mentioned, several corrections are required to provide quantitatively accurate PET images 

and proper image contrast, like attenuation correction (section 1.1.5), scatter correction (section 

1.1.6) and random correction (section 1.1.7), which will be further described. Other corrections 
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include normalization (accounting for count rate variability among detectors) (17), dead time 

correction and decay correction, which will not be further discussed in this thesis.  

 

1.1.5 Attenuation correction 

Attenuation correction (AC) is the most important correction of PET images and compensates 

for the loss of annihilation photons due to interactions in tissue or hardware inside the detector 

ring. Bone has the highest electron density in the body and attenuates the most, followed by 

soft tissue, fat and lung tissue. Activity in deeper tissue will be more attenuated than tissue 

closer to the surface of the body and will appear to have lower activity without attenuation 

correction, as shown in Figure 3.   

 

 
Figure 3 Left: [18F]FDG brain attenuation corrected (AC) PET image, Middle: not attenuation corrected (NAC) 

PET image, Right: corresponding CT image used for attenuation correction. The images are from one of the 

patients included in Paper I.  

 

The probability that an annihilation photon from depth . in tissue (Figure 4) will escape the 

body and be available for detection is (8) 

// =
0(.)
0(0) = 1!01	 (2) 

The probability that both annihilation photons will escape the body is then,   

3 = // × /2 = 1!01 × 1!03 = 1!0(153) = 1!07 
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where D	is thickness of the body along the given LOR. The attenuation correction factor (ACF) 

applied to each LOR is the inverse of the probability P. As the µ-value vary with different 

tissue it must be integrated over the distance D and ACF becomes, 

 

!"# = %(')
%()) = 	+

∫ "($)!
" &$	 (,) 

which is multiplied with each LOR in sinogram space.  

 

 
Figure 4 The attenuation of the two annihilation photons, -, is dependent on the patient thickness, D. 
 

For PET only scanners, attenuation is usually measured by rotating Germanium-68 (68Ge) rod 

sources inside the scanner. A blank scan without the patient (I(0)) and a transmission scan with 

the patient inside the scanner (I(D)) is then acquired and ACFs for each LOR can be calculated 

according to Equation 3 (14).  

When PET/CT systems were introduced, attenuation correction was instead obtained by CT 

transmission scans, which is proportional to the attenuation of annihilation photons in tissue 

and is fast and noiseless compared to the 68Ge transmission scan. The µ-values are dependent 

on the photon energy, which is around 70 keV in CT imaging and therefore must be scaled to 

correspond to the 511 keV photons in PET imaging. This is performed by a bilinear scaling 

method that converts the CT images to attenuation correction maps (AC maps) (18).  

Attenuation correction was one of the big challenges when introducing the clinical PET/MRI 

systems, which are further described in section 1.3.1. 
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1.1.6 Scatter correction 

As the annihilation photons pass through the body, they may undergo Compton scattering. The 

direction of the photon is then changed, and the event is assigned to an incorrect LOR (Figure 

2). Most scattered photons have a small change in direction and a low loss of energy due to the 

high energy of the annihilation photons. The energy resolution of PET detectors is not very 

good, and a wide energy window is normally used (e.g., 350-650 keV) to provide reasonable 

detection efficacy. Hence the probability for scattered events of being within the energy 

window is quite high and these events will produce background noise in the image (14). The 

probability of scattered events increases with tissue density and the size of the patient, the 

activity and the width of the energy window. The scatter fraction can be more than 40 % in 3D 

PET and requires correction (8).  

Three main categories of scatter corrections exists: analytical, dual energy window, and 

simulation methods (8). Simulation methods are probably most accurate and simulates scatter 

based on emission and transmission data. A commonly used method in 3D PET is the single 

scatter simulation algorithm (19-21). This iterative process simulates scatter based on the 

radioactive distribution in the emission image and the scattering medium from the AC map. 

Only single Compton scatter of one of the two annihilation photons is considered, but it has 

been shown that this method also provides reasonable compensation for multiple scatter as well 

(20). Although the scatter estimation is based on an uncorrected emission image and no scaling 

to the scatter contributions outside the object being imaged is performed.  

 

1.1.7 Random correction 

Random events occur when two photons from different annihilations are registered as an event 

and cause degraded image contrast, inaccurate quantification and may produce image artifacts 

(8, 14). The rate of random events can be estimated by the single correction method, as 

. = /0 ∙ "' ∙ "(	 (2) 

where 2τ is the coincidence timing window and Ci is the count rate of detector i in counts per 

second. Another frequently used approach to estimate the randoms rate is by applying a 

delayed coincidence window in addition to the standard coincidence window. The delayed 

sinogram will only contain random events as no true or scattered events can occur in the 
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delayed coincidence window. The estimate of the delayed events can then be subtracted from 

the prompt coincidence sinogram obtained from the standard coincidence window. The 

delayed coincidence method cause a noisier estimate of random events than the single 

correction method, but do not introduce systematic errors that may occur in determination of 

the coincidence timing window in Equation 4 (8).  

 

1.1.8 Time-of-flight 

The localization of the annihilation along the LOR can be determined to some degree by the 

difference in arrival times at the detectors of the two annihilation photons (62 − 6/). This 

method is called time-of-flight (TOF) and improves the signal-to-noise ratio (SNR). The 

position of the annihilation can be restricted to a distance along the LOR (∆9) dependent on 

the timing resolution (∆6) of the system,  

∆9 =
∆6 ∙ ;
2 	 (5) 

where ; is the speed of light (22). TOF requires a high luminosity and fast decay time of the 

scintillation crystal (like LSO) and photo-detectors with good response time (like PMT or 

SiPM) (23). Hence TOF is not possible in the Siemens PET/MRI system (Biograph mMR, 

Siemens Healthineers, Erlangen, Germany) with APD photo-detectors, due to slow response 

time and low gain requiring amplification prior to processing (23). With TOF the localization 

of the annihilation along the LOR will be improved, but the accuracy is limited by the time 

resolution of PET detectors. For the Siemens Biograph mCT PET/CT system with a time 

resolution of 540 ps, the events are constrained to a segment of 8.1 cm along the LOR (24). 

TOF cause an increase in SNR compared to conventional PET that is proportional to the 

diameter (D) of the object being imaged and the timing resolution ∆6 (25) 

=>?89:
=>?;<8

= @A ∆6⁄ 	 (6) 

Hence TOF provides an increased benefit in imaging of larger patients as they generate more 

attenuation and scatter.  
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1.1.9 Spatial resolution and point spread modeling 

The spatial resolution is the ability of the system to distinguish two radioactive sources with a 

defined size at a relatively small distance. A best-case comparison of the spatial resolution 

between systems can be performed by imaging radioactive point sources in air and measuring 

the width of the point spread function (PSF) of the sources in reconstructed images. The width 

of the PSF is measured by the full width at half-maximum (FWHM) and full width at tenth-

maximum (FWTM) (26).  

The spatial resolution is dependent on several parameters, including both physical limitations 

related to the radioactive decay and issues related to detector design and image reconstruction. 

The fact that the emitted positron moves a distance before annihilation and the annihilation 

photons are not emitted exactly 180° apart, causes a mispositioning of the event and degrades 

the spatial resolution (8). The positron range is dependent on the kinetic energy of the emitted 

positron, which differs with radionuclides and tissue density. The degradation of the final 

spatial resolution by positron range for the most commonly used radioisotope, 18F,  is 0.2 mm 

(14). The noncolinearity is independent of the radionuclide and is due to the remaining kinetic 

energy of the positron at the time of annihilation. The blurring due to noncolinearity, ∆.*, is 

proportional to the diameter (D) of the detector ring as 

∆.*= 0.0022 × A. (7) 

For the Siemens PET/MRI (mMR) and PET/CT (mCT) systems, ∆.* is 1.44 mm and 1.85 mm, 

respectively.  

The width of the scintillator elements, d, is one of the main factors affecting the spatial 

resolution (14). The intrinsic resolution of the scintillation detectors is dependent on the 

distance to the detector and is best at the center of field of view (FOV) and is normally given 

as d/2 in the center of the detector ring and as d at the face of the detector. The width d is 

typically ~4 mm in clinical PET systems.  

The depth of interaction in the detector elements may also degrade the spatial resolution (14). 

When the annihilation photons are emitted from the center of the detector ring, they will enter 

perpendicular to the detector elements. However, when the annihilation is located at a radial 

offset, the photons enter with an angle and may cross one or two detectors before they are 

deposited. Hence, the event will be assigned to an incorrect LOR towards the center of FOV, 
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broadening the PSF in the radial direction (27). This effect is dependent on the width and 

thickness of the scintillator elements, the scintillator material and the distance between the 

detectors. Most clinical scanners do not have any depth-of-interaction capabilities and the 

spatial resolution is spatially variable within the FOV (10).  

The finite spatial resolution of the PET imaging systems caused by the detector design and the 

reconstruction process leads to image blurring. This is one of the main two reasons for partial 

volume effects (PVE), causing the image intensities to be different from what an ideal imaging 

system would provide (28). The image blurring causes spill out from small lesions and makes 

them appear larger and with lower tracer uptake than what is real. The second reason for PVE 

is the image sampling on a voxel grid. The voxel can consist of a mixture of tissues with 

different tracer uptake but will be represented with the mean intensity in the voxel. 

Furthermore, motion can also cause PVE due to image blurring. PVE can affect PET images 

both quantitatively and qualitatively, and typically occurs for tumor sizes smaller than 3 times 

the FWHM of the reconstructed image resolution (28).   

The spatial resolution may improve and become more uniform throughout the FOV with PSF 

modeling incorporated in the reconstruction algorithm (14, 16), which leads to higher activity 

recovery and improved lesion detectability (27, 29). However, it should be noted that PSF 

modeling may cause edge artifacts (Gibbs artifacts) that can affect quantification of sub-

centimeter lesions and therefore should be used with care (30, 31).  

Reconstructed PET images are usually quite noisy due to the low tracer dosage to minimize 

radiation dose to the patient and the limited acquisition time in clinical imaging (32). Post-

reconstruction filtering, such as Gaussian filter, is therefore usually applied to smooth the 

image and improve the signal-to-noise ratio (8). Consequently, the spatial resolution is 

degraded as high frequencies containing the detailed information are removed and the image 

is blurred.  

 

1.1.10 Image quality and detectability 

The PET image quality is dependent on spatial resolution, contrast and noise (33). Spatial 

resolution is the sharpness of the image, while contrast is the difference in image intensity of 

regions with different activity concentration. Noise can be statistical noise originating from 
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random fluctuations in radioactive decay or structured noise caused by for example imaging 

system artifacts. Random noise will always be present in nuclear medicine images, due to the 

random nature of radioactive decay causing statistical variations in counting rates. Especially 

for low activity concentrations this will degrade the image quality. Change in one of the three 

image quality factors will affect the others. For instance, increase in noise will deteriorate the 

contrast. To detect a lesion in an image, it must be distinguishable from the surrounding tissue 

and high noise levels makes this difficult. In oncology, the possibility to detect small lesions at 

an early stage is of high importance.   

The detectability of an object being imaged is found to be dependent on the contrast-to-noise 

ratio (CNR) (33). CNR of a lesion/uptake volume can be measured as (33),  

G>? = 	
|G= − G>|
=A>

	 (8) 

where G= and G> are the average counts in regions of interest (ROIs) covering the lesion/uptake 

volume and the background, respectively. =A> is the standard deviation of the counts in the 

background ROI. Studies have concluded that an object’s CNR must exceed a factor of 3-5, 

called the Rose criterion, to be detectable (33). The exact value depends on parameters like the 

object’s size and shape, edge sharpness, experience of the observer and viewing distance. 

The ability of the PET system to recover the activity concentration of an object is also important 

for detectability, and can be measured in phantom studies by the contrast recovery coefficient 

(CRC) as (26, 34)  

G?G = 	
JG= G>K L	− 	1

M.= .>K N	− 	1
	 (9) 

where aH and aB are the true activity concentration in a hot sphere and the background of the 

phantom. The activity in small spheres is poorly recovered by PET systems due to the limited 

spatial resolution that cause partial volume effects. Recovery coefficients measured by 

phantom studies for different uptake sizes can be used clinically to adjust for the 

underestimation of activity in small lesions.   
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In addition to the ability of the system to represent the object being imaged, the contrast and 

detectability is highly dependent on the radiopharmaceutical and the difference in uptake 

between a lesion and normal surrounding tissue. Therefore, a tracer with as high tumor-to-

background ratio (TBR) as possible is desired, which is dependent on the uptake mechanisms 

of the radiopharmaceutical.  

 

1.1.11 Radiopharmaceuticals 

The radiopharmaceutical injected into the bloodstream of the patient prior to a PET 

examination consists of a positron-emitting nuclide labelled to a tracer. The radionuclide emits 

the signals, while the tracer determines the fate of the molecule inside the body. Nuclides 

suitable for PET imaging must have a half-life long enough for the imaging procedure and 

should not substantially alter the biological behavior of the tracer. The tracers can for example 

be markers for glucose or amino acid metabolism, cell proliferation, tumor hypoxia or specific 

targets like transporters or receptors (35).  

As mentioned, [18F]FDG is the most widely used radiopharmaceutical in PET imaging as 18F 

has an appropriate half-life (110 min) and [18F]FDG mimics glucose metabolism. The energy 

demand is altered in many diseases and [18F]FDG has been shown to be a sensitive marker for 

both neurodegenerative diseases, epilepsy, cardiac diseases, and most cancers (36). [18F]FDG 

is transported into cells by glucose transporters and phosphorylated to [18F]FDG-6-phosphate 

that cannot enter the glycolysis and hence accumulates in the cells (37). Organs like the heart 

and brain have a high glucose metabolism and hence a physiological [18F]FDG uptake. The 

increased [18F]FDG uptake in healthy brain parenchyma is exploited for imaging of 

neurodegenerative diseases while it degrades the contrast in neuro-oncology.  

For neurodegenerative diseases, [18F]FDG PET is recommended as a clinical tool to 

differentiate normal age-related alterations of glucose metabolism from early stages of 

dementia and other neurodegenerative diseases (38). Reduced glucose metabolism 

(hypometabolism) in specific brain regions can help identify subtypes of dementia and may be 

present prior to morphological changes visible on MRI. [18F]FDG PET shows unspecific 

alterations in glucose metabolism, but more specific tracers for neurodegenerative conditions 

have become clinically available and is a potential tool for even earlier diagnosis (39). These 

tracers targets amyloid-β (Aβ) aggregates and tau neurofibrillary tangles, which are hallmarks 
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of Alzheimer’s disease (AD) that can be present already in the presymptomatic phase (39). The 

most studied amyloid tracer is the [carbon-11]-labelled Pittsburgh Compound-B ([11C]PiB), 

but three [18F]-labelled tracers are now FDA approved ([18F]-florbetapir, [18F]-florbetaben, and 

[18F]-flutemetamol). [18F]-flortaucipir is the only FDA-approved tau tracer, but many tracers 

are under development and rapid progression is done in this field (39). Still [18F]FDG PET is 

advantageous due to the high availability, and is complementary to amyloid and tau PET 

imaging.    

In oncology, the increased [18F]FDG uptake in most tumor cells compared to healthy tissue 

gives a good contrast for detection of tumors, but inflammation may cause false positive 

findings. In the brain, the high physiological uptake of [18F]FDG cause a poor contrast between 

normal and pathological tissue. [18F]FDG PET can be used for differentiation of tumor 

recurrence and radiation necrosis, or to distinguish glioma from central nervous system (CNS) 

lymphoma or opportunistic infection (40). However, more specific tracers with low uptake in 

normal tissue are preferred, especially for tumor detection and delineation. Tumors often show 

increased protein synthesis and hence overexpression of L-amino acid transporters (LAT) and 

enhanced amino acid (AA) uptake (35). AA tracers have therefore been developed and provide 

better tumor contrast for brain tumors compared to [18F]FDG (41, 42). Some AA tracers are 

now recommended in glioma imaging, including L-[methyl-11C]-methionine ([11C]MET), O-

(2-[18F]Fluoroethyl)-L-tyrosine ([18F]FET) and L-3,4-dihydroxy-6-[18F]fluorophenylalanine 

([18F]FDOPA) (43). 

[18F]FET is probably the most frequently used of the three recommended AA tracers, due to 

the short half-life of [11C]MET and physiological uptake of [18F]FDOPA in striatum that can 

cause difficulties for detection and delineation of tumors in this area. Unlike [11C]MET and 

[18F]FDOPA, [18F]FET are not metabolized or incorporated into proteins after transportation 

into cells (44). Hence the uptake primarily measures AA transport, which simplifies and 

enables tracer kinetic analysis. Kinetic analysis of [18F]FET can improve differentiation of low-

grade and high-grade glioma (45-47), and tumor recurrence from treatment-related changes for 

both glioma (48, 49) and brain metastases (50-52). AA PET is not recommended in primary 

evaluations of brain metastases and the literature of recurrence evaluations is still limited. 

An artificial AA tracer, anti-1-amino-3-[18F]fluorocyclobutane-L-carboxylic acid 

([18F]FACBC), has been found to exhibit an even better tumor contrast compared to [11C]MET 

for gliomas due to lower uptake in healthy brain parenchyma (53-55). [18F]FACBC has also 
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shown potential to differentiate high- and low-grade glioma based on TBRs (53, 56, 57). Only 

a case report (58) and a study of 8 patients (59) are conducted with [18F]FACBC in patients 

with brain metastases. Relatively high TBRs compared to studies on [11C]MET and [18F]FET 

were found, as well as the ability to differentiate tumor recurrence from radiation necrosis. 

Furthermore, the case report showed increasing [18F]FACBC uptake with tumor progression. 

[18F]FACBC is a promising tracer for brain tumors and is further studied in patients with brain 

metastases in the current thesis.   

 

1.1.12 Clinical evaluation of PET images 

Clinical evaluation of PET images differs between different diagnostic applications. In addition 

to visual interpretation of the images, different quantitative measurements can be helpful tools 

to set the clinical diagnose or to evaluate treatment response. 

In the evaluation of patients with suspected dementia, detection of hypometabolism in specific 

brain regions can help diagnose different subtypes of dementia, like AD, frontotemporal 

dementia or dementia with Lewy bodies (60). In addition to visual inspection of 

hypometabolism, the [18F]FDG uptake of a patient can be quantitatively compared to age-

matched databases of healthy controls, either in volumes of interest (VOIs) or at voxel-level 

(61). Z-scores are then calculated, representing the number of standard deviations that separates 

the [18F]FDG uptake of the patient compared to the healthy controls. A z-score between -2 Q 

and -3 Q is defined as moderate hypometabolism, while a z-score below -3 Q represents severe 

hypometabolism (62). The z-scores are based on small differences in activity concentrations 

and quantitatively accurate PET images is of particular importance for this purpose. 

In oncology, the PET images are inspected for lesions with increased tracer uptake compared 

to normal tissue. To quantitatively evaluate the tracer accumulation in tissue the standardized 

uptake value (SUV) is widely used in oncology. SUV is the activity concentration in tissue 

compensated for variations in injected activity and patient size, defined as 

SUV = 	
c

A/w	
(10) 
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where c is the activity concentration measured in a ROI (e.g., maximum or mean) in the PET 

image [kBq/ml], A is decay-corrected injected activity [kBq] and w is the patient’s body weight 

[g] (63). Body surface area or lean body mass can be used as a measure of patient size instead 

of body weight and have shown to be less weight-dependent for obese patients in [18F]FDG 

examinations (64). SUV is often measured in the lesion and in a reference tissue for calculation 

of TBR, which can be used as a complement to SUV that also considers the uptake in the 

surrounding tissue. In the brain, the contralateral hemisphere is commonly used as reference 

and a crescent-shaped VOI has been found to minimize intra- and inter-reader variability (65).  

The use of SUV is controversial as it is affected by many factors that are not controlled for, 

like length of the uptake period, plasma glucose level and partial volume effects (66). Hence, 

it must not be used as an exact quantitative measure of tracer uptake and the length of the 

uptake period should be kept as stable as possible and the plasma glucose level should be below 

values recommended by guidelines.  

 

1.1.13 Dynamic PET 

Dynamic PET uptake acquired in listmode can be used to investigate the tracer uptake over 

time. In this case the radiopharmaceutical is usually injected at the same time as the PET 

acquisition is started. The activity in a ROI can then be plotted as a function of time, called 

time activity curves (TAC), to visualize tracer kinetics in that region.  

Dynamic [18F]FET PET imaging can provide valuable information in assessments of glioma 

and brain metastases, for instance by improving the accuracy of differentiation between 

recurrence of tumor tissue and treatment-induced changes based on the TAC characteristics, 

like the slope of the curve and the time-to-peak (48, 50-52). Radiation necrosis and low-grade 

gliomas have in general shown a slowly increasing curve pattern without a definite peak, while 

recurrent metastatic tissue and high-grade glioma as well as low-grade glioma with shorter 

progression free survival tends to have an early peak followed by a plateau or constant decrease 

(45, 50, 67, 68).  

Furthermore, dynamic [18F]FET PET imaging improves differential diagnosis between low-

grade and high-grade gliomas and provides prognostic information within all grades of glioma 

prior to treatment (43).  
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1.2 MRI 

MRI provides both anatomical and functional images of the body, with an excellent soft tissue 

contrast and a high spatial resolution compared to PET. The first whole-body MRI system was 

constructed in 1977 and was FDA approved in 1984. Today MRI is widely used in neurology, 

oncology, cardiology, imaging of joints and more.  

 

1.2.1 Basics of MRI 

MR imaging is exploiting the spin of hydrogen nuclei present in the body. The spin and the 

positive charge of the hydrogen nucleus cause a small magnetic field, called magnetic moment 

(Figure 5A) (69). Other atoms in the body also possess a magnetic moment, but the very high 

abundance of water and hence hydrogen atoms in the body and the relatively large magnetic 

moment makes hydrogen the best suited atom for MR imaging.  

 
Figure 5  A) The water molecule (H20) consists of one oxygen atom and two hydrogen atoms. The hydrogen 
atoms have a single positive charge in their nucleus, a proton, spinning around its own axis (precessing) and 

producing a small magnetic field, called magnetic moment. B) When the magnetic moments are placed in a static 

magnetic field (B0) they will align with the field, both in the same (“up”) and the opposite (“down”) direction but 

with an access of “up” protons. C) An RF pulse with a flip angle of 90° is applied orthogonal to the B0 field 

flipping the spinning protons to the transverse plane as they absorb the RF energy. Illustration from Broadhouse 

(70), published under creative commons license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

When the patient is placed inside a static magnetic field (B0) in the MRI scanner, the magnetic 

moments of the hydrogen nuclei in the body will align with B0, parallel or anti-parallel (Figure 
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5B). More spins will align parallel than anti-parallel and hence cause a net magnetization vector 

(NMV) in the direction of B0 (z-axis). The magnetic moments then circle, or precess, around 

B0 at a frequency called the Larmor frequency, which is proportional to B0. 

To generate MR signals from the body, a radiofrequency (RF) pulse (at the Larmor frequency 

of hydrogen) that produces an oscillating magnetic field (B1) at 90° to B0 is transmitted from a 

transmit coil. A RF excitation pulse with a flip angle of 90° causes the magnetic moments of 

the hydrogen nuclei to precess coherently in the transverse plane instead of the longitudinal 

plane and the NMV is flipped to the transverse plane (Figure 5C).  

Before the RF pulse is applied, there exist no transverse component of the NMV as the 

magnetic moments are out of phase. When B1 is present, the magnetic moments align with this 

field and results in a coherent magnetization that precesses in the transverse plane. 

A receiver coil is placed orthogonal to the transverse component of the NMV to measure the 

MRI signal. The changing magnetic field by the precessing NMV induces a current and hence 

a voltage in the coil, which is the MRI signal. When the RF pulse is turned off, NMV realigns 

with B0, a process called relaxation. Relaxation both results in recovery of the longitudinal 

magnetization (T1 recovery) and decay of the coherent transverse magnetization (T2 decay). 

The voltage in the receiver coil then decreases and this is called the free induction decay (FID) 

signal.  

The FID signal is affected by the T1 recovery time (the time it takes for 63% of the longitudinal 

magnetization to recover) and the T2 decay time (the time it takes for 63% of the transverse 

magnetization to dephase), both which differ for different tissue. RF pulses can be combined 

in pulse sequences with optimal timing and magnitude to emphasize the differences in T1 

recovery, T2 decay or proton density to obtain the intended image contrast in anatomical 

images. For instance, a T1-weighted image (Figure 6A) will show a high intensity for fat that 

has a short T1 recovery time and a low intensity for water with a long T1 recovery time. While 

the contrast for fat and water is the opposite in a T2-weighted image (Figure 6B).  
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Figure 6 A T1-weighted image, B T2-weighted image. The images are from a glioma patient included in an 
ongoing study at St. Olavs Hospital.  

 

The FID signal decays really fast and to be able to measure the signal the magnetic moments 

are rephased to produce an echo at a later timepoint that can be collected (Figure 7). The 

rephasing can be achieved either by applying a 180° RF pulse or graded magnetic fields 

(gradients). Such sequences are called spin-echo and gradient echo pulse sequences, 

respectively.   

 

Figure 7 Rephasing in a spin-echo pulse sequence. The pulse sequence diagram shows the application of a 90° 
pulse that cause the NMV vector to lay in the transverse plane, and the 180° pulse that rephase the dephasing 

magnetic moments and hence generating the spin-echo. Copyright (2021) Wiley. Used with permission from 

Catherine Westbrook and John Talbot, MRI in practice, 2018, John Wiley and Sons, p. 62.   
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To be able to spatially locate the MRI signals gradients must be applied in the x, y and z-

direction. Gradients are spatially varying magnetic fields with a linear slope superimposed onto 

the main magnetic field (B0). The precessional frecency of the magnetic moments depends on 

the magnetic field strength they experience. The gradients cause the spins to precess at slightly 

different frequency at spatially different locations, making it possible to locate the signal 

originating from a small 3D volume based on their precessional frequency.  

The first gradient applied during a pulse sequence is called the slice-select gradient and is 

applied in either x (for sagittal images), y (coronal) or z (axial) direction (Figure 8). This 

gradient is applied during the RF excitation pulse, and also during the RF rephasing pulse in a 

spin-echo sequence. Only magnetic moments with the precessional frequency of the RF 

excitation pulse (within a bandwidth) are excited and a slice (2D plane) is selected.  

In the spatial encoding of the two remaining orientations, the difference in precessional phase 

and frequency of the magnetic moments along the gradient is utilized. The phase-encoding 

gradient is usually applied after the RF excitation pulse and in the shortest axis of the anatomy 

(e.g., from the left to the right of a patient (x-axis) in coronal images). This gradient induces 

phase differences along the direction of the gradient, while nuclei in slices perpendicular to the 

gradient will have the same phase. When the gradient is switched of, the phase differences still 

remain and are present during readout of the signal. The amplitude of the phase-encoding 

gradient is altered for every RF excitation pulse, and the difference in phase for each excitation 

is used to determine the spatial location of the signal.  

Eventually, the frequency encoding gradient is applied during the readout of the signal, and 

usually along the long axis of the anatomy (e.g., z-direction in coronal and sagittal images). 

This gradient cause frequency differences along the direction of the gradient, while nuclei in 

slices perpendicular to the gradient will have the same frequency. The spatial locations of the 

nuclei along gradient are hence differentiated based on the difference in precessional 

frequency. Multiple repetitions of the RF pulse excitation with different center frequency and 

varying phase-encoding gradients are required to sample data for a 3D image.  
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Figure 8 Application of gradients for spatial location in a spin-echo sequence. Copyright (2022) Wiley. Used 
with permission from Catherine Westbrook and John Talbot, MRI in practice, 2018, John Wiley and Sons, p. 153.   

 

The acquired MR data is stored in k-space, which is a spatial frequency domain with one 

frequency axis (kx) and one phase axis (ky) as seen in Figure 9 (69). k-space data contains 

information about where frequencies within a slice are located and can be converted to an 

image by inverse Fourier Transform. One line along kx is sampled during readout of the signal 

while the frequency encoding gradient is applied. The position along ky is determined by the 

amplitude of the phase encoding gradient, hence varying amplitudes are required to fill k-space. 

How k-space is filled is determined by the polarity and amplitude of the gradients and RF 

pulses.  

 

Figure 9 The axes of k-space. Copyright (2022) Wiley. Used with permission from Catherine Westbrook and John 
Talbot, MRI in practice, 2018, John Wiley and Sons, p. 160.   
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The time from the application of one RF pulse to the next RF pulse in a pulse sequence is called 

the repetition time (TR) and determines the amount of T1 recovery in tissue. While the time 

from the application of the pulse to the collection of the signal is the echo time (TE) and 

determines the amount of T2 relaxation when measuring the signal.  

The repetition time, echo time and the flip angle of the RF pulse are some of the most important 

contrast parameters that determines the image contrast in MRI. Furthermore, contrast agents 

can be administered orally or intravenously to improve the contrast of pathology as they shorten 

the T1 or T2 relaxation times. Gadolinium is the most frequently used contrast agent and 

shortens the T1 relaxation time. In brain tumor imaging gadolinium are often used for tumor 

enhancement as the contrast agent will leak into the tumor if the blood-brain barrier (BBB) is 

disrupted and cause hyperintense areas in T1-weighted images. Contrast-enhanced MRI (ce-

MRI) is the recommended imaging modality in detection of brain metastasis (71), as seen in 

Figure 10.  

 
Figure 10 A T1-weighted image with contrast enhancement after gadolinium administration of a patient with a 
brain metastasis included in the study of Paper III.  

 

Other advanced MRI techniques also exists, like functional MRI (fMRI) to investigate regional 

brain activation, diffusion-weighted imaging (DWI) that measures water mobility that is an 

imaging biomarker of tissue pathology, perfusion-weighted imaging (PWI) for imaging of 

blood flow and vascularity, and MR spectroscopy (MRS) for assessment of metabolites (72). 
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1.3 PET/MRI 

As mentioned, PET was earlier stand-alone systems, while PET/CT systems are now the new 

standard in PET imaging. PET and CT are integrated in one modality but acquired sequentially. 

The CT image can provide anatomical information for localization of abnormalities in the PET 

image and is used for attenuation correction.  

MRI provides an excellent soft tissue contrast compared to CT, which is especially important 

in brain and pelvis imaging. MRI may also include diffusion, perfusion, functional and 

spectroscopy data. However, new challenges were faced when combining PET with the 

magnetic field of MRI. The light photons in the PMT detectors and the front-end electronics 

of the PET system interfered with the magnetic field (7). Furthermore, the PET detectors 

potentially affected the MR image quality due to inhomogeneities in the magnetic field, eddy 

currents and electromagnetic interference (7).  The first simultaneous PET/MRI system was a 

single-slice preclinical PET system placed inside the receiver coil of a MRI scanner (73). The 

PMTs were placed outside the main magnetic field and connected with long optical fibers. This 

configuration caused degraded PET signal due to optical loss in the fibers. A prototype PET 

brain insert with APD detectors constructed to fit inside a clinical MR system was developed 

in the late 2000s as the first human system (74, 75). While the first clinical whole-body 

PET/MRI systems were introduced in 2010, a sequential system by Philips and an integrated 

system by Siemens Healthcare. The sequential system was equipped with separated PET and 

MRI gantries, but with shared examination table and magnetic shielding for the PMTs and 

removal of PET gantry electronics to an equipment room (6). In the integrated system the PET 

detectors were placed in between coils in the MRI system and was equipped with APD 

photodetectors (76). In 2016 a second integrated clinical PET/MRI system was introduced by 

GE Healthcare with SiPM detectors, capable of TOF PET imaging (77), followed by a third 

system introduced in 2018 by United Imaging Healthcare, also with SiPM detectors (78).  

 

1.3.1 Attenuation correction 

Although the issues with operating PET detectors in magnetic fields were solved for PET/MRI 

systems, attenuation correction based on MR images was another big challenge. MR images 

are not proportional to electron density like CT images and does not inherently provide 

attenuation properties of tissue. Several MRAC approaches have been developed and the 
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methods are often categorized as segmentation-based or atlas-based (79). Reconstruction-based 

methods using PET emission data has also been proposed (80).  

In segmentation-based approaches tissue are segmented into tissue classes based on a T1-

weighted sequence or a dual-echo Dixon sequence (81, 82). The tissue classes have constant 

and predefined LACs. With the Dixon sequence, in- and opposed-phased images are acquired 

from which fat and water images are generated (82). Based on these images the patient’s body 

can be segmented into the tissue classes air, lung tissue, fat, fat/soft tissue mix and soft tissue 

(+air = 0 cm-1, +lung=0.022 cm-1, +fat=0.085 cm-1, +fat/soft tissue=0.0927 cm-1, +soft tissue = 0.100 cm-

1 on the Siemens system). Atlas-based methods requires databases of CT images or CT and 

MRI pairs, and a pseudo-CT image are generated after co-registration between the MR image 

of the patient and the database-subjects (83-85). Reconstruction-based methods simultaneously 

reconstruct activity and attenuation based on maximum-likelihood (86).  

In clinical PET/MRI systems, segmentation-based approaches are most frequently used for 

attenuation correction because of short processing time. Initially, bone was not included in 

MRAC maps but assigned as soft tissue, although it attenuates photons the most among the 

tissues in the body. This led to underestimations of the tracer uptake of about 25% in bony 

tissue and 7-11% in bone lesions, and 3% in soft tissue adjacent to bones (85, 87). Especially 

for the brain that contains a lot of bone, inclusion of bone in the MRAC map is crucial for 

accurate quantification (87). Underestimations of 25% have been shown in cortical regions 

when omitting bone, decreasing with distance from the skull (88). Bone should therefore be 

included in brain MRAC maps. However, the very short relaxation time of bone leads to rapid 

decay of the MRI signal that cannot be measured with conventional MRI sequences.  

 

Various methods have therefore been developed to incorporate bone in the MRAC maps, but 

mainly for the brain as the rigidity of the body region ease the process. Specific MRI sequences 

with ultrashort echo-time (UTE) (89) and zero-echo time (ZTE) (90, 91) have been 

implemented on the Siemens and GE systems, respectively, to measure bone signal and 

generate segmentation-based MRAC maps with bone. In the UTE method, two echo times are 

used – one immediately after the excitation pulse (TE1) when bone signal exists and the second 

after refocusing the spins (TE2) when the bone signal has fully decayed. The segmentation is 

based on the difference in bone signal at the two echo times. The MRAC map is segmented 

into the tissue classes air, soft tissue and bone (+air = 0, +soft tissue = 0.1000 cm-1, +bone=0.1510 
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cm-1). The UTE method improves the quantitative accuracy compared to MRAC methods 

omitting bone but underestimates the PET activity in the brain (79, 92, 93). A global average 

bias in [18F]FDG uptake in the brain of -5.7% compared to CT-based AC (CTAC) was found 

by Ladefoged et al. (79), and underestimation of up to 17.3% in cerebellum was shown by 

Dickson et al. (93). Aasheim et al. (92) concluded that the UTE method performed acceptable 

in the brain, but not in the neck and facial regions due to misclassification in air/tissue interfaces 

and overestimation of bone in the neck region. With the ZTE method, tissue is classified as air, 

soft tissue and bone by thresholding (91). Followed by implementation of continuous bone 

information based on linear correlation between CT and ZTE values. No global bias (-0.09%) 

was found for the ZTE method but over- and underestimations of up to 8% was found in some 

regions (91). For instance, due to misclassification of air and bone in mastoid and nasal areas. 

More accurate segmentation is therefore warranted.  

 

Atlas-based approaches have also been implemented at the clinical PET/MRI systems. On the 

Siemens system, an atlas-based approach was implemented in the latest software upgrade to 

include a selection of bones (upper femur, hip, spine, skull) into the Dixon MRAC map (85, 

94). Continuous LACs for bone (+=0.1000-0.2485 cm-1) are then included based on a database 

of more than 200 Dixon images and bone mask pairs. The MR image of the model is registered 

to the MR image of the subject for each major bone in several steps. Subsequently the same 

transformation is performed on the bone masks and bone information is added to the segmented 

Dixon MRAC map of the subject. A prototype of this method showed a global average bias in 

[18F]FDG uptake of -1.7% and has a short processing time compared to other promising MRAC 

methods in the literature, which is important in clinical routine (79). GE also offers an atlas-

based approach for the brain, generating a pseudo-CT with continuous LACs from a T1-

weighted image as input (84, 95). The database consists of CT images of 50 subjects. The 

average [18F]FDG uptake in the whole-brain was found to be underestimated of about 2% by 

this atlas-based method, with larger underestimations (<8 %) in regions near the skull base. 

The performance of the atlas-based method was inferior to the ZTE method (91, 95).  

 

Several atlas-based methods proposed in the literature show improved results compared to 

clinically implemented methods (79), like the UCL (University College London) method by 

Burgos et al. (83). This method is based on a database of T1-weighted MRI and CT data sets. 

All MRI data sets of the database are registered to the MRI data of the patient. Based on 

correlation coefficients between the MRI data at each voxel, a pseudo-CT is generated. The 
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UCL method has shown an average global bias in [18F]FDG brain uptake of 0.8% and regional 

average errors within ± 3% (79). 

 

Deep learning algorithms have been increasingly used in research MRAC methods in recent 

years, and in the newest PET/MRI system by United Imaging Healthcare it has been clinically 

implemented (96). The in-phase and out-of-phase images of a Dixon sequence are used as input 

in a deep neural network to provide segmented brain MRAC maps including air, fat, soft tissue 

and cortical bone (+air = 0 cm-1, +fat = 0.080 cm-1, +soft tissue = 0.096 cm-1, +bone = 0.161 cm-1). 

For the body, lung tissue is also included (+lung=0.020 cm-1) and continuous bone LACs. This 

method is yet to be evaluated for the brain, but large deviations in SUV compared to CTAC 

has been found, especially for bone tissue (-18.8%) and bone lesions (-18.1%) (97). 

 

Nevertheless, several deep learning methods in the literature generating pseudo-CT images 

from MR images have shown promising results for attenuation correction in the brain. A 

method by Ladefoged et al. provides average errors compared to CT below 1% in any brain 

region (98). Both Dixon (DeepDixon), T1 weighted (DeepT1) or UTE (DeepUTE) images can 

be used as input in this deep learning-based method with comparable results. Another method 

by Blanc-Durand et al. using ZTE images as input, provided an average error of -0.2% 

compared to CTAC and below 2% in any brain region (99). This deep learning method have 

shown better performance compared to the atlas-based and the ZTE methods implemented on 

the GE system.  

For attenuation correction of the whole body, deep learning methods for generating attenuation 

corrected PET images from non-attenuation corrected PET images are under development 

(100-104). This is more challenging than for the brain, especially in the chest and diaphragm 

regions due to high heterogeneity of tissue and respiratory motion (100-102).  

 

1.3.2 Clinical applications of PET/MRI 

The main advantages of PET/MRI over PET/CT are the reduction in ionizing radiation, the 

improved soft tissue contrast and the possibility of simultaneous imaging (105). Simultaneous 

imaging provides equal positioning and size of organs, like the urinary bladder in prostate 

imaging. The other factors make PET/MRI favorable in applications where soft tissue contrast 
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is important for the diagnostic accuracy and when minimization of radiation exposure is of 

high importance, namely in pediatric imaging. Oncology is the main application for PET/MRI 

but there is increasing interest for non-oncology applications like neurodegenerative diseases, 

cardiology, and Crohn’s disease (105, 106).  

MRI examinations are most often focused on one body region and the protocols are designed 

to do multi-sequence MRI to take advantage of the different MRI techniques. A whole-body 

PET/MRI examination may therefore take more than an hour and for this reason PET/MRI is 

probably better suited for focus on smaller body regions than PET/CT, which usually cover the 

head to thigh of the patient (whole-body) in 15-20 min. However, more efficient MRI protocols 

are possible and whole-body PET/MRI examinations of less than 30 min has been purposed in 

lymphoma and pediatric imaging (107, 108). 

In pediatric imaging, PET/MRI may be preferred over PET/CT if available because of the 

reduced radiation exposure to the patient as MRI does not produce ionizing radiation. Low 

dose CT scans can reduce the radiation exposure at the expense of image quality but still cause 

a radiation dose of about 2 mSv, compared to around 5 mSv for a PET examination (107). 

Children are more sensitive to radiation exposure than adults and have a long life expectancy 

(109). The As Low As Reasonably Achievable (ALARA) principle of radiation safety is 

therefore especially important in pediatric protocols. Additionally, they may undergo many 

examinations.  

PET/MRI provide diagnostic information comparable to PET/CT for most cancer types but 

may be superior to PET/CT in prostate cancer and in malignant bone disease and inferior in 

detection of small lung nodules (110, 111). Despite the difference in attenuation correction and 

decreased SUV in bone for PET/MRI, the PET images of the two modalities provide similar 

performance in visual lesion detection and correlating SUVs in the mentioned applications 

(112-114). Hence the differences in performance are mainly based on the anatomical imaging. 

MRI provides better anatomical allocation of lesions of prostate cancer and bone metastases 

compared to CT (113-115), but is inferior in detection of pulmonary lesions, especially for 

lesions less than 1 cm (112). The limited spatial resolution of MRI in lung imaging is due to 

respiratory motion, low proton density and fast transverse magnetization decay (111, 112).  

PET/MRI is probably best suited for body regions where MRI already is the standard imaging 

modality, like in the head and pelvis, and for applications where PET can add complementary 
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information to MRI. PET/MRI has shown superior diagnostic accuracy compared to MRI alone 

for, but not limited to, gliomas (43), neurodegenerative diseases (116), head and neck cancers 

(117-119), gynecological malignancies (120, 121), and prostate cancer (122).  

In neurology, PET/MRI can play an important role in both oncology, neurodegenerative 

diseases and epilepsy. In neuro-oncology, MRI is used for evaluating primary and metastatic 

brain tumors at all disease stages, meaning primary evaluation, presurgical planning, 

postsurgical evaluation, radiotherapy planning, surveillance during chemotherapy, and in 

evaluation of recurrence. However, MRI abnormalities including contrast enhancement, T2 or 

fluid attenuated inversion recovery (FLAIR) hyperintensities, are unspecific and can originate 

from infection, inflammation, ischemia, demyelination, and treatment-related effects (71). 

Hence conventional MRI has limitations in tumor delineation, detection of treatment-induced 

changes and evaluation of treatment response, as well as glioma grading (40, 71). Advanced 

MRI techniques, such as PWI, DWI and MRS show potential in improving the shortcomings 

of conventional MRI (123). For instance, the combination of PWI and MRS has shown high 

accuracy in differentiation of neoplastic and non-neoplastic tissue (124). However, the 

literature is still limited and controversial (125).  

AA PET is increasingly used and recommended to support MRI in the clinical management of 

gliomas jointly by the European Association of Nuclear Medicine (EANM), the Society of 

Nuclear Medicine and Molecular Imaging (SNMMI), the Response Assessment in Neuro-

Oncology with PET (PET-RANO) working group, and the European Association for Neuro-

Oncology (EANO) (40, 43). AA PET has shown higher diagnostic accuracy compared to MRI 

in differentiation of glioma and non-neoplastic lesions or treatment-related changes, in glioma 

grading, and in assessment of treatment response (43). Furthermore, AA PET has detected 

tumor tissue beyond contrast enhancement on MRI and metabolically active tumor volume 

defined by PET are larger than contrast enhancement on MRI. Delineation of tumor borders by 

AA PET is superior to MRI both in non-contrast enhancing and contrast enhancing gliomas 

(43). Additionally, AA PET is well suited for biopsy and resection planning.  

Less literature is available for AA PET on brain metastases. Ce-MRI is the recommended 

imaging modality for detection of brain metastases and has a high sensitivity also for small 

metastases (71). Due to the inferior spatial resolution, PET has limited sensitivity for 

metastases with diameter less than 1 cm. Brain metastases are usually well delineated on ce-

MRI and there is lacking evidence that amino acid PET improves biopsy or treatment planning 
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(71). However, contrast-enhancement represents blood-brain barrier breakdown that is not 

specific for tumor tissue but can be caused by treatment like radiotherapy, the main treatment 

for brain metastases in addition to surgery. [18F]FET PET has been found useful for 

differentiation of relapsing brain metastases and radiation-induced changes, and probably with 

highest accuracy for a combination of static and dynamic evaluation (50-52, 71). Furthermore, 

[18F]FET PET shows promising results in detecting pseudoprogression and evaluation of 

treatment response of newer treatment options for brain metastases, immunotherapy and 

targeted therapy, which is difficult with MRI and is important for not terminating effective 

treatment (126-128).  

Neurodegenerative diseases are characterized by loss of neuronal tissue, and the most common 

are AD, Parkinson’s disease (PD), frontotemporal dementia (FTD), and dementia with Lewy 

bodies (DLB) (39). MRI is used to demonstrate specific atrophy patterns of distinct 

neurodegenerative diseases and to exclude other pathologies (129). PET is increasingly being 

used to support the MRI findings as PET can detect pathology at a molecular level that occurs 

at an earlier timepoint than morphological changes visible with MRI (129). The combination 

of [18F]FDG PET and MRI data improves the detection and differentiation of dementia (116). 

Characteristic uptake patterns of [18F]FDG can differentiate AD from other dementias, and 

primary Parkinson from atypical parkinsonian syndromes. [18F]FDG PET can also be used for 

imaging of Huntington disease (HD), amytrophic lateral sclerosis (ALS) and Creutzfeldt-Jakob 

disease (CJD).  

Amyloid PET imaging has been introduced in clinical routine of AD diagnosis and can 

potentially detect AD pathology earlier than [18F]FDG PET (129, 130). Patients with amyloid 

positive findings have shown faster cognitive decline, greater likelihood of mild cognitive 

impairment progression (MCI) to AD, and faster rates of brain atrophy compared to subjects 

with amyloid-negative findings (106). Amyloid PET has been implemented into the diagnostic 

criteria of MCI and AD related dementia by the National Institute on Aging-Alzheimer’s 

Association (NIA-AA) (131), and included as a diagnostic AD biomarker by the International 

Working Group 2 (IWG-2) (132). Tau PET is so far only a research tool, but this may change 

with the development of tracers (39). 

The rapid development of new PET tracers and MRI techniques has the potential to further 

improve and broaden the diagnostic capabilities of combined PET/MRI in neurology and 
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establish PET/MRI as a first-line imaging modality in the clinical routine of brain imaging 

(129).   
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2 Aims for the thesis 

The overall aim of this thesis was 

to evaluate the accuracy of PET/MRI in clinical brain examinations and the potential 

of this system in the clinical evaluation of dementia and brain metastases. 

 

Two fulfill this overall aim, three studies were conducted with the following aims. 

Paper I 
The first study investigated if MRAC is acceptable for clinical brain examinations. This was 

evaluated in [18F]FDG PET images of patients with suspected dementia. The quantitative 

accuracy and clinical impact of MRAC were evaluated, with CTAC as reference.  

 

Paper II 

The second study was initiated to evaluate if the PET image quality was comparable between 

PET/MRI and PET/CT. The image quality was evaluated in terms of image contrast and the 

ability to detect small uptake volumes in a phantom study.  

 

Paper III  

The third study evaluated whether amino acid PET can add diagnostic value to MRI in 

evaluation of brain metastases. The promising AA tracer [18F]FACBC was used and static 

PET images were evaluated with regards to detection and volume delineation, while uptake 

characteristics were assessed based on dynamic PET images. 
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3 Materials and methods 

3.1 PET/MRI and PET/CT systems 

PET acquisitions in the current thesis were performed on a PET/CT system (Siemens Biograph 

mCT, Siemens Healthcare, Erlangen, Germany) at St. Olavs Hospital and two PET/MRI 

systems (Siemens Biograph mMR), one at St. Olavs Hospital, Trondheim University Hospital, 

and one at the University Hospital of Northern Norway in Tromsø. System specifications are 

provided Table 1. The PET/MRI and PET/CT system in Trondheim were used for dementia 

acquisitions in Paper I and for the phantom acquisitions in Paper II. The PET/MRI systems in 

both Trondheim and Tromsø were used for acquisition of data for the brain metastasis study in 

Paper III.  

Table 1 System specifications. 

 PET/MRI PET/CT 

System Siemens Biograph mMR Siemens Biograph mCT 

Software versions VE11P Syngo MI.PET/CT 2012A, 
VG51C 

Detector ring diameter  65.6 cm 84.2 cm 

Number of PET detector rings 8 4 

Number of detector blocks per 
ring 56 48 

Scintillator crystal LSO LSO 

Crystal size 4x4x20 mm3 4x4x20 mm3 

Photodetector APD PMT 

Transaxial FOV 58.8 cm 70 cm 

Axial FOV 25.8 cm 22.1 cm 

Coincidence window 5.86 ns 4.1 ns 

TOF No Yes 

 

 



 46 

3.2 Paper I 

3.2.1 Image acquisition and reconstruction 

Eighteen patients with suspected dementia were included in this study at St. Olavs Hospital in 

the period May 2017 to June 2018. All patients gave written informed consent, and the study 

was approved by the Regional Committee for Ethics in Medical Research (REC) (ref. number: 

2013/1371). All patients underwent a PET/CT brain examination followed by a PET/MRI brain 

examination, at 35 ± 1 min and 64 ± 9 min post injection of [18F]FDG, respectively.  

The PET and MRI acquisitions were performed simultaneously at the PET/MRI system. The 

acquired MRI sequences were the same as in the clinical MRI protocol for patients with 

suspicion of dementia, in addition to sequences for attenuation correction purposes (Dixon 

VIBE, UTE). PET data from PET/MRI was used for all PET reconstructions and only the 

CTAC map was utilized from the PET/CT acquisition. 

Six PET reconstructions were performed on the PET/MRI system, one with CTAC and five 

with different MRAC methods, of which three are implemented at the PET/MRI system (1-3) 

and two are research methods presented in the literature (4-5): 

1. DixonNoBone: Segmentation-based MRAC map generated from the Dixon VIBE 

sequence with four tissue classes: air, fat, fat/soft tissue mix and soft tissue.  

2. DixonBone: In addition to the tissue classes of DixonNoBone, continuous bone information 

is included from a bone atlas.  

3. UTE: Segmentation-based MRAC map generated from the UTE images with three 

tissue classes: air, soft tissue and bone.  

4. UCL: Atlas-based method that generates a pseudo-CT based on a T1-weighted image.  

5. DeepUTE: Deep learning-based method to generate pseudo-CT based on UTE images.  

6. CT: CTAC map from the PET/CT system imported into the PET/MRI system.  

The CTAC map did not cover the neck sufficiently for correction of the PET data from 

PET/MRI with larger axial FOV. The region with missing attenuation data was therefore 

substituted with data from the DixonBone MRAC map after rigid co-registration. The same 

substitution was also performed in the other MRAC maps to achieve an equal comparison. 
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3.2.2 Image analysis 

3.2.2.1 Bone artifacts 

The DixonBone and UTE MRAC maps were visually inspected for bone artifacts as this has 

been observed after software upgrade of the system.  

 

3.2.2.2 [18F]FDG uptake 

The [18F]FDG uptake in the five PET reconstructions with MRAC (PETMRAC) was measured 

in 15 brain regions and compared to the reconstruction with CTAC (PETCTAC). The brain 

regions utilized were taken from a brain atlas in MNI (Montreal Neurological Institute) space 

and the PET images were transferred to MNI space by registrations to a dementia-specific 

[18F]FDG PET template. In each brain region, the relative difference was calculated as 

?A(%) =
3[\]]]]]]?@AB 	− 	3[\]]]]]]B8AB

3[\]]]]]]B8AB
	× 	100, (11) 

where 3[\]]]]]]?@AB  and 3[\]]]]]]B8AB  is the average measured activity in the brain region in PETMRAC 

and PETCTAC, respectively. Absolute relative difference was also calculated and average over 

patients and brain regions (?A13C]]]]]]]]). 

 

3.2.2.3 Z-scores 

Z-scores were calculated by the software Cortex ID (GE Healthcare, Waukesha WI, USA) in 

26 brain regions, by comparison of the patient’s PET image to a [18F]FDG PET database of 

294 healthy controls divided in six age groups (attenuation corrected by 68Ge transmission 

scans). The PET uptake is normalized to a reference region not affected by the disease before 

comparison to the healthy controls. Z-scores both with pons and cerebellum as reference region 

were exported from Cortex ID for all PET reconstructions. The z-scores obtained from 

PETMRAC (_?@AB) were compared to the z-scores from PETCTAC (_B8AB) by calculating the 

difference, D, and the absolute difference, Dabs, in each brain region as 

A =	_?@AB − _B8AB 	 (12) 
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A13C = |_?@AB − _B8AB|	, (13) 

 

both for pons and cerebellum as reference regions. Dabs was averaged over patients and brain 

regions (A13C]]]]]]).  

 

3.2.2.4 Visual evaluation 

PET images and z-score maps were clinically evaluated by three nuclear medicine physicians 

individually in Cortex ID, for a selection of the PET reconstructions. The best and the worst of 

the clinically implemented MRAC methods based on the z-score analysis were included, in 

addition to the best of the research MRAC methods, and PETCTAC served as reference. The 

patients were categorized either as normal or diagnosed with AD, FTD or non-specific 

pathology based on the PET uptake and z-scores. The physicians were blinded for the AC 

method and had no MR images or patient history at hand.  

A second visual assessment was done by one of the nuclear medicine physicians and a 

neuroradiologist in conjunction, 2 months after the first visual evaluation. The best of the 

clinically implemented MRAC methods in the z-score analysis was chosen for this evaluation. 

MR images were included in addition to PET images and z-score maps in this assessment and 

was therefore a more clinically relevant setting. Evaluations based on PETCTAC was also 

performed and served as a reference. Cerebellum was used as reference region for all visual 

assessments. 

 

3.2.2.5 Statistics 

The agreement between PETCTAC and PETMRAC and the inter-reader agreement was calculated 

by a-statistics, where a a value of 0 indicates no agreement better than chance and 1 

corresponds to perfect agreement (poor: < 0, slight: 0.00-0.20, fair: 0.21-0.40, moderate: 0.41-

0.60, substantial: 0.61-0.80, almost perfect: 0.81-1.00) (133). 
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3.3 Paper II 

3.3.1 Phantom 

This study was based on phantom acquisitions with the Esser PET phantom seen in Figure 11. 

It was equipped with spheres with inner diameters of 4, 5, 6, 8, 12 and 20 mm to represent 

small uptake volumes. The spheres were filled with radioactivity ([18F]FDG) at an activity 

concentration of 4 and 8 times the background activity in the phantom to simulate different 

levels of background uptake.  

 

Figure 11 Esser PET phantom with additional spheres. Image from Øen et al. (134), published under creative 
commons license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

3.3.2 Image acquisition and reconstruction 

For each activity concentration, a 10 min PET listmode acquisition on PET/MRI was 

performed prior to a 5 min PET listmode acquisition on PET/CT. CTAC maps from the 

PET/CT was imported to the PET/MRI and used for attenuation correction on both systems, as 

MRAC of large water-filled phantoms are prone to artifacts.  

Image analyses were performed with PET/MRI and PET/CT reconstructions with the same 

number of true counts for a balanced comparison of the systems. PET images on the PET/CT 

were reconstructed from the first 150 s, which is the acquisition time per bed used for clinical 

applications with this system. An acquisition time of 97 s was used on the PET/MRI system to 

achieve the same number of true counts. Additionally, for the 8:1 sphere-to-background ratio, 
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reconstructions with increasing PET acquisition times were performed on both systems to 

evaluate the contrast and detectability with respect to acquisition time. 

PET image reconstructions were done with a range of reconstruction settings to evaluate which 

settings that provide the best quantitative image quality in terms of contrast, for both PET/CT 

and PET/MRI. Iterative reconstructions were done with and without PSF, and for PET/CT also 

with and without TOF. The number of iterations and the pixel size was varied, in addition to 

the FWHM of the Gaussian post-reconstruction filter.  

 

3.3.3 Image analysis 

CRC and CNR were measured for all spheres for the two activity concentrations and for both 

systems. This was performed with similar pixel size (2×2 mm2) and 3 iterations on both 

systems. Furthermore, CNR was evaluated as a function of increasing pixel size, number of 

iterations and for different filter settings. This was performed for the smallest lesion with CNR 

> 5 (Rose criterion) in the 8:1 concentration.  

For visual evaluation of the detectability, three observers scored all spheres in all 

reconstructions from 0 to 2. Score 0 was defined as not visible, 1 as visible but comparable to 

noise and 2 as clearly visible. A sphere was defined as detected if the sum of the scores of the 

three observers were 3 or higher and no observer set the score 0.  
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3.4 Paper III 

3.4.1 PET/MRI imaging and reconstruction 

Eighteen patients in Trondheim (n=11) and Tromsø (n=7) with lesions suspected as brain 

metastases were included in the [18F]FACBC PET/MRI brain study, a part of the 180ºN 

(Norwegian Nuclear Medicine Consortium) project, in the period January 2020 to July 2021. 

All patients gave written informed consent, and the study was approved by REC (ref. number: 

2018/2243). The patients’ primary cancers were lung cancer (n=9), gastrointestinal cancer 

(n=5), malignant melanoma (n=2), breast cancer (n=1), and thyroid cancer (n=1). Four patients 

(4 lesions) had prior surgical resection and four patients (6 lesions) had prior stereotactic 

radiotherapy in the same location as the suspected lesion. 

A 35 min (30 min for two patients) PET brain listmode acquisition was acquired from the time 

of [18F]FACBC injection, simultaneously with MRI acquisitions, including ce-MRI. Due to 

technical problems with the PET/MRI system, one patient was examined with PET/CT and had 

a separate MRI examination the same day. 

Static (last 15 min) and dynamic PET images were reconstructed with DeepUTE MRAC since 

this was the best MRAC method in Paper I (CTAC on the PET/CT).  

 

3.4.2 Image analysis 

The PET and MRI images were evaluated by a nuclear medicine physician and a 

neuroradiologist at each hospital and brain lesions were identified. The lesions were divided in 

two groups based on previous treatment with SRS (SRS group) or not (noSRS group). The 

MRI interpretation differed for the two groups as radiation necrosis also show contrast 

enhancement. In the noSRS group, lesions were categorized as “MRI positive” if they showed 

contrast enhancement and were not present on previous MRIs (or if no previous MRI was 

available). In the SRS group, the lesions were categorized as “MRI positive” if showing 

contrast enhancement and progressive enlargement compared to previous MRIs. If the lesions 

were stable or decreased in size, they were categorized as “MRI negative”. A follow-up status 

of the lesions in the SRS group was assessed based on MRI scans subsequent to the PET/MRI 

examination. Lesions were defined as detected on PET if the [18F]FACBC uptake was distinctly 

different from surrounding tissue.  
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Maximum SUV was measured in the lesions (SUVmax) and mean SUV in crescent-shaped VOIs 

in normal brain parenchyma (SUVmean). TBR was also calculated and defined as SUVmax 

divided by SUVmean. 

Tumor volumes were defined in ce-MRI (VMRI) and PET (VPET) images. In MRI, manual 

delineation of contrast-enhanced regions was performed, with inclusion of necrotic areas inside 

lesions. PET volumes were defined by a threshold of 41% of maximum tumor uptake, with 

manual modifications to include necrotic areas inside lesions and to exclude non-tumor tissue 

(e.g., veins). The maximum diameter (Dmax MR) of the MRI volume in any direction was 

automatically extracted. Furthermore, the spatial similarity of the PET and MRI volumes was 

determined by the Dice similarity coefficient (DSC)  

DSC = 	
2(VDEF ∩ VGHI)
VDEF +	VGHI

(14) 

In the dynamic analyses, only PET detected lesions with Dmax MR larger than 10 mm were 

included due to poor recovery of small lesions in PET images. Time-activity curves were 

generated for SUVmax and SUVmean. The curve for SUVmax was assigned to one of the following 

slopes: (I) constantly increasing uptake without identifiable peak, (II) uptake peaking early 

followed by a plateau, and (III) uptake peaking early followed by a constant decrease.  

 

3.4.3 Statistics 

The Wilcoxon rank sum test was used to test differences between PET and MRI volumes. 

Spearman’s rho (rs) was calculated to investigate the correlation between the volumes.  
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4 Results  

4.1 Paper I 

4.1.1 Bone artifacts 

Bone artifacts were observed in 4 of 18 of the DixonBone MRAC maps. In two cases where 

large bone segments from other parts of the body were present in the MRAC map of the brain, 

an additional Dixon sequence was acquired, resulting in artifact-free MRAC maps. In the two 

other cases the artifacts were positioned outside the head and was removed manually.  

In 16 of 18 UTE MRAC maps, minor bone artifacts were present inside the brain close to the 

anterior ventricles and was not removed since they are not possible to remove in clinical 

routine. 

 

4.1.2 [18F]FDG uptake 

The [18F]FDG brain uptake with the five different MRAC methods was evaluated and 

compared to CTAC. The average absolute difference in [18F]FDG uptake between PETMRAC 

and PETCTAC was smallest for the research method DeepUTE (?A13C]]]]]]]] =	2.2 ± 1.5 %). 

DixonNoBone, the only MRAC method without bone information, produced the largest 

deviations from CTAC (?A13C]]]]]]]] =	7.1 ± 3.7 %). DixonBone had the smallest difference to CTAC 

among the clinically implemented MRAC methods (?A13C]]]]]]]] =	2.5 ± 2.4 %). The result for 

DixonBone were comparable to the research methods, but with increased variation. 

  

4.1.3 Z-scores 

Z-scores based on PET images with the five different MRAC methods were also compared to 

z-scores based on PETCTAC. Using cerebellum as reference region caused decreased differences 

between ZMRAC and ZCTAC compared to using pons. The research MRAC methods produced z-

scores close to those obtained with CTAC (DeepUTE: A13C]]]]]] = 0.15 ± 0.11 Q, A13C]]]]]] = UCL: 

0.15 ± 0.12 Q). Among the clinically implemented MRAC methods, DixonBone provided the 

smallest difference to CTAC in z-scores (A13C]]]]]] = 0.23 ± 0.20 Q) and PETUTE the largest 

difference (A13C]]]]]] = 0.54 ± 0.40 Q).  
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4.1.4 Visual evaluation 

In the first visual evaluation based on PET images and z-scores, the included reconstructions 

were PETDeepUTE, PETDixonBone, PETUTE and PETCTAC. The agreement in diagnosis between 

PETCTAC and PETDeepUTE, PETDixonBone, and PETUTE was 74%, 67% and 70% in average for the 

three readers, respectively. PETMRAC agreed moderately with PETCTAC according to a-statistics 

for most MRAC methods and readers. The inter-reader agreement was low (fair for PETCTAC 

and slight for PETMRAC), indicating that [18F]FDG PET evaluations of dementia without MRI 

and clinical information are highly subjective. 

A second visual evaluation including MRI was therefore included, and PETDixonBone was chosen 

since it was the best of the clinically implemented MRAC methods in the z-score analysis. The 

agreement in diagnosis between PETCTAC+MRI and PETDixonBone+MRI increased to 89% and 

almost perfect agreement according to the a-statistics.  

The quantitative accuracy and clinical impact of one of the clinically implemented MRAC 

(DixonBone) was found to be acceptable for clinical brain examinations, although the 

performance was improved for the research MRAC methods in the z-score calculations.  

 

4.2 Paper II 

In general, a slightly higher contrast was found for PET/CT compared to PET/MRI 

quantitatively. For both systems 2 iterations, the smallest pixel size (<2 mm) and the postfilter 

with 4 mm FWHM provided the highest contrast in terms of CRC and CNR.  

For the reconstructions with similar number of true counts for the two systems, the 5 mm and 

the 6 mm spheres were the smallest detected spheres in the 8:1 activity ratio for the PET/CT 

and PET/MRI, respectively. With higher background activity (4:1), the 8 mm sphere was the 

smallest detected sphere for both systems. For an increased acquisition time (3 min) the 5 mm 

sphere was also detected with PET/MRI for the lowest background ratio, while for PET/CT a 

2 min acquisition time was required.  

The PET image quality for PET/MRI in terms of contrast and detectability was comparable to 

that of PET/CT, although for an increased acquisition time.  
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4.3 Paper III 

In the noSRS group, twenty-nine lesions were categorized as “MRI positive” of which 19 

(66%) were detected with PET. The PET detected lesions had in general high [18F]FACBC 

uptake and TBR (mean SUVmax: 4.2 ± 2.2, mean TBR: 12.0 ± 6.5), and a diameter equal to or 

larger than 7 mm. The PET undetected lesions showed low [18F]FACBC uptake (mean SUVmax: 

0.6 ± 0.3, mean TBR: 1.6 ± 0.6) and had a diameter equal to or smaller than 8 mm.  

Six lesions were identified in the SRS group, 4 lesions categorized as “MRI positive” and 2 

lesions as “MRI negative”. All six lesions had [18F]FACBC uptake and were detected with PET 

(mean SUVmax: 3.2 ± 1.1, mean TBR: 8.4 ± 3.2). The two patients with “MRI positive” lesions 

deceased 5 months after the PET/MRI examination. The “MRI negative” lesions remained 

stable at follow-up (10 and 7 months after PET/MRI), but one of the patients had 7 new brain 

lesions.  

Lesions from all included primary cancers showed [18F]FACBC uptake, and no difference was 

observed in the uptake between the groups of different primary cancers.  

The PET and MRI volumes of the PET detected lesions were not significantly different and 

correlated significantly, but the spatial localization of the PET and MRI volumes differed to 

some degree (mean DSC: 0.66 ± 0.18).   

In the dynamic analyses of the noSRS group, 6 lesions had a TAC defined as plateau (slope II) 

and 8 lesions had a decreasing curve (slope III). In the SRS group, one lesion had a TAC curve 

categorized as slope III (in a patient who deceased 5 months later) and the remaining five 

lesions had a slope II. No lesions were assigned with an increasing curve (slope I).  

[18F]FACBC PET showed in general high contrast for brain metastases, but for small lesions 

the uptake was low and detection inferior compared to MRI. Whether [18F]FACBC PET can 

differentiate recurrent brain metastases from radiation necrosis should be further evaluated. 

The results indicate that [18F]FACBC may detect tumor tissue beyond the volume defined by 

ce-MRI, which should be further investigated.  
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5 Discussion 

This thesis has been a part of an initiative to implement PET/MRI in clinical practice in 

Trondheim and Norway, with focus on brain applications. The quantitative accuracy of brain 

MRAC methods was evaluated and found to be acceptable for one of the clinically available 

methods, while further improved with the research methods applied. Additionally, the PET 

image quality was evaluated experimentally for PET/MRI and compared to the PET/CT 

system. The contrast and detectability of the PET/MRI system were slightly inferior to the 

PET/CT system. However, uptake volumes as small as 5 mm in diameter were detected with 

both systems, but for an increased acquisition time for PET/MRI. Subsequent to assurance of 

proper image quality and accuracy, the diagnostic value of [18F]FACBC PET in evaluation of 

brain metastases was assessed. [18F]FACBC uptake was observed in metastases from different 

origins (lung, malignant melanoma, gastrointestinal tract, breast, thyroid). However, the 

detectability of small metastases was found to be inferior compared to MRI. The results 

indicate that [18F]FACBC PET might detect tumor tissue beyond contrast enhancement on 

MRI, which could improve accuracy of tumor delineation and increase precision of surgical 

resection and radiotherapy. The accuracy of [18F]FACBC PET to differentiate recurrence of 

brain metastases from radiation necrosis could not be determined based on our results and 

should be further investigated.  

 

5.1 MRAC 

Uncertainty around the quantitative accuracy of attenuation correction on PET/MRI has been 

the main reason for limited use of PET/MRI at St. Olavs Hospital and worldwide. The 

evaluation of the dementia patients in paper I showed that segmented MRAC with atlas-based 

inclusion of bone (DixonBone) performed the best among the current clinically implemented 

methods on the Siemens PET/MRI system when compared to CTAC. DixonBone posed a small 

but acceptable deviation from CTAC on average. However, regional deviations up to 13% in 

[18F]FDG uptake and 1.4 σ in z-score occurred for single patients, which could impact the 

clinical evaluation. Furthermore, large bone artifacts occurred for some patients, which means 

that radiographers must be aware of this and acquire a new Dixon sequence if this is observed. 

The two research MRAC methods generating a pseudo-CT, based on a database of CT and 

MRI pairs (UCL) or deep-learning algorithms (DeepUTE), improved the quantitative accuracy 
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although regional deviations from CTAC up to 10% in [18F]FDG uptake and 0.6 σ in z-score 

were found for single patients. The number of patients in our study is limited, but the results 

are comparable to a study by Ladefoged et al. (98) including 104 dementia patients where 

deviations up to 15% for DixonBone and 5% for DeepUTE in [18F]FDG uptake were observed 

compared to CTAC.  

In brain tumor patients, quantitative evaluations of the three clinical MRAC methods at the 

Siemens PET/MR system (DixonNoBone, DixonBone and UTE) showed best agreement with 

CTAC for DixonBone with a mean TBR bias of -3% (135). However, large deviations from 

CTAC were observed for single lesions for all methods. The atlas-based and ZTE MRAC 

methods implemented at the GE PET/MRI system have also demonstrated good agreement 

with CTAC, with mean TBR bias within 2.4% (136). For evaluation of TAC characteristics in 

dynamic [18F]FET imaging of brain tumors with VOIs centered at SUVmax, no changes in TAC 

pattern and minor changes in time to peak were found for the Siemens MRAC methods (137).  

Although our results and other studies show that MRAC can cause quantitative local biases 

due to incorrect tissue classifications both in patients with dementia and brain tumors (79, 135), 

the diagnosis and clinical impact on brain examinations may not be significantly affected. In 

the clinical evaluation in paper I, high agreement (89%) between PETCTAC+MRI and 

PETDixonBone+MRI was found, and the two cases of discrepancies were caused by different 

subtypes of dementia. The atlas-based and ZTE MRAC methods implemented at the GE 

PET/MRI system have also shown diagnostic accuracy similar to CTAC for diagnosis of AD 

(138-140). When it comes to brain tumor imaging, the diagnostic reading also remained 

unchanged for the three Siemens MRAC methods (DixonNoBone, DixonBone and UTE) compared 

to CTAC despite quantitative deviations (135).  

Summarized, the impact in clinical practice seems to be negligible for the best performing 

MRAC methods both in dementia and in brain tumors. Guidelines for brain imaging with both 

[18F]FDG and AA PET now includes PET/MRI and recommends the latest versions of MRAC 

methods that includes bone (40, 141). But although the problem with attenuation correction for 

brain PET/MRI imaging can be considered solved, clinical implementation of improved 

research MRAC methods is still warranted. Siemens is now working on implementation of 

DeepDixon MRAC on the PET/MRI system. This method is based on the same algorithm as 

DeepUTE but with Dixon images as input data and has shown comparable results to DeepUTE 

(98).  
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5.2 PET image quality  

5.2.1 PET/MRI vs PET/CT 

In addition to quantitative accuracy, the PET image quality is of high importance, especially 

for detection of small lesions in oncology. The contrast was in general slightly inferior for 

PET/MRI compared to PET/CT in Paper II. The small difference in contrast was only partly 

due to the TOF capability on PET/CT. The remaining difference could be caused by increased 

scatter (~1 percentage points (pp)) and randoms (~5 pp) for PET/MRI compared to PET/CT, 

as these events cause noise in the image and reduces the contrast. The difference in scatter and 

randoms could originate from higher activity (13-14%) in the phantom at scan start at the 

PET/MRI system, as the same phantom was used at both systems and first scanned at the 

PET/MRI. However, an increased scatter fraction (~2 pp) for the PET/MRI system was also 

found in an earlier study by our group, when the activity concentration was higher at the 

PET/CT (24). Another explanation can be more random events at the PET/MRI due to the 

longer coincidence window compared to PET/CT.  

A 1 minute (50%) increase in acquisition time for PET/MRI compared to PET/CT was required 

to detect the 5 mm sphere in the low background activity concentration. A smaller time 

difference could potentially be achieved if smaller time increments than 1 min had been used.  

The difference in image quality between the two systems may be increased in body regions 

with larger diameter, like the abdomen. The amount of scatter and randoms is then increased 

and the effect of TOF is improved. Nevertheless, the size of the phantom in Paper II is 

representative for brain imaging and PET image quality comparable to PET/CT was achievable 

for brain PET/MRI with an increased acquisition time. Increased acquisition time can however 

be a problem in hospitals with high patient through-put and tight time schedules, but for 

PET/MRI protocols, which often have a longer scan time compared to PET/CT, this should not 

be a problem. 

 

5.2.2 Pixel size, noise and filter  

CNR increased with decreasing pixel size in our phantom study, with an enhanced effect for 

PET/CT compared to PET/MRI. This difference may originate from the slightly degraded 

image quality and increased noise level of PET/MRI. Small voxels may improve detection of 
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small lesions, but also tends to introduce more false positive results due to low counting 

statistics and increased noise (142). In nuclear medicine imaging there is always a balance 

between spatial resolution and noise. Noise also affect SUV values, and especially SUVmax. 

Post-reconstruction filtering will reduce noise, but also limits the detectability. It could be that 

a post-reconstruction filter of 4 mm FWHM hampered detection of the 4 mm sphere in Paper 

II, but a 2 mm FWHM filter or all-pass filter did not improve visual detection and slightly 

decreased CNR. Based on these considerations, a 4 mm filter and 2 mm pixel size was used in 

the clinical study of Paper III.   

 

5.2.3 Detectability 

The spatial resolution is limited in PET imaging and inferior to MRI. In Paper III brain 

metastases as small as 3 mm were detected with ce-MRI and were probably false negative on 

PET due to the limited spatial resolution. The smallest sphere detected with PET in the phantom 

study (Paper II) had a diameter of 5 mm. The 4 mm sphere was not detected for increased 

acquisition times for any of the systems, and the increase in CNR with time was low compared 

to the 5 mm sphere. This indicate that the 5 mm sphere is the smallest sphere possible to detect 

visually with the current systems within general clinical scan times and activity concentrations. 

The detectability of the same PET/CT system has also been investigated in a phantom study by 

Adler et al. (143). They detected a 4 mm sphere for an 8 min acquisition, but with a 15:1 activity 

ratio, which is almost twofold of the highest activity ratio used in our study. In neuro-oncology 

PET such high activity ratios might be achieved for a tracer with high TBR, such as 

[18F]FACBC in a study of high-grade gliomas (144). 

The use of human observers for detection of the spheres in Paper II may have affected the 

results as visual detection is subjective. However, this is representative for clinical assessments 

and the inter-reader agreement of the three observers was high. In the study by Adler et al. 

(143), a 8 min acquisition was required to detect the 5 mm sphere with 7.5:1 activity ratio (not 

detected for a 1, 2 or 4 min acquisition). In our study the same sphere was detected with a 2 

min acquisition in the 8:1 activity ratio. This discrepancy was likely due to their higher 

threshold for definition of detectability. Our threshold was set to evaluate if the sphere was 

observable and not whether it would change the course of the treatment if it was a lesion as for 

Adler et al.     
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The smallest detected lesion in the clinical study (Paper III) had a maximum diameter of 7 mm. 

TBR for the 7 mm metastasis was 3.9 and hence equivalent to the 4:1 sphere-to-background 

ratio in Paper II, where the 8 mm sphere was the smallest detected sphere. A 7 mm sphere was 

not included in the phantom but could potentially have been detected. These comparable results 

indicates that the phantom study is representative for clinical PET/MRI imaging and that a 

higher TBR can improve detection of smaller lesions in clinical imaging. This can be achieved 

with a tracer with higher difference in uptake between tumor and normal brain, or for improved 

spatial resolution that will reduce partial volume effects. The low measured [18F]FACBC 

uptake in small brain metastases (≤ 8 mm) in Paper III was likely low due to partial volume 

effects, and smaller lesions could probably have been detected with improved spatial 

resolution.  

 

5.2.4 PET image quality in the future 

Physical and technical development of the PET systems can improve the spatial resolution and 

the detectability. The PET image quality is improved in more recent systems compared to the 

systems used in our studies and will likely further advance in the future. Mainly due to 

decreased detector element size, which improves spatial resolution, and increased timing 

resolution that improves the effect of TOF and hence reduces noise. The most recent PET/MRI 

system, produced by United Imaging Healthcare, probably have the smallest detector element 

size of current PET systems, which is 2.76 mm. This results in an axial and transverse spatial 

resolution of 2.72 mm and 2.84 mm FWHM at 1 cm radial offset (145), compared to 4.1 mm 

and 4.0 mm FWHM on the Siemens PET/MRI (24). Such an improvement in spatial resolution 

will likely enable detection of significantly smaller lesions in clinical practice. Partial volume 

effects will be reduced, which will improve activity recovery and TBRs. PET imaging in 

neurodegenerative diseases is also biased due to partial volume effects, and will also benefit 

from improved spatial resolution (146).   

In contrast to the Siemens PET/MRI system, the systems by GE and United Imaging Healthcare 

offer TOF, with timing resolution of < 400 ps and 450 ps, respectively (78, 147). In recent 

years there have been large improvements in timing resolution with the introduction of fast 

SiPM detectors. The best coincidence timing resolution in a PET system today is 214 ps and it 

may be below 100 ps in the future (148). A timing resolution of 214 ps constrains the 
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annihilation event to a segment of 3.2 cm along the LOR and cause an increase in SNR of 2.5 

compared to a system without TOF (25).  

A further increase in SNR can be obtained with larger axial FOV. The intrinsic sensitivity is 

then increased as annihilation photons with a larger angle are detected (142). The Siemens 

PET/MRI system has an axial FOV of 25.8 cm, while it is increased to 32 cm in the newest 

PET/MRI system by United Imaging Healthcare (145). For PET/CT, total body (TB) systems 

have been developed with axial FOV of 1 and 2 m. Combined with great TOF performance 

this results in excellent effective sensitivity (142). These TB systems have a 13-times higher 

sensitivity compared to the Siemens PET/MRI system, which cause a 3.6-time increase in SNR 

(24, 149). This results in reduced background noise and improved contrast. The extended 

geometry also increases the number of detected events for a single bed position, although not 

to the same degree as for whole-body imaging (10). A TB PET/MRI system has not yet been 

announced. A simultaneous TB PET/MRI would require a large homogeneous magnetic field, 

compared to the typically MR FOV today that is around 50-55 cm (149). Furthermore, MR 

imaging with a large FOV will be extremely time consuming, hence MRI and PET/MRI are 

probably best suited for smaller body regions like the brain. But although TB PET/MRI may 

not be feasible, a larger PET FOV is preferable also for brain PET/MRI examinations.    

 

5.2.5 Improvement of reconstruction algorithms  

The number of iterations in iterative reconstruction algorithms also impact the image quality. 

Noise is increased with the number of iterations and in Paper II we observed that CNR 

decreased for more than 1-3 iterations (dependent on system and reconstruction algorithm). 

Three iterations were used in Paper III based on the results of Paper II and prior NEMA 

performance measurements by our research group (24). Further development of reconstruction 

methods is likely to further improve the PET image quality. Bayesian penalized likelihood 

(BPL) algorithms have been introduced in clinical systems, which provides convergence with 

increasing OSEM iterations without amplifying noise. This is achieved by incorporation of a 

penalty term with prior knowledge in the iterative updates, like minimizing large intensity 

differences in neighboring voxels that likely represent noise (142). In a recent brain phantom 

PET/MRI study, BPL reconstructions showed improved contrast recovery, better spatial 

resolution and SNR compared to OSEM with TOF (150). However, background variability and 
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uniformity were inferior for BPL. Nevertheless, BPL reconstructions show promising results 

for noise reduction and improved lesion detection in clinical PET imaging in general (151-

155). BPL algorithms are computational intensive and deep-learning algorithms have been 

purposed for obtaining faster BPL reconstructions from OSEM images (156). The development 

of artificial intelligence in image reconstruction will likely also contribute to improved PET 

image quality in the future (142).  

 

5.2.6 Motion correction 

With increased image quality, blurring caused by patient motion will be more prominent (142). 

Motion correction algorithm was not applied in our studies due to bugs in the software 

implemented at the systems. This potentially affected the detectability in Paper III, but the 

results were comparable to the phantom study not affected by motion. A variety of research 

based motion correction methods for brain PET imaging exists, but clinical use is still 

hampered by the absence of proper methods on commercial systems (142).  

 

5.2.7 Summary  

It will be interesting to see to what degree the combination of recent and future developments 

in detectors, axial coverage, reconstruction algorithms and motion correction will revolutionize 

the PET image quality in the future. This will improve both visual detection limits and 

confidence of physicians, as well as the accuracy of tumor delineation and PET metabolic 

information when used in stereotactic radiotherapy and surgery planning. Improved image 

quality can also be exploited for reduced activity or scan time. 

 

5.3 PET/MRI in neurodegenerative diseases 

The prevalence of neurodegenerative diseases rise continuously with increasing life 

expectancies (39). In 2021, 55 million people were affected by dementia worldwide and the 

number increases by nearly 10 million people every year according to the World Health 

Organization (157). Dementia is a clinical diagnosis that earlier has been based on clinical 

history and symptoms, while MRI has been used to exclude other diseases (39). However, 
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neuroimaging now plays an increasing role for earlier diagnosis and investigating the 

pathophysiology of the diseases that is not yet fully understood. Development of advanced 

MRI techniques, such as diffusion tensor imaging (DTI), fMRI, and perfusion imaging, are 

considered to improve dementia diagnosis (129), but there is also a large potential for PET in 

this field. The fact that MRAC is acceptable for brain applications makes PET/MRI an 

excellent imaging modality for this patient group.  

[18F]FDG PET is increasingly used to support MRI with metabolic information and 

differentiation of age-related changes from early stages of dementia or other neurodegenerative 

processes. Additionally, specific patterns of hypometabolism can diagnose subtypes of 

dementia (60).  

The use of PET is likely to further increase in this patient group with the introduction of 

amyloid PET in the clinic and further research on tau tracers. Cognitively unimpaired persons 

with both positive amyloid and tau biomarkers have shown faster cognitive decline than 

persons with no or only one positive biomarker (39). Amyloid and tau PET imaging can 

therefore contribute to earlier diagnosis of AD, but also other neurodegenerative diseases, and 

hopefully contribute to development of therapeutics for this patient group (39, 158).  

 

5.4 PET/MRI in neuro-oncology 

PET is also increasingly used in neuro-oncology in combination with MRI. AA PET has 

improved the visibility of brain tumors compared to [18F]FDG PET and is recommended in 

international guidelines for imaging of gliomas (40, 43). As mentioned earlier, AA PET has 

shown higher diagnostic accuracy compared to MRI in differentiation of glioma and non-

neoplastic lesions or treatment-related changes, in glioma grading, and in assessment of 

treatment response, as well as superior tumor delineation (43). For brain metastases ce-MRI is 

the recommended imaging modality for detection and tumor delineation of metastases, while 

AA PET is found useful for differentiation between recurrence and radiation necrosis although 

the literature is still limited (71).   
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5.4.1.1 Detectability of brain lesions using [18F]FACBC  

The low normal brain uptake of [18F]FACBC and increased TBR for brain tumors compared 

to other AA tracers was expected to improve detection of small brain metastasis studied in 

Paper III (52, 53, 55, 58, 59, 144, 159-161). However, we did not detect smaller brain 

metastases with [18F]FACBC than what was detected using [18F]FET in a study by Unterrainer 

et al (160). They found [18F]FET-positive metastases with a diameter down to 6 mm on ce-

MRI, even smaller than in our study. The metastases were defined as [18F]FET-positive based 

on a threshold of TBR ≥ 1.6, according to guidelines for glioma imaging. No such guideline 

exist for [18F]FACBC, and visual detection with uptake distinctly different from surrounding 

tissue was applied in our study. This difference may have caused the detection of smaller 

metastases by Unterrainer et al. compared to our study.  

Lesions smaller than the PET spatial resolution has been detected in a [18F]FACBC study of 

relapsing and recurrent high-grade glioma by Bogsrud et al. (144). The detected lesions had 

diameters down to 3 mm measured on PET and estimated lesion sizes to below 2 mm. TBR 

was high (4-18) and probably the reason for the detection of such small lesions. In AA PET 

studies including both brain metastases and gliomas, TBR tends to be lower for brain 

metastases (159, 162). This may explain why we do not detect such small brain metastases with 

[18F]FACBC PET as detected for gliomas. However, this must be confirmed in larger studies.  

Paper III showed that the excellent spatial resolution of MRI and distinct contrast enhancement 

of brain metastases makes it the preferred modality also over [18F]FACBC PET in detection of 

brain metastases. Although ce-MRI is the most sensitive modality for detection of brain 

metastases according to the PET-RANO working group (71), the literature is however limited 

on the actual sensitivity of ce-MRI for detection of brain metastases. According to mouse 

model studies, not all brain metastases show contrast enhancement due to nonpermeability of 

the BBB (163, 164). Based on these observations and the fact that [18F]FACBC can be 

transported across the BBB by amino acid transporters, brain metastases without contrast 

enhancement could potentially be present and identified with [18F]FACBC PET only. 

However, this was not observed in our study and has to my knowledge not been reported in 

other AA PET studies on brain metastases in humans.  
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5.4.1.2 Spatial incongruence  

The results of Paper III indicated that [18F]FACBC PET might detects tumor tissue beyond the 

contrast enhancement as only partial spatial congruence was observed between PET and ce-

MRI volumes. The validity of this result can however be discussed as no guidelines exists on 

tumor delineation using [18F]FACBC. A threshold-based delineation (41% of SUVmax) was 

applied in this study based on visual evaluations. This threshold is recommended for defining 

metabolic tumor volume in [18F]FDG tumor imaging, and may not be valid for [18F]FACBC 

due to different uptake mechanisms of the two tracers. Studies based on image-localized 

biopsies should be conducted to determine procedures for tumor delineation with [18F]FACBC. 

However, a [18F]FET study on brain metastases has also observed spatial incongruence of PET 

and MRI volumes (165) and further investigations are needed to determine whether AA PET 

can detect metastatic tissue beyond volumes defined by ce-MRI, as confirmed for gliomas (54, 

56, 166-168). AA PET may improve delineation of radiotherapy target volumes of gliomas 

compared to conventional MRI, but the literature is still limited and the potential benefit for 

the patients is not yet known (169). If tumor tissue identified by AA PET beyond contrast 

enhancement is histologically confirmed also for brain metastases, the value of AA PET in 

radiotherapy planning of brain metastases should be investigated. Improved tumor delineation 

will increase the tumor dose and reduce the dose exposure of healthy tissue. Dose escalation 

based on AA PET may also improve the effect of radiotherapy, but the literature is limited and 

contradictory in this field (170-172).  

 

5.4.1.3 Treatment-related changes vs recurrence 

Radiotherapy and chemoradiation (radiotherapy combined with chemotherapy) may cause 

pseudoprogression or radiation necrosis, which makes recurrence evaluations based on MRI 

challenging (173). Pseudoprogression mimics tumor progression, but the difference is that the 

increase in size of contrast-enhancing lesions, or new contrast-enhancing lesions, resolve 

without additional treatment (174). Radiation necrosis also show contrast enhancement and is 

difficult to distinguish from true tumor tissue. Pseudoprogression typically occurs within 12 

weeks after radiotherapy completion, while radiation necrosis normally occurs more than 6 

months after radiotherapy and up to several years later (173). Advanced MRI (aMRI) methods, 

such as DWI and PWI, have been investigated to overcome the limitations of conventional 

MRI in identifying such contrast-enhancing treatment-related changes. However, the results 
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are controversial (125). On the contrary, AA PET ([11C]MET, [18F]FDOPA, [18F]FET) has 

shown difference in TBR between treatment-related changes and recurrence, which can be 

exploited for diagnosing recurrence. High and improved diagnostic accuracy has been shown 

for AA PET compared to aMRI in differentiation of treatment-related changes and recurrence 

for both gliomas and brain metastases (71, 173, 175). The accuracy may be further increased 

with [18F]FET PET when combining TBR with dynamic TAC parameters like time-to-peak 

and slope characteristics (48, 51, 52, 125).  

In our study of brain metastases, [18F]FACBC uptake was present in all six previously radiated 

lesions, including two lesion indicative of radiation necrosis based on follow-up MRI. SUVmax 

was above 1.3 for all lesions, which was proposed as a threshold for recurrence of brain 

metastases with [18F]FACBC by Parent et al. in a study of 8 patients (59). All lesions had a 

TAC curve with early peak followed by a plateau or decrease indicative of tumor tissue 

according to TAC characteristics in dynamic [18F]FET imaging. Due to the small group of 

patients treated with SRS in our study, as well as the lack of histopathology and the limited 

follow-up time with MRI no conclusions on the role of [18F]FACBC PET in evaluation of 

radiation necrosis and recurrence of brain metastases can be made based on our results. 

Furthermore, it is not yet known whether TAC curves obtained with [18F]FACBC shows the 

same characteristics as [18F]FET and whether dynamic [18F]FACBC uptake can differentiate 

recurrence and treatment-related changes. Larger studies with histopathology or long follow-

up are needed to determine the diagnostic accuracy of [18F]FACBC PET for this purpose.  

 

5.4.1.4 New tracers 

Development of new tracers for neuro-oncology can further improve PET imaging and 

treatment of brain tumors. Tracers with even higher TBR for brain metastases could provide 

earlier detection of brain metastases. Prostate-specific membrane antigen (PSMA) labeled with 

gallium-68 ([68Ga]PSMA) has recently shown extremely low uptake in normal brain (SUVmax 

< 0.23) and very high TBR (median: 152) in glioma (176). Cases with 

[68Ga]PSMA/[18F]PSMA uptake in brain metastases have also been observed and allowed for 

detection of brain metastases not identified with MRI (177-182).  

In addition to [18F]FACBC, another amino acid tracer, h-[11C]-methyl-L-tryptophan 

([11C]AMT), has shown promising results for brain tumors. Although the literature is still 
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limited, [11C]AMT has shown a strong prognostic value for glioma in addition to promising 

results for tumor delineation and diagnosis of treatment-related changes (44).  

 

5.4.1.5 Theranostics 

Theranostics, the combination of therapeutics and diagnostics, is an emerging field in cancer 

management where PET will play an important role. Diagnostic PET (or SPECT) imaging can 

identify whether target receptors are present on cancer cells. If so, the patient can receive 

radionuclide therapy based on the same PET tracer but with different isotopes that cause a 

locally delivered radiation dose to the cancer cells. Additionally, post-therapeutic imaging can 

be used for dosimetry calculations. Theranostics has successfully been implemented for thyroid 

cancer, neuroblastoma, metastatic prostate cancer and neuroendocrine tumors (183-186). For 

prostate cancer for instance, 68Ga and Lutetium-177 (177Lu) can be labeled to PSMA for 

diagnostics and therapeutics, respectively. No clinical theranostic approaches have been 

established for gliomas or brain metastases, but as gliomas have shown to be PSMA-avid this 

is a potential therapeutic target agent also for gliomas (187). Two case reports have shown the 

feasibility of targeted radionuclide therapy with [177Lu]PSMA of glioblastoma multiforme 

(188, 189). This opens the possibility for theranostics also for brain tumors and increased 

treatment options for a patient group with limited treatment options (176). 

 

5.4.1.6 Summary 

Although no added diagnostic value of [18F]FACBC PET to MRI in the evaluation of brain 

metastases has yet been shown, the potential in tumor delineation, radiotherapy planning and 

recurrence evaluations should be further explored. Other AA tracers, like [18F]FET, likely 

improves recurrence evaluations of brain metastases and AA PET improves diagnosis of 

gliomas compared to MRI. PET/MRI is hence a well-suited imaging modality in neuro-

oncology as PET can add complementary metabolic information in situations where MRI is 

limited. PET/MRI can potentially improve treatment planning of radiotherapy and surgery and 

be a well-suited imaging modality for theranostics in the future.   
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5.5 Limitations of PET/MRI 

The disadvantages of PET/MRI is the high cost and limited availability compared to PET/CT. 

PET/MRI benefits over PET/CT in reduced radiation dose, however AI-based reconstruction 

for reducing CT dose is now clinically introduced and this advantage may diminish in the future 

(149). The longer acquisition time of MRI compared to CT is also often highlighted as a 

limitation of PET/MRI, but this is mostly an issue for whole-body acquisitions. For brain 

applications, the patients need an MRI examination anyway and will rather benefit from a 

simultaneous PET/MRI examination as PET data will be acquired at the same time as the MRI 

data.  

In whole-body imaging, the introduction of TB PET/CT systems in clinical routine will enable 

considerable decrease both in injected activity and acquisition time, meanwhile maintaining or 

even improving image quality. TB PET/MRI is as mentioned not feasible in the same way. 

However, current PET/MRI systems is convenient for brain imaging with one bed position and 

for the purpose of providing complementary information to an MRI examination.  

 

5.6 Synergy of PET and MRI 

PET/MRI benefits from synergy effects, meaning that the combination of the two modalities 

is improved compared to each of the modalities alone. In dementia assessment for instance, the 

accuracy of differentiation of AD, FTD and controls by automatic classification increased from 

73% and 81% for MRI and [18F]FDG PET, respectively, to 92% for the combination of MRI 

and PET data (116). Furthermore, neuro-oncology studies on AA PET and aMRI have shown 

that AA PET is superior to DWI and PWI in tumor detection, predicting recurrence and 

survival, and diagnosing progression in glioma imaging, but the performance was further 

improved for the combination of AA PET and DWI or PWI (175). Another example is a study 

on the ability of [18F]FET PET/MRI radiomics to differentiate radiation injury from recurrent 

brain metastasis (190). A diagnostic accuracy of 81% for ce-MRI and 83% for [18F]FET PET 

was found, while for the combination of the two modalities the accuracy reached 89%. These 

examples show that PET and MRI provide complementary information and that future research 

should focus on the effect by combining data from the two modalities.  
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Multi-modal imaging provides new opportunities as complementary information can be 

obtained in one examination and accurately aligned, and especially for simultaneous 

acquisitions possible with integrated PET/MRI systems. Simultaneous acquisition excludes 

variations due to biological processes and enables temporal and spatial matching of MRI and 

PET data. This can be exploited for purposes like MR-based motion correction (191-195) and 

partial volume corrections (196-198), as well as incorporation of anatomical information in the 

PET image reconstruction (199, 200). Such advances can make improvements in the PET 

image quality not possible with PET/CT due to the non-simultaneous acquisition of PET and 

CT data as well as poor soft tissue contrast of CT.  

 

5.7 Outlook 

Based on the two first papers of this thesis as well as other literature, it can be concluded that 

PET/MRI is applicable for brain examinations. The inaccuracies with MRAC are solved to an 

acceptable degree for the brain and the PET image quality is comparable to that of PET/CT for 

brain examinations. MRI is the standard imaging modality for this body region, and the field 

of neurology is well suited to explore the potential of PET/MRI.  

At St. Olavs Hospital today, assessments of patients with suspected dementia are performed on 

the PET/MRI system as a result of Paper I. The DeepUTE method is used for attenuation 

correction, with AC maps generated offline. DeepDixon was recently installed as a work-in-

progress sequence at our PET/MRI system at St. Olavs Hospital as one of two sites worldwide, 

and we will test this sequence on our neurological PET/MRI examinations. Hopefully, this 

method will become available for clinical use within the end of 2022. 

A nuclear medicine multicenter project, Norwegian Nuclear Medicine Consortium (180°N), 

was started in Norway in 2020, funded by Trond Mohn. The project includes the hospitals and 

universities in Trondheim, Bergen and Tromsø, all of which have installed the same Siemens 

PET/MRI system. 180°N consists of three projects, one on tracer development, the second on 

preclinical research and the third on clinical PET/MRI. The study of Paper III is a part of the 

clinical PET/MRI project, and ongoing studies also include the use of [18F]FACBC PET/MRI 

in glioma patients, the use of a new second-generation tau tracer, [18F]MK-6240, conducted on 

patients with MCI, as well as a theranostic study on [68Ga]PSMA and [177Lu]PSMA in recurrent 

high-grade gliomas.  
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The ongoing development of both PET image quality and tracers will give new and exciting 

possibilities and applications of PET/MRI that is not yet found, particularly for the brain.  
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6 Conclusions 

With the offline implementation of an improved research MRAC method evaluated in this 

thesis, PET/MRI is now considered applicable for clinical brain examinations at St. Olavs 

Hospital. The largely unexplored potential of PET/MRI in the brain can now be exploited to 

the benefit of the patients. The main findings were 

I. Slightly decreased image quality was observed for PET/MRI compared to PET/CT. 

However, for an increased acquisition time the same detectability was obtained.  

 

II. The accuracy of the best clinically implemented MRAC method was acceptable for 

clinical neurological brain examinations but was further improved for research MRAC 

methods. Based on these results [18F]FDG PET/MRI is now used in clinical routine of 

dementia at St. Olavs Hospital using one of the proposed research methods (DeepUTE).  

 

III. [18F]FACBC PET showed uptake in brain metastases from all included primary cancers 

and in general high TBR, although detection of small metastases was superior with 

MRI. The potential of [18F]FACBC PET for differentiation between recurrence of brain 

metastases from radiation necrosis and improved tumor delineation should be further 

evaluated.  

 

The work on this thesis has been an interesting journey where the use of the PET/MRI system 

at St. Olavs Hospital has gone from technical to clinical research projects and further to 

implementation in clinical routine. The future looks even more exciting with respect to tracer 

developments and increasing applications for PET/MRI. I look forward to applying the 

knowledge and experiences I have acquired throughout these years in my employment as a 

medical physicist at St. Olavs Hospital for improvement of patient management.   
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Quantitative and clinical impact of MRI-
based attenuation correction methods in
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Abstract

Background: Positron emission tomography/magnetic resonance imaging (PET/MRI) is a promising diagnostic
imaging tool for the diagnosis of dementia, as PET can add complementary information to the routine imaging
examination with MRI. The purpose of this study was to evaluate the influence of MRI-based attenuation correction
(MRAC) on diagnostic assessment of dementia with [18F]FDG PET. Quantitative differences in both [18F]FDG uptake
and z-scores were calculated for three clinically available (DixonNoBone, DixonBone, UTE) and two research MRAC
methods (UCL, DeepUTE) compared to CT-based AC (CTAC). Furthermore, diagnoses based on visual evaluations
were made by three nuclear medicine physicians and one neuroradiologist (PETCT, PETDeepUTE, PETDixonBone, PETUTE,
PETCT + MRI, PETDixonBone + MRI). In addition, pons and cerebellum were compared as reference regions for
normalization.

Results: The mean absolute difference in z-scores were smallest between MRAC and CTAC with cerebellum as
reference region: 0.15 ± 0.11 σ (DeepUTE), 0.15 ± 0.12 σ (UCL), 0.23 ± 0.20 σ (DixonBone), 0.32 ± 0.28 σ
(DixonNoBone), and 0.54 ± 0.40 σ (UTE). In the visual evaluation, the diagnoses agreed with PETCT in 74%
(PETDeepUTE), 67% (PETDixonBone), and 70% (PETUTE) of the patients, while PETCT + MRI agreed with PETDixonBone
+ MRI in 89% of the patients.

Conclusion: The MRAC research methods performed close to that of CTAC in the quantitative evaluation of [18F]FDG
uptake and z-scores. Among the clinically implemented MRAC methods, DixonBone should be preferred for diagnostic
assessment of dementia with [18F]FDG PET/MRI. However, as artifacts occur in DixonBone attenuation maps, they must
be visually inspected to assure proper quantification.

Keywords: PET/MRI, Attenuation correction, z-scores, dementia

Background
Magnetic resonance imaging (MRI) is today the pre-
ferred imaging modality in the clinical workup of
suspected neurodegenerative disease due to the high
spatial resolution and high soft tissue contrast. MRI
can identify atrophy in dementia and exclude other
diseases like vascular disease, cerebral amyloid
angiopathy, brain tumors, and traumatic as well as
inflammatory brain changes [1]. Positron emission

tomography (PET) with fluorodeoxyglucose ([18F]FDG) is
however increasingly used to support the clinical diagnosis
of patients with suspected dementia, as hypometabolism
in certain brain regions can help identify specific types of
dementia, including Alzheimer’s disease (AD) and fronto-
temporal dementia (FTD) [2]. PET has a higher sensitivity
for detecting early metabolic changes, which takes place
prior to the morphological changes visible on MRI [1].
Hybrid PET/MRI systems have opened up the opportunity
for simultaneous PET/MRI acquisitions, enabling fast and
convenient examinations for patients with dementia. The
information from PET and MRI is complementary, and
detection of dementia with the combination of [18F]FDG
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PET and MRI is more accurate than with either of the im-
aging modalities alone [3].
As a complement to the visual assessment of hypome-

tabolism in PET images performed by nuclear medicine
physicians, PET data can be compared to databases of
age-matched healthy controls. Z-score maps are then
calculated, which represents the number of standard
deviations (σ) separating the [18F]FDG uptake of the pa-
tient and the average of the healthy controls, where
moderate hypometabolism is defined as a z-score be-
tween − 2 σ and − 3 σ, and severe hypometabolism for a
z-score below − 3 σ [4]. A prerequisite for using such
quantitative comparisons clinically is quantitatively
accurate PET images, which are heavily dependent on
attenuation correction (AC). AC is one of the most im-
portant corrections that needs to be performed on PET
images, but is still challenging when using a PET/MRI
system.
For PET/computed tomography (CT) systems, AC is

based on CT images (CTAC), which is scaled by a bilin-
ear function to represent the linear attenuation coeffi-
cients (LACs) of the 511 keV photons. For PET/MRI
systems, alternative methods had to be developed in
order to calculate attenuation maps from MRI data since
there is no direct relation between the MRI signal and
the electron density of tissue. Several proposed brain
MRI-based AC (MRAC) methods have demonstrated a
small and acceptable bias from CTAC (regional differ-
ence within ± 5%) [5]. Most of these promising methods
are however not implemented in clinical systems, except
for Dixon with bone model that recently became avail-
able on the Siemens PET/MRI system (software VE11P).
A few studies have compared clinically implemented and
research MRAC methods with CTAC in the evaluation
of cognitive impairment. Cabello et al. [6] compared
Dixon-based (without bone) AC and ultrashort echo
time (UTE) AC with four novel MRAC methods. They
concluded that Dixon- and UTE-based AC were inferior
to the research MRAC methods, both when measuring
[18F]FDG uptake and z-score accuracy to identify regions
with reduced metabolism, compared to CTAC. These
findings need to be re-evaluated after the recent software
upgrade with modifications to the Dixon and UTE
sequences.
The most relevant clinical issue is whether MRAC

have an impact on clinical neurodegenerative diagnosis.
Werner et al. [7] found that the pattern of hypometabo-
lism remained largely unchanged with Dixon and that
the clinical impact was negligible compared to CTAC.
Franceschi et al. [8] found similar performance for
Dixon and the prototype of Dixon with bone model in
visually identifying hypometabolism without z-scores,
and also concluded that even Dixon is acceptable for
routine clinical evaluation of dementia. Still, the

quantitative errors should be further reduced and
MRAC methods better imitating CTAC is warranted.
Another factor that potentially can impact the pres-

ence of hypometabolism is the choice of reference
region. In the comparison to the database of healthy
controls, the [18F]FDG uptake is normalized to a refer-
ence region, which should be unaffected by the disease.
The most commonly used reference regions in dementia
evaluations are cerebellum and pons, and incorrect AC
in these regions can induce a bias in the [18F]FDG up-
take affecting z-scores throughout the brain. The
accuracy of the MRAC methods in the reference region
is thus important and should be investigated further.
The aim of this study was to assess the quantitative

and clinical impact of the implemented MRAC methods
in [18F]FDG PET evaluation of dementia (Dixon, Dixon
with bone model, UTE) on the Siemens Biograph PET/
MRI scanner. Two research MRAC methods (DeepUTE
and UCL) presented in the literature were also included
for comparison, in addition to CTAC as reference.
Secondary aims were to investigate how the choice of
reference region influenced the z-scores quantitatively.

Materials and Methods
Patients
Twenty-seven consecutive patients with suspected
dementia were referred to brain PET/CT and PET/MRI
examinations. Nine patients were excluded from this
study due to incorrect anatomical position during the
PET/CT examination (n = 5), misregistration of bone in
DixonBone MRAC (n = 2) (the artifacts could not be re-
moved manually and a new Dixon acquisition was not
acquired), aliasing in MRI scans (n = 1), and problems
with co-registration of PET images to the MNI PET
template (n = 1). The 18 patients included had a mean
age of 69 ± 9 years and a mean weight of 75 ± 16 kg. Pa-
tient characteristics and the proposed diagnosis made by
a nuclear medicine physician and a neuroradiologist
based on PET/CT and MR imaging and clinical referral
text is given in Table 1. The study was approved by the
Regional Committee for ethics in Medical Research
(REC Central) (ref. number: 2013/1371) and all patients
gave written informed consent.

Image acquisition and reconstruction
Image acquisition was performed on a Biograph mCT
PET/CT system (software version VG51C), and subse-
quently on a Biograph mMR PET/MRI system (software
version VE11P) (Siemens Healthcare GmbH, Erlangen,
Germany). All patients fasted at least 6 h prior to intra-
venous injection of [18F]FDG (210 ± 46 MBq). The
patients were kept blindfolded in a quiet room during
the uptake phase prior to the PET/CT examination,
which was performed 35 ± 1 min post injection (p.i.),
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followed by the PET/MRI examination, performed 64 ±
9 min p.i.
Only the low-dose CT scan and the corresponding at-

tenuation map were used (as reference) from the PET/
CT examination. The PET (20 min) and MRI (17 min)
acquisitions were performed simultaneously, and the
MRI protocol consisted of the same sequences as in the
clinical MRI protocol for patients with suspicion of
dementia (sagittal 3D T1 MPRAGE, coronal T2, trans-
versal FLAIR, GRE T2* (microhemorrhage), and diffu-
sion weighted imaging) in addition to the MRI
sequences for MRAC; a high-resolution two-point Dixon
VIBE and a UTE sequence. All PET reconstructions
were performed on the mMR system using 3D OSEM
reconstruction (three iterations and 21 subsets, 344 ×
344 image matrix, 4 mm Gaussian filter) and corrections
for scatter, randoms, detector normalization, decay, and
attenuation.

Attenuation maps
PET data acquired at the PET/MRI system was recon-
structed with the following five MR attenuation maps
and a CT attenuation map (presented in Fig. 4) for
each patient:

1. DixonNoBone: Implemented at the mMR system.
Segmentation-based method that relies on the two-
point Dixon VIBE sequence (Brain HiRes), where
air, fat, and soft tissue are segmented and assigned
predefined discrete LACs (air: 0 cm−1, fat: 0.0854
cm−1, fat/soft tissue mix: 0.0927 cm−1, and soft
tissue: 0.1000 cm−1).

2. DixonBone: Implemented at the mMR system
(product in the latest software, VE11P). Similar to
DixonNoBone, but includes continuous bone
information from an integrated bone atlas by
registration of MR images of the subject to MR
images of the atlas [9, 10]. The atlas contains sets of
pre-aligned MR image and bone mask pairs with
bone densities as LACs in cm−1 at the PET energy
level of 511 keV.

3. UTE: Implemented at the mMR system.
Segmentation-based method that relies on the two
images from the UTE sequence with different echo
times (TE1 and TE2), and segments the image into
air (0 cm−1), soft tissue (0.1000 cm−1), and bone
(0.1510 cm−1).

4. UCL: Atlas-based method using a database of 41
paired T1-weighted MRI and CT data sets [11–13].
All MRI data sets of the atlas are non-rigidly registered
to the patient’s MRI data and normalized correlation
coefficients are calculated at each voxel. A pseudo CT
is then calculated from averaged weights of the CT
data sets based on the correlation coefficients. In this
study, T1-weighted MPRAGE was used as input in a
web-based tool, after bias correction with FMRIB
Software Library (FSL, Oxford Centre for Functional
MRI of the Brain, UK), as recommended by the
distributor. The returned UCL attenuation map in
Houndfield units (HU) was converted to LACs [14]
and smoothed with a 4 mm Gaussian filter.

5. DeepUTE: Artificial intelligence approach to
MRAC, using a deep learning algorithm [15].
Briefly, the method uses a modified 3D U-net
architecture [16] for image-to-image learning of
paired UTE and CT data. Compared to [15], the
network was here trained using data from 832 adult
examinations.

6. CT: Attenuation map generated by converting a low-
dose CT scan on the mCT scanner to LACs [14].
The bed and head holder was excluded from the CT
attenuation map by making a semi-automatic head
mask (CT head mask) with the software MRIcron
[17], and the attenuation map was multiplied by
10,000 to get the same order of magnitude as the
MRAC maps at the mMR system. The CT
attenuation maps did not cover the neck region
sufficiently for attenuation correction of the PET data
from the PET/MRI system due to differences in the

Table 1 Patient characteristics
Patient Age (years) Gender Proposed diagnosisa

1 72 M Non-specific

2 70 F FTD

3 49 F Normal

4 78 F Normal

5 74 M FTD

6 64 M Normal

7 83 F AD/FTDb

8 54 F Non-specific

9 61 M Normal

10 82 M Normal

11 71 F Non-specific

12 75 F Normal

13 68 M Non-specific

14 66 F Normal

15 72 F Non-specific

16 63 M AD

17 69 M Non-specificc

18 70 F Normal

AD Alzheimer’s disease, FTD frontotemporal dementia, Non-specific other
subtypes of dementia, and other patterns of hypometabolism that cannot be
explained by image artifacts
aDiagnosis based on PET/CT + MRI and clinical referral text
bAmbiguous clinical information as well as imaging data, but
clearly neurodegenerative
cSuspicion of normal pressure hydrocephalus (later confirmed clinically and
operated with ventricular shunt)
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axial field of view of the PET-detectors. The area
outside the CT head mask was therefore
substituted with the DixonBone attenuation map
for each patient. The CT image was rigidly
registered to the Dixon in-phase image and the
same transformation was performed on the CT
attenuation map.

The same voxels that were substituted by DixonBone
in the CT attenuation maps were also substituted by
DixonBone in all evaluated MR attenuation maps. In
order to perform this voxel substitution, the UTE TE2
image and the T1w MPRAGE image was registered to
the Dixon in-phase image, and the resulting transfor-
mations were used on the respective attenuation
maps. All registrations were performed with Aliza
Medical Imaging 1.35.3 (Bonn, Germany) (using elas-
tix version 4.8 [18, 19]) [20]. To enable import of the
modified attenuation maps at the PET/MRI system,
all attenuation maps used the header file of DixonBone
with exchange of the pixel data.

Quantitative analysis
Bone artifacts
After software upgrade (from VB20P to VE11P) of
the PET/MRI system, bone artifacts have been ob-
served in the DixonBone and UTE attenuation maps.
Two of the most severe artifacts seen in the attenu-
ation maps are misplacement of bone segments from
other parts of the body found in the DixonBone and
bone present inside the brain nearby the anterior ven-
tricles in the UTE attenuation maps. The DixonBone
and UTE attenuation maps were therefore visually
inspected for these artifacts.

[18F]FDG uptake
The [18F]FDG uptake in all PET reconstructions were
measured in 15 brain regions that were chosen to
match the brain regions in the software used for z-
score analysis and visual assessment. The regions
were in MNI space and taken from the Harvard-Ox-
ford Cortical Structural Atlas, MNI Structural Atlas,
and Talairach Daemon Labels in FSL (Oxford Centre
for Functional MRI of the Brain, UK). The PET im-
ages of the patients were converted to MNI space by
co-registration to a dementia-specific [18F]FDG-PET
template [21, 22]. The PETDixonBone was first regis-
tered with elastix to the PET template in a two-step
process (rigid and non-rigid registration), and the
resulting transform was used on the other five PET
images of the same patient for transformation to
MNI space. Relative difference (RD) was calculated in
each brain region, and was defined as

RD %ð Þ ¼ PETMRAC−PETCTAC

PETCTAC
$ 100; ð2Þ

where PETMRAC and PETCTAC is the average activity
measured in a brain region in PETMRAC and PETCTAC,
respectively. The results are presented by using the box-
plot function in MATLAB (R2017b). Absolute RDs were
also calculated and averaged over patients and brain re-
gions as RDabs.

Z-scores
The visual evaluations were performed with the software
Cortex ID (GE Healthcare, Waukesha WI, USA), where
z-scores were calculated in 26 brain regions. The data-
base constitutes of 294 healthy controls divided in six
age groups, imaged with [18F]FDG PET and using a
transmission scan of 68Ge for attenuation correction.
Both cerebellum and pons were used as reference
regions in the quantitative analysis. Quantitative com-
parison of z-scores between PETMRAC (PETDixonBone,
PETDixonNoBone, PETUTE, PETUCL, PETDeepUTE) and
PETCTAC were performed by calculating the difference,
D, and absolute difference, Dabs, in each brain region,
where

D ¼ ZMRAC−ZCTAC ; and

Dabs ¼j ZMRAC−ZCTAC j;

and Dabs was averaged over patients and brain regions
as Dabs . The boxplot function in MATLAB was used to
present the differences in z-scores.

Visual evaluation
To limit the number of images in the visual evaluation,
MRAC methods were chosen based on the z-score ana-
lysis. The best and worst of the clinically implemented
MRAC methods were included, in addition to the best
research MRAC method. The PETCT was used as refer-
ence. Three nuclear medicine physicians (brain PET
experience; reader 1: 3 years, reader 2: 10 years, reader
3: 1 year) performed the visual assessments individually.
Based on PET images and z-scores, the patients were ei-
ther categorized as normal or diagnosed with AD, FTD,
or non-specific pathology (other subtypes of dementia,
like DLB, and other patterns of hypometabolism that
cannot be explained by image artifacts). The physicians
were blinded for AC method and patient ID, and had no
information regarding patient history or MRI.
A second reading was made based on both PET im-

ages, z-scores, and MR images by a nuclear medicine
physician (reader 3) and a neuroradiologist (4-year ex-
perience in neuroradiology and European Diploma in
NeuroRadiology (EDiNR)) in conjunction. The best clin-
ically implemented MRAC method based on the z-score
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analysis was chosen for this second visual evaluation,
and PETCT was used as reference. The first and second
visual evaluation was done 2 months apart.
PET images and z-scores were evaluated in Cortex ID,

while MR images were assessed with the hospitals
Picture Archiving and Communication System (PACS;
Sectra IDS 7). Cerebellum was chosen as reference re-
gion in all visual evaluations.

Statistical analysis
κ-statistics were calculated (with Stata/MP 15.1, Stata-
Corp LLC, USA) to determine the agreement between
PETCT and each PETMRAC in the visual evaluations after
correction for the agreement expected by chance. The
inter-reader agreement was also calculated for each AC
method in the evaluations with three readers. A κ value
of 0 indicates no agreement better than chance, and
the values were interpreted according to Landis et al.
[23] (poor: < 0, slight: 0.00–0.20, fair: 0.21–0.40, mod-
erate: 0.41–0.60, substantial: 0.61–0.80, almost perfect:
0.81–1.00).

Results
Quantitative analysis
Bone artifacts
Bone artifacts were observed in 22 % (4/18) of the Dix-
onBone attenuation maps, while no artifacts were seen in
the corresponding Dixon images. New Dixon sequences
were acquired for two patients with large bone seg-
ments from other parts of the body infiltrating the
head (Fig. 1a), resulting in artifact-free attenuation
maps (Fig. 1b). Artifacts positioned outside the head
(Fig. 1c) were manually removed (Fig. 1d) for the last
two patients. Hence, only artifact free DixonBone at-
tenuation maps were included in the study. Further-
more, in 89% (16/18) of the UTE attenuation maps,
minor bone artifacts were observed inside the brain
close to the anterior ventricles (Fig. 1e). The UTE ar-
tifacts were not removed.

[18F]FDG uptake
The mean absolute relative difference ( RDabs ) in
[18F]FDG uptake compared to PETCT was the smallest
for PETDeepUTE and the largest when omitting bone
information in PETDixonNoBone (Table 2). PETDixonBone

performed similar to the research MRAC methods, but
had slightly larger range of RD. The relative differences
in [18F]FDG uptake for the different brain regions
are presented in Fig. 2. Patient 3, with abnormal
anatomy (an arachnoid cyst in the posterior fossa),
caused most of the outliers seen in Fig. 2. The at-
tenuation maps with corresponding PET images for
all reconstructions are demonstrated for this patient
in Additional file 1: Figure S1.

Z-scores
The mean absolute difference (Dabs ) in z-score between
CTAC and MRAC was minimized with the research
methods (PETDeepUTE and PETUCL), which also had the
smallest range. Among the clinically implemented
methods, PETDixonBone performed best, closely followed
by PETDixonNoBone. The largest Dabs was found with PET-
UTE (Table 3). For all MRAC methods, smaller differ-
ences were found for cerebellum than for pons as
reference region.
Figure 3 shows that the difference in z-scores between

CTAC and the MRAC methods were more stable across
brain regions for the research methods than for the clin-
ical methods. PETDeepUTE slightly overestimated and
PETUCL slightly underestimated the z-scores compared
to PETCT for most brain regions for both reference re-
gions (Fig. 3). The clinical MRAC methods (PETDixonBone,
PETDixonNoBone, and PETUTE) yielded lower z-scores than
PETCT with pons as reference region, and both over- and
underestimated z-scores with cerebellum as reference re-
gion (Fig. 3). Examples of z-score maps for one patient
with dementia are presented in Fig. 4, where increased
hypometabolism is especially pronounced for PETUTE

with pons as reference region.

Fig. 1 Typical bone artifacts found in attenuation maps from PET/MRI. a DixonBone attenuation map with large infiltrative bone segment.
Attenuation maps like this were only included in the study if the patient had a second acquisition yielding b an artifact-free attenuation map. c
DixonBone attenuation map with artifact in the upper right corner, which could be d manually removed. e UTE attenuation map with smaller
bone segments inside the brain nearby the anterior ventricles. These were not removed
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Visual evaluation
PETDixonBone and PETUTE were chosen for the first visual
evaluations (PET only) as these had the best and the worst
results of the clinically implemented MRAC methods in the
z-score analysis. The research MRAC methods performed
relatively equal in the z-score analysis and PETDeepUTE was
chosen for the visual evaluation. Furthermore, PETCT was
included as reference. The results of the visual evaluations
with PET only are presented in Table 4. The agreement in
diagnosis between PETCT and PETDeepUTE, PETDixonBone

and PETUTE was in average for the three readers 74%, 67%,
and 70%, respectively (Table 5), and the κ-statistics indi-
cated mostly moderate agreement between PETCT and
PETMRAC. The inter-reader agreement was fair for PETCT

(κ = 0.30) and slight for PETDeepUTE (κ = 0.17), PETDixonBone

(κ = 0.19), and PETUTE (κ = 0.10).
In the second visual evaluation, which also included

MRI, PETDixonBone was compared to PETCT. When

MRI was included in the assessment, the agreement
increased to 89% and the κ-statistics indicated almost
perfect agreement (κ = 0.82) (Table 6) according to
Landis et al. [23].

Discussion
The impact of MRAC on dementia assessment was
evaluated in this study by comparing [18F]FDG up-
take, z-scores, and clinical interpretation between
PETMRAC and PETCT. The absolute mean quantitative
differences in z-scores were small relative to the def-
inition of hypometabolism for most MRAC methods
with cerebellum as reference region, and especially for
the research methods. Interpretation with PET alone
yielded high uncertainties, while assessment with both
PET and MRI resulted in almost perfect agreement
between PETCT and PETDixonBone.
The bone artifacts found in the clinically available

MRAC methods highlights the need for careful inspec-
tion of the attenuation maps in all brain examinations.
In the DixonBone attenuation maps, the artifacts were
caused by misregistration between the Dixon images and
the bone-template, misplacing large bone segments from
other parts of the body in the brain. Due to the severity
of these artifacts, they were removed by either acquiring
a new Dixon acquisition free of this artifact, or manually
when found outside the brain. Although not evaluated
quantitatively, this artifact would likely induce large er-
rors in the attenuation corrected PET images. The minor
bone artifacts observed in most UTE attenuation maps

Table 2 The mean absolute relative difference (RDabs) and the
range of RD in 18F[FDG] uptake for the PETMRAC methods
compared to PETCTAC.
MRAC method RDabs (%)

mean ± std
RD (%)
[min max]

PETDeepUTE 2.2 ± 1.5 [− 10.6, 1.7]

PETUCL 3.0 ± 1.4 [− 3.3, 7.3]

PETDixonBone 2.5 ± 2.4 [− 13.0, 10.7]

PETDixonNoBone 7.1 ± 3.7 [− 19.9, 7.4]

PETUTE 4.1 ± 3.3 [− 12.7, 16.3]

Fig. 2 Relative difference in [18F]FDG uptake between PETMRAC (PETDixonBone, PETDixonNoBone, PETUTE, PETUCL, PETDeepUTE) and PETCTAC. Top and
bottom edges of the boxes indicate 25th and 75th percentiles, while the whiskers extend to the most extreme data points, except for outliers
that are marked as circles
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Table 3 The mean absolute difference (Dabs) in z-score between PETMRAC and PETCT and the range of the difference (D), with pons
and cerebellum as reference regions
MRAC method Dabs (σ)

(pons)
mean ± std

D (σ)
(pons)
[min max]

Dabs (σ)
(cerebellum)
mean ± std

D (σ)
(cerebellum)
[min max]

PETDeepUTE 0.19 ± 0.16 [− 0.43, 0.76] 0.15 ± 0.11 [− 0.60, 0.60]

PETUCL 0.21 ± 0.15 [− 0.69, 0.47] 0.15 ± 0.12 [− 0.64, 0.44]

PETDixonBone 0.48 ± 0.27 [− 1.52, 0.31] 0.23 ± 0.20 [− 1.14, 1.42]

PETDixonNoBone 0.53 ± 0.35 [− 1.77, 0.74] 0.32 ± 0.28 [− 1.32, 1.67]

PETUTE 1.13 ± 0.47 [− 2.85, − 0.02] 0.54 ± 0.40 [− 1.64, 2.49]

Fig. 3 Difference in z-score between PETMRAC (PETDixonBone, PETDixonNoBone, PETUTE, PETUCL, PETDeepUTE) and PETCTAC, for different brain regions,
with a cerebellum and b pons as reference region. Top and bottom edges of the boxes indicate 25th and 75th percentiles, while the whiskers
extend to the most extreme data points, except for outliers that are marked as circles
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were caused by changes in the UTE sequence and/or at-
tenuation map algorithm after the software upgrade, and
persisted even after acquiring new UTE images. Since
the UTE attenuation maps are used clinically, they were
not excluded from the current study. In clinical routine,
a reliable and stable MRAC method is crucial and these
problems need to be solved. The attenuation map errors
have been reported to Siemens Healthcare, and will
hopefully be solved in the near future. In the meantime,
some of the artifacts can be avoided by implementing
better procedures among radiographers to detect the ar-
tifacts and acquire new MR-based attenuation maps in
such cases before the patient leaves the scanner table.
The research MRAC methods, as well as PETDixonBone,

all demonstrated small absolute differences compared to
PETCT regarding [18F]FDG uptake, although the re-
search methods had smaller RD range. Some outliers
were observed in the analysis, and most of them were
caused by a patient with an abnormal anatomy (arach-
noid cyst in posterior fossa). DeepUTE gave least
outliers for this patient with abnormal anatomy (2/15
brain regions), while DixonBone and DixonNoBone yielded
most outliers for this patient (10/15 brain regions). For

absolute differences in [18F]FDG uptake, the trend was
the same as in previous studies [5–7, 24], with descend-
ing performance for PETUCL, PETDixonBone, PETUTE, and
PETDixonNobone (DeepUTE has not been included in
previous studies). PETUTE yielded particularly large vari-
ations in the pons, probably due to misclassification of
bone in that region, which makes pons not suited as a
reference region with UTE AC. Furthermore, we found
that the LACs for soft tissue were slightly higher with
UCL AC and slightly lower with DeepUTE AC com-
pared to the CTAC, which probably caused the general
over- and underestimation of [18F]FDG uptake for the
two methods, respectively.
For the z-score evaluation, the research MRAC

methods yielded the best performance and the differ-
ences in z-scores between PETMRAC and PETCT were
generally small compared to the definition of hypometa-
bolism, except for PETUTE, when using cerebellum as
reference region. Of note, PETDixonBone and PETDixonNo-

Bone yielded similar results for the z-scores, indicating
that the missing bone information did not have a
remarkable impact on z-scores. Despite small average
differences in z-scores to PETCT for most MRAC

Fig. 4 Examples of z-score maps for one patient (number 16) for the included AC methods, with pons and cerebellum as reference regions, and
the corresponding attenuation maps
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methods with cerebellum as reference region, large out-
liers were present for the clinical MRAC methods with a
deviation from PETCT > 1 σ, which can have a consider-
able impact on a z-score assessment. Hence, it is highly
desirable to implement the research methods at the clin-
ical PET/MRI systems as soon as possible to avoid large
biases in the z-score assessment.
Since the calculation of z-scores use a reference region

for normalization, the accuracy of AC in the reference
region is of particular importance as bias in this region
will affect the hypometabolism globally. Available refer-
ence regions in the software used for visual evaluation in
the current study were pons, cerebellum, and global
cerebral cortex. The extent of hypometabolism can how-
ever be underestimated with global normalization [25].
Therefore, only cerebellum and pons were used in this
study, and differences in z-scores between MRAC and
CTAC were found to be smaller with cerebellum than
pons as reference region for all MRAC methods. Al-
though glucose metabolism in the pons have been found
to be least affected by dementia among several reference
regions [26], the small size makes this region prone to
bias and the surrounding inhomogeneous bone affects
both attenuation and scatter [25]. Cerebellum is larger
and less prone to bias, and the cerebellar glucose metab-
olism is not significantly reduced for AD patients, except
for severe AD [25, 27].
Based on our results, DixonBone with cerebellum as

reference should be preferred among the clinically im-
plemented MRAC methods when assessing z-scores.

Table 4 Assigned diagnostic categorization for each patient
made by three nuclear medicine physicians from PET images
with three MRAC methods (PETDeepUTE, PETDixonBone, PETUTE) and
PETCT. Cerebellum was used as reference region. Intra-reader
discrepancies with PETCT as reference are italicized
Patient Reader PETCT PETDeepUTE PETDixonBone PETUTE

1 1 N N N N

2 N N N NS

3 N N N NS

2 1 AD N AD AD

2 NS FTD FTD NS

3 FTD NS NS NS

3 1 N N N N

2 N N NS NS

3 N N N NS

4 1 N N AD AD

2 FTD FTD FTD FTD

3 N N N N

5 1 FTD FTD FTD FTD

2 AD NS NS AD

3 NS AD AD AD

6 1 N N N AD

2 N N N N

3 N N N N

7 1 AD NS NS NS

2 AD AD NS AD

3 AD AD AD AD

8 1 AD N N AD

2 FTD FTD FTD FTD

3 N NS NS NS

9 1 N N N NS

2 NS NS N NS

3 NS N N N

10 1 AD N N AD

2 N N N N

3 N N N N

11 1 N N N AD

2 NS FTD NS NS

3 NS NS NS NS

12 1 N N N N

2 N N N N

3 N N N N

13 1 N N FTD N

2 NS NS NS NS

3 NS NS NS NS

14 1 N N N N

2 N FTD FTD FTD

Table 4 Assigned diagnostic categorization for each patient
made by three nuclear medicine physicians from PET images
with three MRAC methods (PETDeepUTE, PETDixonBone, PETUTE) and
PETCT. Cerebellum was used as reference region. Intra-reader
discrepancies with PETCT as reference are italicized (Continued)

Patient Reader PETCT PETDeepUTE PETDixonBone PETUTE

3 N N NS N

15 1 N N N AD

2 FTD FTD FTD FTD

3 N NS NS NS

16 1 AD AD AD AD

2 AD AD AD AD

3 AD AD AD AD

17 1 AD AD NS AD

2 AD NS AD AD

3 NS NS NS NS

18 1 N N N N

2 NS NS NS NS

3 N N N N

N normal, NS non-specific, AD Alzheimer’s disease, FTD
frontotemporal dementia
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However, for patients with abnormal anatomy and/or
unusual tissue density, atlas-based methods should be
used with caution [28]. In these cases, or when bone ar-
tifacts are present, DixonNoBone could probably be used
as an alternative for z-score assessment in the evaluation
of dementia.
The visual evaluations with PET only yielded moderate

agreement between PETCT and PETMRAC in general.
Highest agreement was found for PETDeepUTE, but the
other MRAC methods performed quite similarly. Least
false positive errors were found for PETDeepUTE com-
pared to PETCT, while false negative errors were highest
for PETDeepUTE and PETDixonBone. These results seem to

be in agreement with the quantitative results, as PETUTE

underestimated z-scores, inducing false positive errors,
while PETDeepUTE slightly overestimated z-scores and
tends to more often change pathology to normal than
the opposite. However, the inter-reader agreement was
low, which indicates that the visual assessment of
[18F]FDG PET in dementia is difficult and subjective,
and that these evaluations were influenced by additional
factors than the different AC methods. Another study by
Werner et al. [7], evaluating the clinical impact of differ-
ent AC methods, demonstrated a higher agreement
between the readers; however, the categorization of diag-
nosis was not the same as in our study, which could
have caused less discrepancy in their results.
Due to the large discrepancies in the PET only evalua-

tions, another assessment including MRI was performed.
Adding MRI information yielded almost perfect agree-
ment between MRAC and CTAC readings according to
the κ-statistics, and in the two cases of discrepancies
between PETCT + MRI and PETDixonBone + MRI, the dis-
crepancies were due to different subtypes of dementia.
The improvement by including MRI was probably due
to the ability to discard areas of hypometabolism due to
other pathologies and normal variants (e.g., age-related
atrophy, enlarged ventricles, and mega cisterna magna).
Furthermore, information of neurodegenerative pro-
cesses such as hippocampal atrophy (as seen in AD),
focal cortical atrophy (as seen in FTD), and white matter
hyperintensities (as seen in microvascular disease) was
important complementary information to the PET find-
ings. In a clinical setting with all clinical information
and imaging available, the discrepancies between MRAC
and CTAC would probably be further decreased, but this
should be verified in studies with larger patient cohorts.
A limitation of this study is the small number of pa-

tients, and hence few patients having dementia and low
diversity in diagnoses and severity. Furthermore, PET
images suffer from partial volume effects due to the lim-
ited resolution that cause spill-out from one region to
another. This was not corrected for and could cause a
significant effect on hypometabolism from normal aging
[29]. However, the aim of this study was to compare
MRAC and CTAC, and not the exact diagnosis. Another
factor that may affect the z-scores is that the PET

Table 5 κ-statistics for the agreement between PETCT and PETMRAC (PETDeepUTE, PETDixonBone, PETUTE) for each reader. A κ value of 0
indicates no agreement better than chance, while 1.0 means perfect agreement

PETCT vs PETDeepUTE
Agreement (κ)

PETCT vs PETDixonBone
Agreement (κ)

PETCT vs PETUTE
Agreement (κ)

Reader 1 77.8% (0.54) 66.7% (0.41) 66.7% (0.47)

Reader 2 72.2% (0.63) 66.7% (0.55) 83.3% (0.78)

Reader 3 72.2% (0.55) 66.7% (0.47) 61.1% (0.39)

Mean of readers 74.1% 66.7% 70.4%

Table 6 Assigned diagnostic categorization made by one
nuclear medicine physician (reader 3) and one neuroradiologist
in conjunction for PET (PETCT, PETDixonBone) and MRI.
Discrepancies from PETCT + MRI are italicized
Patient PETCT + MRI PETDixonBone + MRI

1 NS NS

2 NS NS

3 N N

4 N N

5 FTD FTD

6 N N

7 FTD ADa

8 N N

9 N N

10 N N

11 Ns NS

12 N N

13 NS NS

14 N N

15 NS NS

16 AD NS

17 NS b NSb

18 N N

AD Alzheimer’s disease, FTD frontotemporal dementia
aDefined as both FTD and AD in the proposed diagnosis based on PET/CT and
MR imaging and clinical referral text (Table 1)
bSuspicion of normal pressure hydrocephalus

Øen et al. EJNMMI Research            (2019) 9:83 Page 10 of 12



images in the database of Cortex ID were acquired and
reconstructed differently than the PET images in this
study. Still, the relative differences between CTAC and
MRAC should be unaffected.

Conclusion
The quantitative differences in z-scores between CTAC
and most MRAC methods were small relative to the def-
inition of hypometabolism, with cerebellum as reference
region. Although the research MRAC methods per-
formed slightly better than the clinically implemented
MRAC methods regarding calculations of the z-scores,
the visual evaluations with PET and MRI demonstrated
almost perfect agreement between DixonBone and CTAC.
Our results indicate that DixonBone with cerebellum as ref-
erence region should be preferred among the clinically im-
plemented MRAC methods when using Siemens PET/MRI
system for dementia assessment with [18F]FDG PET/MRI.
Although, inspection of the attenuation maps is a pre-
requisite for the use of PET/MRI in dementia evaluation.

Additional file

Additional file 1: Figure S1. Attenuation maps (top row) with
corresponding PET images (bottom row) for patient number 3 with
abnormal anatomy. (a) CT, (b) UCL, (c) DeepUTE, (d) DixonBone, (e)
DixonNoBone and (f) UTE. (PNG 1967 kb)

Abbreviations
AC: Attenuation correction; AD: Alzheimer’s disease; CT: Computed
tomography; CTAC: CT-based AC; [18F]FDG: Fluorodeoxyglucose;
FTD: Frontotemporal dementia; HU: Houndfield units; LACs: Linear
attenuation coefficients; MRI: Magnetic resonance imaging; MRAC: MRI-based
AC; PET: Positron emission tomography; RD: Relative difference;
UTE: Ultrashort echo time

Acknowledgment
Special thanks to the bioengineers and radiographers at St. Olavs Hospital
for patient preparations and image acquisitions, and to physicist Lars Birger
Aasheim for support on image registration.

Authors’ contributions
SKØ participated in the study design, generated attenuation maps,
performed the image reconstructions, and data analysis. TK was responsible
for patient recruitment and interpreted the PET images. EMB interpreted the
MR images, while JFA and TS interpreted PET images. CNL generated the
DeepUTE attenuation maps. AK participated in the study design, was
responsible for the acquisition protocol, gave valuable technical support, and
revised the manuscript critically. LE participated in the study design, applied
for ethical approval and gathered informed consent, was responsible for the
acquisition protocol, gave valuable support throughout the project, and
revised the manuscript critically. All authors have read and approved the
attached paper.

Funding
Not applicable.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the Regional Committees for Medical and
Health Research Ethics (REC) (ref. number: 2013/1371) and all patients gave
written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Circulation and Medical Imaging, Norwegian University of
Science and Technology, Postbox 8905, N-7491 Trondheim, Norway.
2Department of Radiology and Nuclear Medicine, St. Olavs Hospital,
Trondheim, Norway. 3Department of Nuclear Medicine and PET Centre,
Aarhus University Hospital, Aarhus, Denmark. 4Department of Radiology,
Haukeland University Hospital, Bergen, Norway. 5Department of Clinical
Medicine, University of Bergen, Bergen, Norway. 6Department of Clinical
Physiology, Nuclear Medicine & PET, Rigshospitalet, University of
Copenhagen, Copenhagen, Denmark.

Received: 7 May 2019 Accepted: 15 August 2019

References
1. Barthel H, Schroeter ML, Hoffmann KT, Sabri O. PET/MR in dementia and

other neurodegenerative diseases. Semin Nucl Med. 2015;45(3):224–33.
2. Brown RK, Bohnen NI, Wong KK, Minoshima S, Frey KA. Brain PET in

suspected dementia: patterns of altered FDG metabolism. Radiographics.
2014;34(3):684–701.

3. Dukart J, Mueller K, Horstmann A, Barthel H, Moller HE, Villringer A, et al.
Combined evaluation of FDG-PET and MRI improves detection and
differentiation of dementia. PLoS One. 2011;6(3):e18111.

4. Singh TD, Josephs KA, Machulda MM, Drubach DA, Apostolova LG, Lowe VJ,
et al. Clinical, FDG and amyloid PET imaging in posterior cortical atrophy.
Journal of neurology. 2015;262(6):1483–92.

5. Ladefoged CN, Law I, Anazodo U, Lawrence KS, Izquierdo-Garcia D, Catana
C, et al. A multi-centre evaluation of eleven clinically feasible brain PET/MRI
attenuation correction techniques using a large cohort of patients.
NeuroImage. 2016.

6. Cabello J, Lukas M, Rota Kops E, Ribeiro A, Shah NJ, Yakushev I, et al.
Comparison between MRI-based attenuation correction methods for
brain PET in dementia patients. Eur J N ucl Med Mol Imaging. 2016;
43(12):2190–200.

7. Werner P, Rullmann M, Bresch A, Tiepolt S, Jochimsen T, Lobsien D, et al.
Impact of attenuation correction on clinical [(18)F]FDG brain PET in
combined PET/MRI. EJNMMI Res. 2016;6(1):47.

8. Franceschi AM, Abballe V, Raad RA, Nelson A, Jackson K, Babb J, et al.
Visual detection of regional brain hypometabolism in cognitively
impaired patients is independent of positron emission tomography-
magnetic resonance attenuation correction method. World J Nucl Med.
2018;17(3):188–94.

9. Paulus DH, Quick HH, Geppert C, Fenchel M, Zhan Y, Hermosillo G, et al.
Whole-body PET/MR imaging: quantitative evaluation of a novel model-
based MR attenuation correction method including bone. Journal of
nuclear medicine : official publication. Soc Nucl Med. 2015;56(7):1061–6.

10. Koesters T, Friedman KP, Fenchel M, Zhan Y, Hermosillo G, Babb J, et al.
Dixon sequence with Superimposed model-based bone compartment
provides highly accurate PET/MR attenuation correction of the brain. J Nucl
Med. 2016;57(6):918–24.

11. Burgos N, Cardoso MJ, Thielemans K, Modat M, Pedemonte S, Dickson J, et
al. Attenuation correction synthesis for hybrid PET-MR scanners: application
to brain studies. IEEE Trans Med Imaging. 2014;33(12):2332–41.

12. NiftyWeb [Available from: http://cmictig.cs.ucl.ac.uk/niftyweb/.
13. Prados Carrasco F, Cardoso MJ, Burgos N, Wheeler-Kingshott C,

Ourselin S, editors. NiftyWeb: web based platform for image
processing on the cloud2016: International Society for Magnetic
Resonance in Medicine (ISMRM).

Øen et al. EJNMMI Research            (2019) 9:83 Page 11 of 12

https://doi.org/10.1186/s13550-019-0553-2
http://cmictig.cs.ucl.ac.uk/niftyweb/


14. Carney JP, Townsend DW, Rappoport V, Bendriem B. Method for
transforming CT images for attenuation correction in PET/CT imaging. Med
Phys. 2006;33(4):976–83.

15. Ladefoged CN, Marner L, Hindsholm A, Law I, Hojgaard L, Andersen FL.
Deep learning based attenuation correction of PET/MRI in pediatric
brain tumor patients: evaluation in a clinical setting. Front
Neuroscience. 2018;12:1005.

16. Ronneberger O, Fischer P, Brox T, editors. U-Net: convolutional networks for
biomedical image segmentation2015; Cham: Springer International
Publishing.

17. Rorden C, Karnath HO, Bonilha L. Improving lesion-symptom mapping. J
Cogn Neurosci. 2007;19(7):1081–8.

18. Klein S, Staring M, Murphy K, Viergever MA, Pluim JP. elastix: a toolbox for
intensity-based medical image registration. IEEE Trans Med Imaging. 2010;
29(1):196–205.

19. Shamonin DP, Bron EE, Lelieveldt BP, Smits M, Klein S, Staring M. Fast
parallel image registration on CPU and GPU for diagnostic classification of
Alzheimer's disease. Front Neuroinform. 2013;7:50.

20. Aliza Medical Imaging & DICOM Viewer [Available from: alizaviewer@web.de.
21. Della Rosa PA, Cerami C, Gallivanone F, Prestia A, Caroli A, Castiglioni I, et al.

A standardized [18F]-FDG-PET template for spatial normalization in statistical
parametric mapping of dementia. Neuroinformatics. 2014;12(4):575–93.

22. Perani D, Della Rosa PA, Cerami C, Gallivanone F, Fallanca F, Vanoli EG, et al.
Validation of an optimized SPM procedure for FDG-PET in dementia
diagnosis in a clinical setting. Neuroimage Clin. 2014;6:445–54.

23. Landis JR, Koch GG. The measurement of observer agreement for
categorical data. Biometrics. 1977;33(1):159–74.

24. Hitz S, Habekost C, Furst S, Delso G, Forster S, Ziegler S, et al. Systematic
comparison of the performance of integrated whole-body PET/MR imaging
to conventional PET/CT for (1)(8)F-FDG brain imaging in patients examined
for suspected dementia. Soc Nucl Med. 2014;55(6):923–31.

25. Yakushev I, Landvogt C, Buchholz HG, Fellgiebel A, Hammers A, Scheurich
A, et al. Choice of reference area in studies of Alzheimer's disease using
positron emission tomography with fluorodeoxyglucose-F18. Psychiatry Res.
2008;164(2):143–53.

26. Minoshima S, Frey KA, Foster NL, Kuhl DE. Preserved pontine glucose
metabolism in Alzheimer disease: a reference region for functional brain
image (PET) analysis. J Comput Assist Tomogr. 1995;19(4):541–7.

27. Ishii K, Sasaki M, Kitagaki H, Yamaji S, Sakamoto S, Matsuda K, et al.
Reduction of cerebellar glucose metabolism in advanced Alzheimer's
disease. J Nucl Med. 1997;38(6):925–8.

28. Chen Y, An H. Attenuation correction of PET/MR imaging. Magn Reson
Imaging Clin N Am. 2017;25(2):245–55.

29. Greve DN, Salat DH, Bowen SL, Izquierdo-Garcia D, Schultz AP, Catana C, et
al. Different partial volume correction methods lead to different
conclusions: An 18F-FDG-PET study of aging. NeuroImage. 2016;132:334–43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Øen et al. EJNMMI Research            (2019) 9:83 Page 12 of 12

mailto:alizaviewer@web.de


Paper II





ORIGINAL RESEARCH Open Access

Image quality and detectability in Siemens
Biograph PET/MRI and PET/CT systems—a
phantom study
Silje Kjærnes Øen1*, Lars Birger Aasheim2, Live Eikenes1 and Anna Maria Karlberg1,2

* Correspondence: silje.k.oen@ntnu.
no
1Department of Circulation and
Medical Imaging, Norwegian
University of Science and
Technology, Postbox 8905, N-7491
Trondheim, Norway
Full list of author information is
available at the end of the article

Abstract

Background: The technology of modern positron emission tomography (PET) systems
continuously improving, and with it the possibility to detect smaller lesions. Since first
introduced in 2010, the number of hybrid PET/magnetic resonance imaging (MRI) systems
worldwide is constantly increasing. It is therefore important to assess and compare the
image quality, in terms of detectability, between the PET/MRI and the well-established
PET/computed tomography (CT) systems. For this purpose, a PET image quality phantom
(Esser) with hot spheres, ranging from 4 to 20mm in diameter, was prepared with
fluorodeoxyglucose and sphere-to-background activity concentrations of 8:1 and 4:1, to
mimic clinical conditions. The phantom was scanned on a PET/MRI and a PET/CT system
for both concentrations to obtain contrast recovery coefficients (CRCs) and contrast-to-
noise ratios (CNRs), for a range of reconstruction settings. The detectability of the spheres
was scored by three human observers for both systems and concentrations and all
reconstructions. Furthermore, the impact of acquisition time on CNR and observer
detectability was investigated.

Results: Reconstructions applying point-spread-function modeling (and time-of-
flight for the PET/CT) yielded the highest CRC and CNR in general, and PET/CT
demonstrated slightly higher values than PET/MRI for most sphere sizes. CNR
was dependent on reconstruction settings and was maximized for 2 iterations, a
pixel size of less than 2 mm and a 4 mm Gaussian filter. Acquisition times of 97 s
(PET/MRI) and 150 s (PET/CT) resulted in similar total net true counts. For these
acquisition times, the smallest detected spheres by the human observers in the
8:1 activity concentration was the 6-mm sphere with PET/MRI (CNR = 5.6) and
the 5-mm sphere with PET/CT (CNR = 5.5). With an acquisition time of 180 s, the
5-mm sphere was also detected with PET/MRI (CNR = 5.8). The 8-mm sphere was
the smallest detected sphere in the 4:1 activity concentration for both systems.

Conclusion: In this experimental study, similar detectability was found for the PET/MRI
and the PET/CT, although for an increased acquisition time for the PET/MRI.

Keywords: PET/CT, PET/MRI, CNR, Detectability

Background
In combination with structural imaging modalities such as computed tomography
(CT) or magnetic resonance imaging (MRI), positron emission tomography (PET) is a
versatile modality, which can acquire both qualitative and quantitative functional im-
ages. The modality plays an increasing role in detection, diagnosis, and staging of
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different types of cancer. With technological advances over the recent years, such as
time-of-flight (TOF) capability, point spread function (PSF) modeling, better recon-
struction algorithms, and improved detector design and materials, PET image quality
and resolution have improved substantially, and with it the capability to detect and
quantify smaller lesions [1]. The existing international standard for assessing PET
image quality, National Electrical Manufacturers Association (NEMA) NU 2-2018 [2],
does however not assess uptake volumes below 10mm in diameter. Current PET sys-
tems are more than capable of detecting lesions smaller than this, and it is therefore a
need for further evaluation of image quality, in terms of detectability, in current state-
of-the-art systems by using uptake volumes below 10 mm in diameter [3–5]. This is es-
pecially important not only for the more recently introduced PET/MRI systems, but
also for newly introduced digital PET/CT systems, where experimental setups assessing
detection limits have not been previously performed. Qualitative evaluation of PET de-
tectability is normally performed by human observers, using predefined scores to assess
the detectability, while quantitative approaches most commonly measure the contrast-
to-noise ratios (CNRs) [3, 4].
In clinical studies, efforts have been made comparing detection rates (in terms of

number of lesions detected) between PET/MRI and PET/CT systems, and human ob-
server studies have demonstrated equivalent detection rates in most types of cancers
[6–8]. Exceptions include prostate cancer, bone metastases, and cerebrospinal lesions
where PET/MRI might have advantages over PET/CT and small lung lesion detection
where PET/CT with diagnostic CT has been reported superior to PET/MRI [6–8].
However, there is limited information regarding PET detection limits in terms of lesion
size in the clinical studies. Furthermore, biological factors and attenuation correction
issues will bias the results in clinical comparisons, making the interpretations of the re-
sults more complex than in experimental studies.
Only a few studies have investigated and optimized detectability in PET/CT systems,

for sphere sizes smaller than 10 mm in an experimental setting. Hashimoto et al. [4]
assessed the detectability using a NEMA body phantom with sphere diameters of 4 to
37mm and a sphere-to-background ratio of 8:1 and detected hot spheres down to 6
mm with clinical scan times (2 min). They also found that the detectability index (simi-
lar to CNR in this study) and recovery coefficient were increased with TOF and for the
smallest voxel size (2 mm), for spheres smaller than 10 mm in diameter. Other studies
have also shown that reconstruction advances, such as TOF, PSF, and smaller voxel
sizes can be used to improve the detectability [4, 9–21]. Using a Jaszczak phantom,
Adler et al. [3] demonstrated that hot spheres down to 4–6 mm could be detected in a
range of currently available PET/CT imaging systems employing clinical scan times (2–
4 min). For the three clinically available PET/MRI systems, NEMA image quality results
have recently been reported by Boellaard et al. [22] but does however not include de-
tectability of small uptake volumes.
The purpose of this study was to experimentally investigate and compare the de-

tectability of small uptake volumes (≥ 4 mm diameter) for the Biograph mMR PET/
MRI system and the Biograph mCT PET/CT system, both manufactured by
Siemens Healthcare (Erlangen, Germany). A PET image quality phantom (Esser
PET phantom) was used for the calculation of contrast recovery coefficient (CRC)
and CNR for hot spheres ranging from 4 to 20 mm diameters, for different sphere-
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to-background activity concentrations and for a range of different reconstruction
settings. This quantitative approach was complemented with a blinded human ob-
server study, where three observers scored the detectability of each sphere in all
reconstructed PET images.

Methods
Phantom

The phantom utilized in this study was an Esser PET phantom model PET/FL/P with lid
model PET/LID/FL and additional hollow sphere models ECT/HS/SET6 and ECT/MI-HS/
SET4 (Fig. 1) (Data Spectrum Corporation, Hillsborough, NC, USA). The phantom has a
cylindrical shape with an inner diameter of 20 cm and an inner height of 19 cm, with a cold
rod insert and a lid with seven protruding cold contrast cylinders (containing teflon, oil, air,
and water) with outer diameters ranging from 8 to 25mm. These inserts were only used for
image registration purposes. Six coplanar hollow spheres with inner diameters of 4, 5, 6, 8,
12, and 20mm were mounted in the phantom to represent the small uptake volumes of
interest for this study.

Data acquisition

The phantom was scanned with two different sphere-to-background activity concentra-
tions (8:1 and 4:1) using fluorodeoxyglucose (18F-FDG) (Table 1). The activity

Fig. 1 Esser PET phantom with additional coplanar hot spheres of 4, 5, 6, 8, 12, and 20 mm, attached to the
bottom of the phantom
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concentrations were selected to mimic activity ranges typically found in clinical scans.
For each concentration, acquisitions were first performed on the Biograph mMR (ver-
sion VE11P) (Siemens Healthcare, Erlangen, Germany) followed by acquisitions on the
Biograph mCT (version syngo MI.PET/CT 2012A) (Siemens Healthcare, Erlangen,
Germany).
The PET/MRI protocol included a Dixon scan (TR 4.14 ms, TE1 1.28 ms, TE2 2.51

ms, field of view (FOV) 265 × 500 mm2, flip angle 10°, slice thickness 2.02 mm) and a
10-min (2 times the clinical acquisition time) listmode PET scan acquired in one bed
position. The phantom was positioned in the center of the transaxial MRI FOV, in a
low-attenuating foam phantom holder. The PET/CT protocol included a CT scan (ref-
erence tube current-exposure time product 200 mAs, peak tube voltage 120 kV, slice
thickness 3 mm, collimation 64 × 0.6 mm, rotation time 1 s, pitch 0.9) along with a 5-
min (2 times the clinical acquisition time) listmode PET scan acquired in one bed pos-
ition. The phantom was positioned in the same holder as in the PET/MRI, in the center
of the transaxial FOV. The PET/CT scans started 20min (8:1 activity concentration)
and 19min (4:1 activity concentration) after the PET/MRI scans.

PET detectors

Both the mMR and the mCT detectors consist of lutetium oxyorthosilicate (LSO) crys-
tals of 4 × 4 × 20 mm. The mMR has an axial PET FOV of 25.8 cm, a transaxial FOV of
58.8 cm, and a detector ring diameter of 65.6 cm [23]. The integrated whole-body MR
is a 3 Tesla niobium-titanium magnet. The mCT has an axial PET FOV of 22.1 cm and
a transaxial FOV of 70 cm, the detector ring diameter is 84.2 cm and a 64-slice CT is
integrated [24].

Phantom attenuation correction

For clinical protocols, attenuation correction maps (AC maps) are generated auto-
matically; CT-based AC (CTAC) is based on the bilinear conversion of CT values
to attenuation values for the specific photon energy 511 keV, while MR-based AC
(MRAC) normally is based on the aforementioned Dixon sequence. The Dixon se-
quence enables separation of water and fat signal from a human body and allows
segmentation of fat, soft-tissue, and air as well as lung tissue. The Dixon-based AC
map is generally not suited for AC of phantoms due to the risk of artifacts in MR
images at high magnetic field strengths when scanning large water-filled phantoms
[22, 25]. For this reason, the CTAC map was also used for AC of PET/MRI data.

Table 1 Calculated activity concentrations in background (CB,0) and in hot spheres (CH,0), total
activity (A0) at scan start, and time between scanning (Δt) at the PET/MRI and the PET/CT

Sphere to background

8:1 4:1

PET/MRI PET/CT PET/MRI PET/CT

CB,0 [kBq/mL] 3.5 3.1 3.9 3.4

CH,0 [kBq/mL] 28.6 25.1 15.4 13.7

A0 [MBq] 20.3 17.8 21.9 19.4

Δt [min] 20 19
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This means that uncertainties due to attenuation correction, common in clinical
PET/MRI imaging, can be disregarded. To enable CTAC at the PET/MRI, a CTAC
map of the phantom was first multiplied with 10,000 to get the same scale as the
MRAC maps from the PET/MRI system. Then, the corresponding CTAC image
was rigidly registered to the in-phase image from the Dixon sequence, and the
CTAC map was transformed with the resulting transformation matrix to match the
in-phase image and hence the MRAC map. The multiplication and registrations
were performed with the software Aliza 1.38.2 (Aliza Medical Imaging, Bonn,
Germany). To enable import of the CTAC maps to the PET/MRI system, the pixel
data of the MRAC maps was replaced by the pixel data of the CTAC maps.

Table 2 Evaluated reconstruction settings for the phantom PET scans for both 8:1 and 4:1 activity
concentration
System Reconstruction

algorithm
Iterations Subsets Matrix

[pixels]
Voxel size
[mm]

PET acquisition time [s] Filter

PET/CT OSEM 1–8 24 400 ×
400

2.0 ×
2.0 × 2.0

150 4 mm
Gauss

OSEM&PSF

OSEM&TOF 21

OSEM&TOF&PSF

3 128 ×
128

6.4 ×
6.4 × 2.0

200 ×
200

4.1 ×
4.1 × 2.0

256 ×
256

3.2 ×
3.2 × 2.0

512 ×
512

1.6 ×
1.6 × 2.0

1–8 400 ×
400

2.0 ×
2.0 × 2.0

2 mm
Gauss

No filter

3 60, 120, 180, 240, 300 4 mm
Gauss

PET/
MRI

OSEM 1–8 21 344 ×
344

2.1 ×
2.1 × 2.0

97 4 mm
Gauss

OSEM&PSF

3 128 ×
128

5.6 ×
5.6 × 2.0

172 ×
172

4.2 ×
4.2 × 2.0

256 ×
256

2.8 ×
2.8 × 2.0

512 ×
512

1.4 ×
1.4 × 2.0

344 ×
344

2.1 ×
2.1 × 2.0

2 mm
Gauss

No filter

60, 120, 180, 240, 300, 360, 420,
480, 540, 600

4 mm
Gauss
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PET reconstructions

The PET data was reconstructed with a range of different reconstruction settings
(Table 2). 3D iterative reconstruction algorithm was employed (ordered subset expect-
ation maximization (OSEM)), with and without PSF modeling (both systems) as well as
with and without TOF (PET/CT). The number of iterations varied from 1 to 8, and the
pixel size varied from ~ 1mm to ~ 6mm. Furthermore, Gaussian filter of 4 mm and 2
mm was applied, in addition to reconstructions without filter (all-pass). The same num-
ber of net true counts was used for a direct comparison between the PET/CT and PET/
MRI. PET/CT listmode data was reconstructed for the first 150 s, as this is the typical
clinical acquisition time/bed on this system, based on guidelines for PET/CT 18F-FDG
examinations [26]. The same net true counts were reached at 97 s with the PET/MRI
(due to the higher sensitivity of the PET/MRI system), and this time was therefore used
for the direct comparisons between the systems. In order to compare CNR and detect-
ability improvements over time, reconstructions with increasing time frames of 1 min
were also performed, from 1 to 5 min for the PET/CT and from 1 to 10min for PET/
MRI. This corresponds to twice the typical acquisition times/bed for each system. On-
scanner software for each system was used for the reconstructions, which included CT-
based attenuation corrections for all reconstructions, as well as corrections for decay,
detector normalization, randoms, and scatter.

Image analysis

Prompts, randoms, trues, and scatter fraction

The number of prompts, randoms, and total net trues was extracted from the sinogram
headers at each system for the acquisition times that yielded the same number of total
net trues, for both activity concentrations. The estimated scatter fraction was extracted
from DICOM headers.

CRC and CNR

To perform quantitative analyses, spherical volumes of interest (VOIs) were placed over
the hot spheres of the phantom, with the same size as the inner volume of the spheres.
In addition, seven spherical background VOIs (d = 20mm) were centered in the same
transaxial plane as the hot spheres, one in the central part and six uniformly distributed
close to the edge of the phantom (Fig. 2). The VOIs were placed on a CT image and
the set of VOIs were manually adjusted to fit the activity in the PET images for each of
the four scan sessions (two activity concentrations on two systems) and subsequently
copied to all the remaining reconstructions of the same scan session.
CRC and CNR were calculated to quantitatively compare the detectability between

the systems, for different reconstruction settings. CRC provides information of how ac-
curately the system reproduces the true activity concentration in a specific volume, but
gives little or no information about the visibility of a specific uptake volume, like CNR.
CRC was calculated as defined by Kessler et al. [27] and NEMA [2]:

CRC ¼

CH
.

CB

! "
−1

aH#
aB

$ %
−1

ð1Þ

Øen et al. EJNMMI Physics            (2019) 6:16 Page 6 of 16



Fig. 2 Spherical VOIs placed over the hot spheres in OSEM with PSF and TOF with activity concentration of
8:1 (3 iterations, 2 mm voxel size) (purple: d = 20mm, cyan: d = 12mm, green: d = 8mm, pink: d = 6mm,
orange: d = 5mm, red: d = 4mm) and seven spherical background VOIs (yellow: d = 20mm)

(a) (b)

(c) (d)

Fig. 3 Contrast recovery coefficients (CRCs) and contrast-to-noise ratios (CNRs) for the PET/CT and PET/MRI
systems. CRC vs sphere size for a 8:1 and b 4:1 activity concentrations, and CNR vs sphere size for the c 8:1
and d 4:1 activity concentrations (all reconstructions with 3 iterations and 2mm voxel size)
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where C
H
is the average counts in the hot sphere VOI, and C

B
is the average counts of

the background VOIs, while a
H
and a

B
is the activity concentration in the hot sphere

and the background, respectively. While CNR was calculated according to [28]:

CNR ¼ CH−CBj j
SDB

ð2Þ

where SDB is the standard deviation of the counts in the background VOIs.
For the direct comparisons of CRC and CNR for different sphere sizes, the 344 × 344

matrix size was used for PET/MR images and the 400 × 400 matrix size for PET/CT
images, as this corresponds to approximately the same pixel size. The relationship be-
tween CNR and number of iterations, pixel size, and filter was further evaluated for the
smallest sphere with CNR > 5 (Rose criterion) on both systems for the acquisitions with
similar number of true counts in the 8:1 concentration.

Detectability—human observer study

To qualitatively evaluate the detectability of the hot spheres, three observers (physicists
experienced in the field of medical imaging) individually scored the detectability of each
hot sphere in all PET reconstructions from both systems. The PET images were pre-
sented to the observers in random order, blinded for the reconstruction settings. The
detectability of the spheres was scored from 0 to 2, similar to the score system used by
Adler et al. [3], where 0 was not detectable, 1 was visible, but comparable to noise, and
2 was clearly visible. The images were evaluated in syngo.via (software version VB10/
30) (Siemens Healthcare, Erlangen, Germany). A sphere was defined as detected if the
sum of the scores from the three observers were 3 or higher, with the restriction that
no observer gave a score of 0, and all remaining spheres were defined as non-detected.

CNR and detectability

CNR and detectability improvements with increased acquisition times were evaluated for
spheres with CNR < 5 (Rose criterion) on any system in the 8:1 concentration (for the
150 s PET/CT and 97 s PET/MRI reconstructions), in order to evaluate whether spheres
with CNR < 5 would improve CNR and become detectable with increasing scan time. Fur-
thermore, the relation between CNR and detectability in the human observer study was
also investigated and compared to the Rose criterion, which states that an object is detect-
able if CNR is above 3–5, depending on characteristics such as object size and shape, edge
sharpness, viewing distance, and observer experience [29].

Statistics

To evaluate inter-reader agreement, Kappa statistics were performed (with Stata/MP
15.1, StataCorp LLC, USA). Cohen/Conger’s Kappa was used in this study, calculated
by the kappaetc package by Daniel Klein, based on formulas in [30]. Weighted kappa
was used and the weight was 1 for perfect agreement, 0.5 for a difference in score of
one, and 0 for a difference in score of two.
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Results
Prompts, randoms, trues, and scatter fraction

The total number of prompts, randoms, and trues and estimated scatter fraction, for
acquisition times yielding the same number of total net trues, are demonstrated in
Table 3, for both activity concentrations. The number of prompts and randoms, as well
as scatter fraction, were higher for the PET/MRI compared to the PET/CT.

CRC and CNR

For most of the largest spheres, PET/MRI and PET/CT yielded similar CRC and CNR
for the OSEM-only reconstructions, while a slight increase for PET/CT was seen with
the OSEM+PSF reconstructions (Fig. 3). The addition of TOF at the PET/CT did also
cause a small increase in CRC and CNR. In the 8:1 concentration, CNR > 5 (Rose cri-
terion) was reached for the 6-mm sphere for both systems, and this sphere was there-
fore used in the further evaluations of CNR.
The effect of number of iterations, pixel size, and filter on CNR is shown in Fig. 4.

Maximum CNR was reached with two iterations for both imaging systems, with PSF
for PET/MRI and for the combination of PSF and TOF for PET/CT (Fig. 4a). For PET/
CT, it was seen that reconstructions with PSF only needed more iterations to converge
compared to reconstructions with both PSF and TOF. Small pixel sizes (< 2 mm)
yielded the highest CNR for both systems (Fig. 4b). A Gaussian filter of 4 mm FWHM
resulted in the highest CNR for both systems (Fig. 4c).

Detectability—human observer study

With similar number of true counts for the two systems, the 6-mm sphere was the
smallest detected sphere with PET/MRI in the 8:1 activity concentration. The 6-mm
sphere was detected in all reconstructions, except for four iterations or more, or a pixel
size of 3 mm, in the reconstructions without PSF. The 5-mm sphere was detected with
PET/CT in the 8:1 activity concentration (for some reconstructions including TOF,
with more than two iterations, and a pixel size below 4mm), while in the 4:1 activity
concentration, the 8 mm sphere was the smallest detected sphere for both systems and
in all reconstructions with a few exceptions (PET/MRI: OSEM, 1 iter, 2 mm pixel size;
OSEM+PSF, 3 iter, pixel size > 4 mm; PET/CT: OSEM+TOF, 3 iter, 6 mm pixel size).
Modifying the filter setting did not yield detection of smaller spheres.

Table 3 The number of prompts, randoms, total net trues, and estimated scatter fraction, for the
phantom scans (PET/CT 150 s acquisition, PET/MRI 97 s acquisition), for activity concentrations of
8:1 and 4:1

Sphere to background

8:1 4:1

PET/CT PET/MRI PET/CT PET/MRI

Prompts (MCts) 20.9 22.2 22.6 24.2

Randoms (MCts) 1.8 3.1 2.0 3.5

Total net trues (MCts) 19.1 19.2 20.7 20.7

Scatter fraction (%) 30.1 31.1 29.8 30.9
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The percentage agreement between the observers for all reconstructions were 0.95%
(95% C.I. 0.94–0.96) and Kappa was 0.89 (95% C.I. 0.88–0.91), which correspond to al-
most perfect agreement according to definitions by Landis et al. [31].

Detectability and CNR

The effect of increased acquisition times on CNR and detectability were evaluated for
the 4 and 5mm spheres, as these spheres had a CNR below 5 on the PET/MRI from
the acquisitions with similar number of true counts. The results demonstrated that the
5-mm sphere was the smallest detected sphere for both systems, requiring a 3-min ac-
quisition on the PET/MRI and a 2-min acquisition on the PET/CT (Fig. 5), which is
less than the clinical acquisition times used at our hospital. Corresponding PET images
for increasing acquisition times are presented in Fig. 6.
The distribution of CNR for detected and non-detected spheres is illustrated in Fig. 7,

and the distribution was similar for PET/MRI and PET/CT. CNR was above 3 for all
detected spheres, except for the 8-mm sphere in one PET/MRI reconstruction and
seven PET/CT reconstructions which yielded CNR between 2.3–3.0. CNR was below 5

Fig. 4 Contrast-to-noise ratios (CNRs) for the PET/CT and PET/MRI systems, for a increasing number of iterations (pixel
size ~ 2mm) and b increasing transaxial pixel sizes (3 iterations), and c CNR vs iterations for different filter settings (PET/
CT: OSEM+TOF+PSF, PET/MRI: OSEM+PSF). All results are for the 6-mm hot sphere in the 8:1 activity concentration

Fig. 5 Contrast-to-noise ratio (CNR) for increasing acquisition times on the PET/MRI (1–10 min, OSEM with
PSF, 3 iterations, and 2 mm voxel size) and the PET/CT (1–5 min, OSEM with PSF and TOF, 3 iterations, 2 mm
voxel size) for the 4-mm and 5-mm spheres in the 8:1 activity concentration. Spheres detected in the
human observer study are presented in green, while non-detected spheres are presented in red
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for the non-detected spheres, except for the 5-mm sphere which had a CNR of 5.5–5.6
in three PET/CT reconstructions.

Discussion
In this study, the detectability of Siemens PET/MRI and PET/CT systems were evalu-
ated and compared in an experimental setting, both quantitatively and by human ob-
servers. Spheres down to 5 mm were considered detected by both systems, for shorter
acquisition times than normally used in clinical routine.
In general, the PET/CT showed slightly increased CRC and CNR for the

OSEM+PSF(+TOF) reconstructions compared to PET/MRI. CRC and CNR in-
creased when PSF was incorporated in the reconstruction, and a further increase
was found when both PSF and TOF were included. Improvements by PSF and
TOF have also been demonstrated previously [4, 13, 15–17, 19, 20], and this indi-
cates that these algorithms should be used to increase the possibility of detecting
small lesions. PSF is a geometry correction that provides higher and more uniform
spatial resolution over the transaxial FOV and will therefore have the most impact
at the outer edges of the FOV [32]. The inclusion of TOF increases the signal-to-

Fig. 6 PET images from the PET/MRI and PET/CT with 8:1 activity concentration for increasing acquisition
times. Contrast-to-noise ratio (CNR) and observer scores (OS) for the hot spheres with a diameter of 4 mm
and 5mm are presented in red when the sphere was defined as non-detected and in green when the
sphere was defined as detected. PET/MRI images are reconstructed with OSEM with PSF, while PET/CT
images are reconstructed with OSEM with PSF and TOF, all with 3 iterations and 2mm voxel size

Fig. 7 Histograms of contrast-to-noise ratio (CNR) for detected (green) and non-detected (red) spheres for
a PET/MRI and b PET/CT for all the reconstructions with similar number of true counts for the two systems.
The black line represents CNR = 5 (Rose criterion). There are twice as many reconstructions for the PET/CT
than for the PET/MRI due to the TOF option
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noise ratio (SNR) in the image, and the increase is proportional to the size of the
imaging object [32]. Thus, PSF and TOF will probably have a larger effect in clin-
ical patient scans than for the phantom in this study, since the Esser phantom has
a smaller diameter than a typical patient. The TOF option was only available on
the PET/CT system, since the timing resolution of the avalanche photodiode (APD)
detectors in the Siemens Biograph PET/MR system is too slow for TOF. It should
be noted, however, that PSF may cause edge artifacts (Gibbs artifacts) and should
be used with caution in quantitative analysis of sub-centimeter lesions [10, 33].
The number of iterations and post-filtration had a small effect on CNR. The

maximum CNR for two iterations corresponds to previous results on image qual-
ity for the same systems [16]. More iterations improve the quantitative accuracy
of the image but does also increase the background noise [34]. However, new al-
gorithms, such as Bayesian penalized likelihood algorithms, maintain high image
quality with more iterations by suppressing noise with a penalty function. The
penalty function takes prior knowledge into account and warrants convergence
without amplifying noise, resulting in increased activity measures and improved
detection of small objects [32, 34–40]. Out of the evaluated filter settings, a
Gaussian filter of 4 mm FWHM should be preferred as CNR then was maximized.
The choice of pixel size had a larger impact on CNR, especially for the PET/CT.
Current guidelines for whole-body 18F-FDG PET recommend pixel sizes of 3.0–
4.0 mm [26]. With new technology and recent developments, modern PET sys-
tems allow pixel sizes down to 1 mm, but these are rarely used. Our study shows
increased CNR and detectability of small uptake volumes for a decreased pixel
size, in accordance with other studies [3, 11, 12, 21, 41]. This, in addition to the
use of a 10-mm sphere as the smallest sphere in the NEMA standard for asses-
sing PET quality, implies that there is a need for upgrading current PET imaging
guidelines and standardized imaging quality phantoms to meet the performance
of modern PET systems.
The human observer study revealed lower detection limits in PET/CT images (5 mm)

compared to PET/MRI images (6 mm) for the 8:1 activity concentration for acquisitions
with similar number of true counts, while the same detection limit of 8 mm was found
for both systems for the 4:1 activity concentration. For an increased acquisition time on
the PET/MRI, the detectability was however comparable between the systems, indicat-
ing that longer scan times are required on the Siemens PET/MRI to obtain the same
detectability as the Siemens PET/CT. In clinical PET/MR imaging, the acquisition
times should probably be exceeded even further, since more factors will influence image
quality and detectability, such as the slightly increased scatter fraction of PET/MRI that
will be further increased for a patient that is larger than the phantom, increased attenu-
ation as the patient’s arms are positioned alongside the body, and smaller bed overlap
in multi-bed scans on PET/MRI compared to PET/CT.
As TOF slightly increased CRC and CNR, it was also required to detect the 5 mm

sphere in the human observer study. Despite quantitative improvements also with the
use of PSF, the detectability was in general not improved with PSF in the observer
study. The use of a relatively large filter, such as the 4 mm Gaussian filter, could explain
why the 4-mm sphere was not detected. However, the sphere was not detected with a
2-mm Gaussian filter or when the filter was omitted.

Øen et al. EJNMMI Physics            (2019) 6:16 Page 12 of 16



There are several factors that limit the spatial resolution in PET, but one of the main
limitations is the size of the detector element (crystal) [42]. Other factors include posi-
tron range and acollinearity factors (which cannot be reduced), decoding errors, crystal
penetration, and reconstruction algorithm. Both the PET/MRI and PET/CT systems
have lutetium oxyorthosilicate (LSO) crystals with a dimension of 4 × 4 × 20 mm. The
theoretical spatial resolution can be estimated for a given system [42], and with the ef-
fective positron range for 18F in water [43], this yields 4.5 and 4.7 mm full width at half
maximum (FWHM) in isocenter for the PET/MRI and PET/CT, respectively. The de-
tection limits found in this study therefore seem to approach the actual spatial reso-
lution limits of the systems, also for clinical scan times.
The correlation between the detectability in the human observer study and CNR

showed a similar distribution for PET/MRI and PET/CT, and most of the detected
spheres had a CNR above 3 and most of the non-detected spheres had a CNR below 5,
which is in concordance with the Rose criterion. These results indicate that the scoring
system utilized in this study seems functional for this type of experimental setting. Ad-
ler et al. [3] used a more conservative limit for detected spheres (score = 5), which also
agreed with the Rose criterion. However, they defined some spheres as “neither ob-
served nor not observed” and excluded these spheres from the analysis, which might
have influenced the result. The Rose criterion will change with the sphere size and
matrix size, but was not adjusted for in this study.
Several technical factors influence the quantitative measurements in clinical PET/

MRI data, but could be neglected in this study by using a phantom with CT-based AC
for both systems. For clinical scans at the Siemens PET/MRI system, AC is based on
segmentation of tissue, providing predefined attenuation coefficients for soft tissue, fat,
lung tissue, and air, and bone is included by co-registration with a bone atlas. This can
cause quantification and registrations errors, influencing the PET images [44, 45]. In
addition, the flexible body surface coils are not accounted for in clinical AC PET im-
ages and may lead to a regionally dependent bias [46]. Furthermore, respiratory motion
can lead to PET image blurring, artifacts, and tracer uptake quantification errors in
general [47], but this affects both PET/MRI and PET/CT data, and motion correction
methods are improving [47–50]. A review study by Spick et al. [6] summarized 46 stud-
ies (including 2340 patients) and found that the PET/MRI and PET/CT provide com-
parable diagnostic information for most types of cancer despite both technical and
operational issues.
The results of this study are not directly transferable to clinical practice due to the

use of a phantom with spheres in fixed positions; hence, the observers know where to
look for the spheres. Furthermore, the observers were physicists and not physicians,
but the kappa statistics showed almost perfect agreement between the readers. A total
score of 3 was considered detected in this study, since we wanted to investigate detect-
ability, and not if the spheres were clearly visible.
Another limitation of this study is the size of the Esser phantom, which is more rep-

resentative for brain imaging, than for whole body imaging. More noise would have
been present with a larger phantom, which for instance could have increased the bene-
fit of PSF and TOF. Furthermore, the limited number of sphere sizes utilized in this
study could have an impact on the results, as lower detection limits could have been
obtained for the 4:1 activity concentration with a 7-mm sphere size. Another limitation
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is that only one scan per activity concentration was analyzed for each system. To re-
duce the possible statistical errors this could have caused, the mean values of the activ-
ity in the hot spheres were used in the analyses.

Conclusion
Similar detectability performance was found for PET/CT and PET/MRI, although for
an increased acquisition time on the PET/MRI. Hot spheres as small as 5 mm were de-
tected with a 2-min PET/CT acquisition and a 3-min PET/MRI acquisition, corre-
sponding to a CNR of 5.1 and 5.8, respectively. Reconstruction improvements, such as
TOF and/or PSF, should be used to increase the possibility of detecting small lesions.
Furthermore, smaller pixel sizes than recommended by current guidelines should be
considered for oncological 18F-FDG scans.
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