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 ABSTRACT 

 

In the fusion of PET and MRI, several technological difficulties had to be considered (e.g. 

MR-compatible PET detection, attenuation correction [AC] based on MRI sequences). When 

compared to the standard of PET/CT, PET/MR (using MR-based AC) has proven good 

comparability in general. Nevertheless, it has been demonstrated that this method may 

particularly affect brain imaging procedures. In this context, previous observations have 

shown inter-scanner differences in group comparisons. In our study, we aimed to evaluate 

whether these methodological effects would also apply to the diagnostic assessment of 

single patients examined for cognitive impairment. For this purpose, we employed blinded 

reads of 3DSSP PET data pairs (PET/MR and PET/CT scan for each subject) and a single 

subject review. Both analyses revealed that clinical reading of PET/MR brain scans may be 

inaccurate, especially in cases of low-grade pathologies and may hamper the diagnostic 

assessment of individual patients. In order to ensure reliable and consistent application of 

PET/MR for clinical neuroimaging, optimized attenuation correction algorithms and a 

PET/MR-specific healthy control database are recommended. 
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I. INTRODUCTION   

I. 1 Dementia – A Penalty of Western Longevity? 

Due to its high prevalence in the aging population, dementing disorders, such as Alzheimer’s 

disease, are turning into a more and more serious medical and socio-economic issue, 

particularly with the increasing life - expectancy of today's societies. After the post-war period 

with its especially high birth rates ('baby boomer generation'), the age structure of the 

western world was represented in an almost classical population pyramid (isosceles triangle). 

Since the 1970s however, the population structure has been transitioning into an urn-shaped 

pattern, reflecting the ongoing decline in birth rates whilst mortality rates remain low. Due to 

improved medical treatment and optimized nutrition, life expectancy is still increasing. In 

addition to this, the 'baby boomer generation' has already begun passing the threshold to 

retirement, which emphasizes the so-called turning point of demographic change and 

highlights the ageing of society (EU COM European Commission 2008). In July of 2012, the 

German Foundation for Global Population (Deutsche Stiftung Weltbevölkerung [DSW]) 

stated an average life expectancy of 81 years in Western Europe (for those born in 2012 and 

growing up in Western Europe). Life expectancy in females was calculated 83 years and 78 

years in males, respectively. For the development of any type of dementia, old age is the 

most important risk factor. The older the mean age of a population, the greater the total 

number of people suffering of dementing disorders. In the population of 65 years of age and 

older, 6.5% to 8.7% are affected by any of the different sub-categories of neurodegenerative 

disorders. In the population of 89 years of age and older, with 30%, the numbers are even 

higher. By 2050, the number of those affected will about double due to the abovementioned 

demographic development alone (as reported by the Alzheimer's Association). Current 

countings from 2013 show that there were approximately 1.5 Million dementia patients living 

in Germany. According to estimates, by 2050, this number will increase up to about 3 Million. 

In the USA, approximately 4.8 Million dementia patients were listed in 2013 and an even 

more distinct increase up to 13.8 Million by 2050 is predicted (as reported by the Alzheimer's 
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Association).  

With this appalling development in mind, research not only in the fields of neurology and 

psychiatry, but also in the diagnostic disciplines (e.g. radiology and nuclear medicine) is 

striving to further unravel the mysteries of neurodegeneration in order to provide optimized 

care to those affected by its consequences. This involves preclinical as well as clinical 

studies investigating moleculobiological and histopathological processes, neuropsychological 

development, diagnostic approaches (clinical tests/laboratory tests/imaging procedures) and 

treatment strategies.  

This study put focus on diagnostic approaches from a nuclear medicine point of view and 

evaluated the diagnostic performance of a technology still in its infancy, but with a promising 

future: fully integrated simultaneous positron emission tomography/magnetic resonance 

imaging (PET/MRI) in the assessment of dementia.  

 

I. 2 Background: Definition of Neurodegeneration  

There are more than 600 disorders that may afflict our nervous system. The expression 

"neurodegenerative disease“ serves as an umbrella term for a range of hereditary and 

sporadic conditions which are characterized by progressive nervous system dysfunction 

(Bredesen et al. 2006). Frequently, these conditions are associated with atrophy (Definition: 

wasting away, diminution in the size of a cell, tissue, organ, or part of it [from Greek "a-

trophos=ill-fed"]) (Oxford Dictionary Online) of the affected central or peripheral structures of 

the nervous system, cell death and atypical protein assemblies (Thompson 2008). Diseases 

such as Alzheimer's disease (AD) and other forms of dementia, as well as Parkinson's 

disease (PD) and Huntington's disease (HD), Multiple sclerosis (MS), Amyotrophic lateral 

sclerosis (ALS) and also Prion diseases may be included in the field of neurodegenerative 

nerve disorders. 

Here, we will focus on one possible consequence of neurodegeneration: dementia.  

The most common type of this condition is AD, responsible for about 60% of all dementia 

cases (Alafuzoff 1992). The prevalence of Dementia with Lewy bodies (DLB) has been 
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reported with estimates ranging up to 26.3% of all dementia cases, which potentially makes it 

the second most common dementia subtype (Zaccai et al. 2005). In the group of persons 

aged 65 years and over, vascular dementia ranks as the third most common cause (often 

found in coexistence with AD), followed by the different types of frontotemporal lobar 

degeneration (FTLD). In the group of early-onset dementias (<65 years of age), FTLD 

accounts for about 15% of the cases, only being preceded by AD (Neary et al. 1998). 

In order to better understand these conditions, the following will give a short overview about 

the most important cornerstones in the pathophysiological evolution of dementia and its 

associated alterations in the biochemical and molecular framework.  

 

I. 3 Background: Pathophysiology and Clinical Evaluation of Dementia  

A variety of pathomechanisms have been identified to be associated with the development of 

different dementia subtypes, but there may be a common thread to all of them: the pathologic 

aggregation of specific proteins and their intra- or extracellular deposition in the brain (Selkoe 

2003). 

 

I. 3. 1 Alzheimer’s Disease (AD) 

I.3.1.1 Historical background 

AD has first been described by German psychiatrist and neuropathologist Alois Alzheimer 

(1864-1915) in 1906, who, at that time, was staff at the Königlich Psychiatrische Klinik 

München (today Psychiatrische Klinik der Ludwig-Maximilians-Universität München).  

"Ich habe mich sozusagen selbst verloren" (translating to: "I have in a way lost myself"). 

These words were spoken by Auguste Deter (1850-1906) in one of her very few lucid 

moments, when she first made an appearance in Alzheimer’s examination room in 1901. 

There would have probably been no better way to express what had happened to her. When 

Mrs. Deter died in 1906, the physician asked for her brain tissue to be sent to Munich for 

histopathological examination. The autopsy showed a thinning of the cerebral cortex, an odd 

deposition of a "whitish substance in the form of plaques" and application of a new stain 
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revealed lesions he called "tangles". On November 3 of 1906, he presented this "peculiar 

disease" at the Versammlung Südwestdeutscher Irrenärzte in Tübingen. In the convention’s 

protocol, his presentation was noted with "kein Diskussionsbedarf" (translating to: "no 

demand for discussion") (Maurer 2003). Whether these words reflected emotional shock, 

lack of appreciation or indifference among the audience, due to the exoticism of Alzheimer’s 

thesis, is unresolved. In 1910, Emil Kraeplin, his colleague and later director of the Königlich 

Psychiatrische Klinik München, named the disease "Morbus Alzheimer" in the eighth edition 

of his book Psychiatrie (Maurer 2003) . 

On the fundament of Alzheimer’s findings, several hypotheses about the evolution of AD 

have been established: 

I.3.1.2 Pathophysiology  

     Cholinergic Hypothesis. Probably the oldest hypothesis, which most of the currently 

available drug therapies are founded on, discusses deficiency of the neurotransmitter 

acetylcholine (ACh) as a possible cause for dementia (Francis et al. 1999). In the early 

1970s, it had been proposed that not only deficits in the synthesis of ACh (Bowen et al. 1976, 

Davies et al. 1976, Perry et al. 1977), but also reduction in its uptake (Rylett et al. 1983) and 

its release (Nilsson et al. 1986), as well as decay of cholinergic perikarya, especially in the 

nucleus basalis of Meynert (Whitehouse et al. 1982), contribute to alterations in the 

presynaptic transmitter system. At about the same time, studies had discovered the role of 

ACh in memory and learning processes (Drachman et al. 1974), which led to the hypothesis 

that cholinergic deficits may be associated with deterioration of cognitive function as seen in 

patients with dementia (Bartus et al. 1982).  

However, over the past decades, this hypothesis has been challenged by data ascertained in 

several studies, suggesting that cholinergic deficiency only plays a partial role in the 

pathophysiology of dementia. Today, it is commonly accepted that ACh deficits only indirectly 

contribute to cognitive impairment by intruding with attentional processing and by interacting 

with several other neurotransmitter systems. A selective pathology in the cholinergic system 

may occur in the early course of the disease (Francis et al. 1993), but postmortem studies of 
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brain tissue revealed that many more transmitter systems, such as the serotonergic (Rossor 

et al. 1986), GABAergic (γ-aminobutyric acid) (Rossor et al. 1982) and somatostatin systems 

(Francis et al. 1987), were additionally involved in the later stages of dementia and were 

affected to an even greater extent.  

The notion that the main symptomatic efficacy of e.g. acetylcholine esterase inhibitors 

(AChEIs) is attained through their augmentation of ACh-mediated neuron-to-neuron 

transmission (Farlow 2002, Giacobini 2001, Hashimoto et al. 2005) is therefore fairly 

untenable. The modest clinical improvement is not restricted to substances providing this 

effect only. Similar results have been obtained by administration of Memantine (3,5-

dimethyladamantan-1-amine), which not only acts as a cholinergic, but also as a 

glutamatergic, serotonergic and dopaminergic agent, suggesting the involvement of several 

transmitter systems (Zemek et al. 2014).  

     Amyloid Hypothesis. In 1992, Hardy and Higgins postulated that the cerebral deposition of 

amyloid β protein (AβP), one out of a diverse group of "amyloid" (starch-like) proteins 

throughout the organism, is the central initiating event in the etiology of AD (Hardy et al. 

1992). This molecule consists of 39 to 42 amino acids and is a peptide product of the larger 

amyloid precursor protein (APP), for which it serves as a hydrophobic transmembrane 

anchoring component (Kang et al. 1987). The APP gene is located on chromosome 21, 

which explains the almost universal exhibition of AD in patients with Down syndrome (who 

have an extra copy of gene 21) by an unproportionally early age (Mann et al. 1989). As most 

of the AD cases occur in a sporadic fashion, whereas familial forms only make up a small 

proportion of all cases, a multifactorial pathogenesis, triggering the initial AβP deposition, is 

very likely. Regarding the familial forms of AD, three autosomal dominant mutations have 

been identified, which can be found on chromosomes 1 (presenilin 2 gene), 14 (presenilin 1 

gene) or 21 (APP gene) (Bird 2005). These genetic variants, affecting APP secretase activity, 

also play an important role in the degradation of AβP and promote its accumulation (Bentahir 

et al. 2006).   

The original Amyloid Hypothesis, suggested by Hardy and Higgins, included the following 
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cascade (Hardy et al. 1992): 

Pathophysiological starting point in the sporadic form of the disease is the processing of APP 

which may follow two different pathways: either sequential APP cleavage is performed via 

the APP β- and γ-secretases, generating soluable peptide products not containing AβP, or via 

processes in the endosomal-lysosomal compartment, which will eventually result in 

intracellular accumulation ("tangles") and extracellular aggregation of AβP ("plaques"). With 

regard to hereditary forms of AD, several mutations within the APP gene have been 

described and different impacts on AβP deposition have been suggested. One possible 

consequence might be the inhibition of AβP breakdown processes, another the increased 

stabilization of AβP-containing components within the lysosomal compartment or in the cell 

membrane (Chartier-Harlin et al. 1991, van Duijn et al. 1991). There have been controversial 

opinions about the direct or indirect neurotoxicity (Koh et al. 1990, Yankner et al. 1989) of 

this molecule and its effects on cellular transport processes. It has been confirmed however, 

that it interferes with the intraneuronal calcium homeostasis, resulting in increased calcium 

levels. This property may lead to hyperphosphorylation of the microtubule associated protein 

tau and serves as one possible explanation for the formation of intracellular neurofibrillary 

tangles, helical filaments largely composed of tau protein (Baudier et al. 1987, Lee et al. 

1991). Furthermore, aggregation of AβP peptides, forming extracellular plaques of about 10 

to several 100 µm in size, was considered the next step within the cascade. These also have 

been associated with causing localized inflammation, consequently leading to neuronal and 

synaptical dysfunction and cell death. Whether the sporadic build-up of AβP containing 

tangles and plaques is an acute response to neuronal injury (Roberts et al. 1991), to 

interleukin-mediated inflammatory stress (Goldgaber et al. 1989) or is part of physiological 

aging, is subject of studies up to the presence (Lesne et al. 2013).  

Naturally, it is not surprising that with the highly sophisticated technical innovations in the 

different fields of research, the original concept of the amyloid cascade has been modified or 

even subverted by others. In 2009 for example, the theory was updated, stating that not AβP, 

but a close relative might be the responsible culprit. During development, axonal pruning and 
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neuronal cell death occur naturally and help to sculpt neuronal connections. Nikolaev et al. 

could demonstrate that APP and death receptor 6 (DR6), also known as tumor necrosis 

factor receptor superfamily member (21TNFRSF21), are activators of a natural neuronal self-

destruction pathway. They indicated that an extracellular fragment of APP at the N-terminus 

of the peptide (N-APP), initiating a cascade via DR6 and caspase 6, factors highly expressed 

in regions most affected by AD, may provoke the disease process (Nikolaev et al. 2009). 

Moreover, it has been proposed that alterations in the cholinergic system (e.g. glycosilation 

or conformation change of cholinesterases [CHEs]) on outer surface membranes and in 

intracellular compartments of neuroglial cells may initiate proteinaceous AβP deposition and 

facilitate the progress of AD (Shen 2004, Wenk 2003). However, these are only two out of 

several modifications of the original amyloid hypothesis.  

Finally, ongoing research proposes that also sporadic (i.e. the non-familial) form of AD has 

got a genetic component to its etiology as part of the multifactorial pathogenesis. The most 

commonly known genetic risk factor for late-onset sporadic AD is the Apolipoprotein E4 gene 

(ApoE ε4), a specific isoform of apolipoprotein (lipid-binding transporter molecule), which 

catalyzes the proteolytic break-down of AβP peptides (Jiang et al. 2008, Sadigh-Eteghad et 

al. 2012). The isoform ApoE ε4 has been associated with lower effectiveness in this reaction, 

resulting in a higher AβP deposition and increasing vulnerability to developing AD (Jiang et 

al. 2008).  

     Tau Hypothesis. From their position of the amyloid hypothesis, Hardy and Higgins had 

held the opinion that the tau-pathology must play a "down-stream" part in the pathogenesis 

of AD. Normally, tau-protein is associated with the microtubules of neurons (microtubule-

associated protein [MAP]). For a long time it was assumed that in brain regions commonly 

affected by AD, hyperphosphorylated tau-proteins would pair with other threads of tau, would 

then dissociate from the microtubule apparatus and eventually form neurofibrillary tangles 

inside nerve cell bodies (Goedert et al. 1991, Iqbal et al. 2005, Mudher et al. 2002). Over 

time, this would result in disintegration of the microtubules, dysfunction of the neuron’s 

transport system and eventually in cell death (Chun et al. 2007).  



 19 

More recently however, studies have demonstrated that there might be more of an "up-

stream" effect of protein tau, not only in the course of AD, but also in other taupathies. In this 

context, it was proposed that tau oligomers may mediate neurodegenerative processes even 

before paired helical filaments or neurofibrillary tangles are deposited (Cardenas-Aguayo et 

al. 2014).  

     Other Hypotheses. Other hypotheses suggest that age-related myelin (electrically 

insulating lipid-rich axonal sheath) breakdown and homeostatic myelin repair processes may 

give rise to toxic proteinaceous deposits, such as AβP and protein tau (Bartzokis 2011, 

Bartzokis et al. 2007). Also, oxidative stress and alterations of the biometal metabolism were 

discussed as causative factors for AD (Shcherbatykh et al. 2007, Su et al. 2008). 

Furthermore, studies correlate degeneration of the locus coeruleus (and with it the decrease 

of norepinephrine [NE] levels), as found in approximately 70% of the examined AD patients, 

to an elevated AβP deposition. They found that NE, one of the neurotransmitters released 

from the locus coeruleus cells, also acts as an anti-inflammatory agent in the 

microenvironment of neuronal tissues and may control the deposition of toxic proteins 

(Heneka et al. 2010).  

Obviously, all of the abovementioned pathologies represent partial aspects in the complex 

pathogenesis of AD and do not contradict or weaken each other. In fact, the listed theories 

only vary in the causal relation and the exact interaction of the different pathophysiological 

factors. Until today, research has not grown tired of trying to find plausible links between the 

established pathologic components and to shed light on the pathogenesis of this disease.  

I.3.1.3 Clinical Evaluation 

In the following, the NINCDS-ADRDA Criteria (originally proposed in 1984 by the National 

Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's 

Disease and Related Disorders Association; today known as Alzheimer's Association) for 

clinical diagnosis of AD are summarized (Feldman et al. 2008, McKhann et al. 1984). 
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I. 3. 2 Dementia with Lewy Bodies (DLB)  

I.3.2.1 Pathophysiology 

This subtype of dementia is considered closely related to Alzheimer’s and Parkinson’s 

disease as it exhibits histopathological as well as clinical features of both.  

The so-called "Lewy bodies", abnormal proteinaceous α-synuclein cytoplasmic inclusions 

distributed in the entire cerebral tissue, exhibit similar structural characteristics when 

compared to "classical" subcortical Lewy bodies found in PD (Ishii 2002, McKeith et al. 

2004). Moreover, in similarity to PD, there is a loss of dopaminergic neurons in the substantia 

nigra and, parallel to AD, a loss of cholinergic neurons in the basal nucleus of Meynert. 

Cortical degeneration usually occurs as a relatively late phenomenon, but the brain may also, 

unlike in AD, appear grossly normal even at late stages of the disease (Love 2005).  

FIG. 1 
NINCDS-ADRDA criteria for diagnosis 
of AD (adapted from Feldman et al.) 
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As previously reported, there is a high concomitance of cortical Lewy-body inclusions and 

Alzheimer pathology, including the β-amyloid plaques (Fujishiro et al. 2008, Gearing et al. 

1999) as well as, less commonly, neurofibrillary tangles (Iseki et al. 2003). Presently, there is 

no agreement on whether DLB is an Alzheimer's variant or a separate disease entity 

(Kotzbauer et al. 2001, Uchikado et al. 2006). 

I.3.2.2 Clinical Evaluation 

Consensus guidelines for the clinical diagnosis of probable (2 out of 3 core features) and 

possible (1 out of 3 core features) DLB require the following features in addition to 

"progressive cognitive decline of sufficient magnitude to interfere with normal social and 

occupational function" (McKeith et al. 2004).  

1. presence of fluctuating cognition with pronounced variations in attention and 

alertness  

2. and/or recurrent visual hallucinations that are typically well formed and detailed  

3. and/or spontaneous features of parkinsonism.  

Additional diagnostically supportive symptoms may be repeated falls, syncopes or transient 

loss of consciousness, neuroleptic sensitivity, rapid eye movement (REM) sleep disorders 

and others.  

 

I. 3. 3 Frontotemporal Lobar Degeneration (FTLD)  

I.3.3.1 Pathophysiology 

FTLD is the umbrella term for a group of clinically, neuropathologically and genetically 

heterogeneous disorders, all affiliated with atrophic processes preferentially of the frontal and 

temporal lobe while sparing of the parietal and occipital lobes, resulting in progressive 

deterioration of either behavior or language. The term "Pick's disease", named after Arnold 

Pick, first descriptant of this orphan disease, has often been used as a synonym for 

frontotemporal dementia (FTD) in general. Today however, it is used in reference to a small 

subgroup of FTLD with specific histopathological features only (presence of so-called Pick's 

bodies and Pick's cells, see below).  
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Due to a high overlap in clinical as well as histopathological features, realistically the 

percentage of FTLD (15% of early-onset dementia) might be even higher for many cases are 

misclassified as AD (Neary et al. 1998). FTLD has a fairly strong genetic component, with 

40% of patients having a history of familial transmission. In this context, five genes have 

been identified to date whose mutations result in abnormal accumulation of different proteins, 

predisposing for the development of FTLD (Riedl et al. 2014).  

Post-mortem examinations of the brain revealed 4 major histopathological subtypes:  

   FTLD with MAPT-positive inclusions. Mutations in the microtubule-associated protein tau 

gene (MAPT) may lead to an impaired microtubule assembly and axonal transport, and may 

also initiate tau filament aggregation (Rademakers et al. 2004). Presence of both, 

hyperphosphorylated tau-protein positive inclusions (so-called Pick’s-bodies) and expanded 

achromatic neurons (so-called Pick’s cells) (Yoshiyama et al. 2001) define the pathological 

subtype of 'Pick's disease'. However so far, about 40 different mutations have been identified 

on the MAPT gene, resulting in different pathological patterns (Riedl et al. 2014). Atypical 

parkinsonian disorders such as corticobasal degeneration (CBD) and progressive 

supranuclear palsy (PSP) as well as motor neuron diseases, such as amyotrophic lateral 

sclerosis (ALS), show a considerable clinical, genetic and histopathological overlap with 

FTLD. Up to 15% of patients with FTLD develop neurological symptoms, which are 

characteristic for PSP (e.g. vertical gaze palsy combined with parkinsonian symptoms that 

poorly resond to levdodopa treatment), CBD (e.g. akinetic rigidity, limb apraxia, speech and 

language impairment and lack of response to levodopa treatment) or ALS, being the most 

common of the motor neuron diseases (e.g. atrophic paresis, fasciculations, muscular 

cramps, brisk reflexes, pyramidal signs and increased muscular tonus). Vice versa, patients 

with PSP, CBD or ALS may show behavioral features typical for FTLD (Diehl-Schmid et al. 

2014, Kertesz et al. 2005).  

   FTLD with tau-negative, transactive response DNA-binding protein 43 (TDP-43) –positive 

inclusions (Types 1-4). Mutations e.g. in the progranulin gene (GRN) (Rademakers et al. 

2007) or in chromosome 9 open reading frame 72 (C9orf72) (Renton et al. 2011) may lead to 



 23 

accumulation of ubiquitin (regulatory protein found in almost all eukaryotic tissues) and TDP-

43- positive protein within layer 2 (external granular layer) of the frontal and temporal 

neocortex and hippocampal dentate gyrus cells (Neumann et al. 2006).  

   FTLD with RNA-binding protein fused in sarcoma (FUS) inclusions. Gene mutations 

associated with this subtype may promote FUS-positive cytoplasmic inclusions and valosin-

containing protein (VCP) aggregates, typically located in the cortex, medulla, hippocampus 

and motor neurons of the spinal cord as well as the 7th cranial nerve (Mackenzie et al. 2011, 

Snowden et al. 2011). 

   FTLD-UPS. This subgroup includes very rare cases of FTLD with an autosomal-dominant 

mutation in the charged multivesicular body protein gene 2B (CHMP2B), resulting in 

pathological inclusions that can be identified with non-specific markers of the ubiquitin 

proteasome system (UPS) (Skibinski et al. 2005).  

 

I.3.3.2 Clinical Evaluation 

Clinically, the syndrome of FTLD can be subdivided into 3 different phenotypes, depending 

on the predominant symptoms:  

§ behavioral-variant frontotemporal dementia (bvFTLD) 

§ language variants of FTLD including  

 - semantic variant primary progressive aphasia (svPPA)  

 - nonfluent variant primary progressive aphasia  (nfvPPA)  

 - logopenic variant primary progessive aphasia (lvPPA) 

§ overlapping syndromes (such as CBD, PSP, motor neuron diseases) 

Consensus criteria for diagnosis of FTLD were originally published by Neary et al. (Neary et 

al. 1998), but have been revised several times due to the high overlap of the different FTLD 

phenotypes and the similarity to AD at early stages of the disease. The International bvFTD 

Criteria Consortium in 2011 indicated that bvFTLD is the most common phenotype, 

characteristically presenting with "early decline and a progressive deterioration of social 

behavior and personal conduct, early disinhibition, apathy or inertia, loss of sympathy or 

empathy, perseverative and stereotyped or compulsive behaviors and hyperorality or dietary 
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changes" (Rascovsky et al. 2011). With regard to the language variants of FTLD, breakdown 

in language and speech function is the dominating feature. Just recently the existance of a 

third type of PPA syndrome has been suggested, neither meeting the criteria for svPPA nor 

for nfvPPA. However, imaging procedures have indicated that this so-called logopenic variant 

PPA (lvPPA) may in many cases represent an atypical manifestation of AD, rather than a 

subtype of FTLD (Gorno-Tempini et al. 2011).   

 

I. 4 The Diagnostic Challenge in Dementia 

Until recently, definite 'diagnosis' of dementia was considered to be only achievable by 

histopathological post-mortem examination of brain tissue. It is widely accepted that 

neuropathological alterations set in decades before the onset of clinical symptoms and that 

the term 'dementia' actually refers to a symptomatic late-stage of neurodegeneration (Braak 

et al. 1999). The standard diagnostic algorithms primarily focussed on the definition of a 

manifest dementing disorder and did not allow early diagnosis (McKhann et al. 1984). Also, 

there is the fact that differentiation between physiological and 'pathological' aging is 

challenging due to the almost seamless transition of those processes. In this context, 

research has revealed that there is a transitional stage between the cognitive decline, 

associated with physiological aging, and the manifestation of dementia e.g. AD. By definition, 

this transitional stage, known as mild cognitive impairment (MCI), does not interfere with 

competencies of everyday routine and does not meet the current criteria for clinical diagnosis 

of AD (Petersen et al. 2001, Petersen et al. 1999). In their longitudinal multi-center study 

(n=786; 221 with MCI and 565 without cognitive impairment), Boyle et al. found that 15-30% 

of patients with MCI developed manifest dementia within 1-3 years and that their global 

cognitive function declined more rapidly each year when compared to those patients without 

cognitive impairment (Boyle et al. 2006). As dementia is increasingly recognized as a 

pharmacologically treatable condition and delay in reaching a therapeutic decision may 

compromise care, this group at risk should be identified preferably at an early point in time 

(Silverman et al. 2002).  
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In this regard, it has been demonstrated that new causal treatment strategies (e.g. active  

[ACC-001 in phase IIA trials] and passive [Bapineuzumab in phase III trials] immunization, γ-

secretase inhibitors [LY451039 in phase III trials]) may result in a more positive outcome for 

the patients, if initiated prior to the onset of irreversible neuronal damage (Hull et al. 2006). 

Additionally, reliable differential diagnosis is utterly important when selecting specific medical 

treatment. 

Even if neurodegenerative changes are the most common causes for dementia, followed by 

microangiopathies or macroangiopathies, the distinction between the different pathologies is 

essential for the therapeutical approach, thus for the prognosis (Drzezga 2009). The 

following example may serve to further illustrate this statement: 

As mentioned previously, DLB and Parkinson’s disease dementia (PDD) should be included 

in the possible differential diagnosis of early dementia. Due to their potential treatment 

response to neuroleptic drugs, such as dopaminergic agonists and AChEIs, and due to 

possible side effects of these therapeutic approaches, a discrimination from dementia, e.g. of 

the Alzheimer’s type, is crucial in order to select the optimal treatment for the individual 

patient.  

Moreover, these new therapeutic strategies will be in demand for more sophisticated tools for 

monitoring treatment success. After all, ongoing preclinical investigations will require specific 

surrogate markers as to gain more detailed insight into the underlying moleculobiological 

alterations, also allowing a more thorough examination of genetic risk profiles for this group 

of conditions.  

 

I. 5 Limitations of the Standard Diagnostic Algorithm  

I. 5. 1 Clinical Neuropsychological Testing 

In dementia diagnostics, the standard systematic algorithm includes clinical 

neuropsychological testing (e.g. mini-mental state examination [MMSE], dementia detection 

test [DemTect]) to confirm the diagnosis. 

However, sensitivity and specificity of neuropsychological evaluation methods are relatively 
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low and they cannot provide a definite diagnosis of dementia nor a differential diagnosis due 

to the high overlap of symptoms between the various dementia subtypes (Knopman et al. 

2001). Most importantly, clinical symptoms usually follow pathophysiological alterations, 

which impedes early diagnosis.   

Furthermore, heterogeneity in the group of MCI patients is considerably high due to 

differences in subjective diagnostic criteria and various co-factors potentially contributing to 

the development of MCI. As a consequence, the course of conversion to AD is quite variable 

between subjects. Patients might convert rather rapidly or stay cognitively stable for a long 

time, and some might develop an entirely different pathology. Definite identification of MCI 

patients who will convert to a manifest form of dementia is not reliably possible based on 

mere clinical neuropsychological testing (Arnaiz et al. 2004).  

The limited validity of clinical testing obviously demands further examination methods. In 

particular, investigations of certain pathophysiological biomarkers is well suited for the 

assessment of neuropsychiatric diseases, due to the limited accessibility of brain tissue for 

histopathological analysis (Drzezga 2009). 

 

I. 5. 2 Shift of the Conceptual Framework in Initial Diagnosis of Dementia 

Thirty years after the National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer's Disease and Related Disorders Association (today known as 

Alzheimer's Association) have proposed the original NINCDS-ADRDA Criteria, new clinical 

and biological data have been collected in abundance and build a more comprehensive body 

of evidence. This increase in knowledge about the nature of neurodegenerative disorders 

has urged for a revision of the diagnostic criteria.  

In 2007 and in the following years, the International Working Group for New Research 

Criteria for the Diagnosis of AD (IWG) and the National Institute on Aging-Alzheimer’s 

Association (NIA-AA) outlined an updated diagnostic concept that shifted AD from a 

clinicopathological to a clinicobiological entity (Dubois et al. 2007). In the original version 

from 1984, diagnosis of AD was either assigned to "probable AD" (since a definitive 
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diagnosis was only possible when AD pathology was confirmed post mortem) or was based 

on significant functional disability (clinical threshold criterion of dementia) (McKhann et al. 

1984). Obviously, specificity of differentiating AD from other forms of dementia was low and 

the full range of the disease stages (from asymptomatic via presymptomatic and MCI to more 

severe stages) was not illustrated by these criteria. However, differential diagnosis as well as 

capturing the stage of disease as accurately as possible is crucial for early intervention. 

Adressing these flaws, the revised NINCDS-ADRDA Criteria (2007) give a better definition of 

clinical phenotypes (typical, atypical, mixed and preclinical AD) and integrate 

pathophysiological biomarkers in the diagnostic process (Dubois et al. 2007).  

The diagnostic criteria for probable AD ask for the "presence of an early and significant 

episodic memory impairment" (core diagnostic criterium A) in combination with at least one 

(B, C, D or E) supportive feature  (see Figure 2).  

 

 

Just recently, Dubois et al. have further refined the criteria from 2007, aiming to simplify the 

diagnostic approach. They suggested limiting the diagnostic requirements to defining the 

clinical phenotype and including either a CSF or Amyloid PET examination as a single in-vivo 

evidence of AD pathophysiology (Dubois et al. 2014).  

 

I.5.2.1 Structural and Funtional Imaging (supportive feature B) 

In accordance with the abovementioned official guidelines (Dubois et al. 2007, Knopman et 

al. 2001, van der Flier et al. 2007), the performance of cerebral x-ray computed tomography 

FIG. 2 
Spportive features in the 
NINCDS-ADRDA Criteria 2007 
(adapted from Dubois et al.) 
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(CT) or magnetic resonance imaging (MRI) is recommended, as it serves to exclude non-

neurodegenerative causes of cognitive impairment such as space-occupying lesions, 

vascular abnormalities (e.g. hemorrhages, etc.), normal pressure hydrocephalus and 

inflammation. Furthermore, structural imaging is also valuable for the purpose of identifying 

certain patterns of atrophy, especially regarding medial temporal lobe atrophy. Concerning 

the excellent soft tissue contrast and the absence of radiation exposure (when no contrast 

agent is applied), MRI is clearly superior to CT in this context. However, apart from exclusion 

of non-neurodegenerative pathologies, mere structural imaging does not represent an 

optimal method for early and reliable (differential) diagnosis of neurodegenerative disorders. 

As previously reported, structural alterations (atrophic processes) are considered a relatively 

late phenomenon in the progress of neurodegeneration, and atrophy patterns may be 

overlapping between the different neurodegenerative disorders (Drzezga 2009, Villemagne 

et al. 2005). 

In this regard, functional imaging may play an important complementary role, possibly 

offering the closest in vivo reflection of disease progress when put in a clinical context 

(Silverman et al. 2002). In fact, apart from structural imaging, MRI offers a number of modes 

that provide insights into various parameters of brain function (e.g. arterial spin labeling 

[ASL], spectroscopy, perfusion-weighted imaging [PW-MRI] and diffusion tensor imaging 

[DTI-MRI]). However, the clinical value of these procedures, especially in the individual 

(single-subject) diagnosis of dementia, remains yet to be proven.  

 

I.5.2.2 CSF examination (supportive feature C) 

Originally, cerebrospinal fluid (CSF) examination served as another exclusion procedure for 

other causes of dementia, such as inflammatory, vascular or demyelination processes 

(McKhann et al. 1984). Research over the past decades, however, has been able to prove 

that AD-specific biomarkers in CSF are reflections of central pathogenic processes, including 

AβP deposition and tau hyperphosphorylation. In comparison with healthy controls, 

concentration of AβP42 is low (Motter et al. 1995), whereas levels of total tau protein (T-tau) 
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(Vandermeeren et al. 1993) and of phosphorylated tau epitopes (P-tau) are high (Buerger et 

al. 2002, Ishiguro et al. 1999). When all three abnormal markers are combined, sensitivity 

and specificity in the identification of prodromal AD reach up to >90% and >85%, respectively 

(Hansson et al. 2006). Concerning differential diagnosis, however, e.g. in distinction of AD 

from DLB or FTLD, specificity of these parameters is relatively low (Blennow et al. 2003). 

Their high diagnostic value in determining the MCI status justified the inclusion in the 

NINCDS-ADRDA Criteria.  

 

I.5.2.3 [18F]FDG-PET (supportive feature D) 

In contrast to the abovementioned structural and functional imaging procedures, molecular 

imaging such as 2-deoxy-2-(18F)fluoro-D-glucose-PET ([18F]FDG-PET) is already well 

established as a reliable clinical diagnostic marker in single individuals, allowing the 

identification of neuronal dysfunction mirrored by an impaired glucose metabolism 

(Magistretti et al. 1999, Phelps et al. 1983). It is accepted that loss of neuronal activity is an 

early phenomenon, preceding tissue structural alterations (Mosconi 2005). This fact raises 

the prospect of steering patients toward more appropriate management earlier in the course 

of their disease, diminishing the morbidity of dementia even from an economical perspective 

(Silverman et al. 2002). 

In a large number of studies, [18F]FDG-PET has been proven to be a highly sensitive and 

specific marker for diagnosis of AD, even at early stages of the disease (Hoffman J. M. et al. 

2000, Minoshima et al. 2001, Silverman et al. 2001). The typical patterns of hypometabolism 

correspond well to certain cognitive deficits. Regions most commonly affected include the 

temporoparietal, frontal and posterior cingulate cortices (PCC) while sparing sensory-motor 

and primary visual cortices. This property explains the preservation of vision, sensory and 

motor functions in AD (Herholz 1995, Minoshima 2003, Silverman et al. 2001) whilst short, 

long-term and semantic memory as well as learning and planning processes are impaired.  

Moreover, [18F]FDG-PET also serves as a tool with a high positive predictive value in the 

prognosis of cognitive decline in subjects with MCI as demonstrated by numerous 
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longitudinal studies (Arnaiz et al. 2001, Chetelat et al. 2003, Drzezga et al. 2003, Mosconi et 

al. 2004, Nobili et al. 2008, Silverman et al. 2003). 

In direct intermodal comparison, meta-analyses were able to demonstrate that [18F]FDG-

PET performs better than structural MR imaging (MRI volumetry) in diagnosis of dementia 

(Kawachi et al. 2006, Matsunari et al. 2007) as well as in the prediction of conversion to AD 

in patients with MCI (Yuan et al. 2009). Also, with regard to differential diagnosis, [18F]FDG-

PET imaging has been demonstrated to represent a highly valuable method, allowing the 

detection of disease-specific patterns of hypometabolism in the individual patient (Herholz et 

al. 2002, Minoshima et al. 2001, Mosconi et al. 2008). 

At this point it is important to note that the latest work-up by the NIA-AA has been shifting 

paradigms in the conceptual understanding of biomarkers. They lay emphasis on strictly 

distinguishing pathophysiological from topographical biomarkers, claiming that 

pathophysiological markers indicate the presence of pathology at any stage of the disease 

(also in asymptomatic stages) and, therefore, preferably allow initial diagnosis (Dubois et al. 

2014). Downstream topographical markers, e.g. including volumetric MRI or 2-deoxy-2-

(18F)fluoro-D-glucose-PET imaging ([18F]FDG-PET), would be more subject to dynamic 

changes over time and, hence, might better qualify for monitoring disease progress as well 

as treatment success than as primary diagnostic markers. However, Dubois et al. indicate 

that the refined criteria might primarily be reserved for specific diagnostic purposes only, e.g. 

young-onset or atypical forms of AD, and conclude that they will yet have to prove their 

performance and utility within clinical settings.  

 

I.5.2.4 [C11]PiB-PET (Carbon-11-labelled Pittsburgh compound B) (supportive feature D) 

Over the past few years, new PET molecular imaging markers have been introduced, 

allowing the in vivo detection of β-amyloid aggregates in the brain (see above). So far, the 

best-established compound is N-methyl(11C)2-(40-methylaminophenyl)-6-hydroxy-

benzothiazole, also termed “Pittsburgh Compound B” or “PiB”  ([C11]PiB), but a number of 
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F18-labeled compounds have been developed, some having reached approval by the food 

and drug administration agencies for commercial distribution by different vendors (Joshi et al. 

2012, Van Laere K 2009, Villemagne et al. 2011). All of these markers may allow for the first 

time the non-invasive assessment of a potentially causal molecular pathology in the work-up 

of dementia. First however, β-amyloid imaging may represent a less specific tool with regard 

to short-term prognosis of dementia due to the high rates of β-amyloid-positive elderly 

healthy individuals (about 20-30%) (Mintun et al. 2006). Second, a [C11]PiB-PET scan might 

be able to categorize between amyloid-positive and -negative phenotypes, but will not 

reliably distinguish the different clinical types of neurodegenerative disorders (e.g. AD vs. 

LBD) or subtypes of FTLD due to the overlap of the underlying pathology (Gomperts et al. 

2008, Rabinovici et al. 2007, Rostomian et al. 2011). Last, β-amyloid imaging does not 

closely correlate with the symptomatic progression of the disease (in the stage of 

neurodegeneration), in contrast to [18F]FDG-PET imaging, which represents a reliable tool to 

measure onset and progression of neuronal dysfunction, also in later stages of the disease 

(Engler et al. 2006, Fouquet et al. 2009, Silverman et al. 2001). Consequently, [18F]FDG-

PET will probably retain a clinical value, complementary to now-available β-amyloid imaging. 

None of the mentioned imaging procedures on its own is capable of solving all diagnostic 

questions arising in the dementia work-up. Thus, intelligent combinations may represent a 

valuable option. 

 

I. 6 Multimodal Imaging – A Powerful Approach 

Considering the abovementioned arguments, combining CT, MRI, [18F]FDG-PET and also 

[C11]PiB-PET into a multimodal concept may serve as a complementary solution for different 

diagnostic questions when put in clinical context. In general, several studies have proven that 

algorithms combining imaging and non-imaging methods, such as [18F]FDG-PET and ApoE-

genotyping  (Drzezga et al. 2005, Knopman et al. 2001, Mosconi et al. 2004), as well as 

those combining various imaging procedures are clearly superior to concepts based on only 

one method (Jack et al. 2008, Kawachi et al. 2006, Li et al. 2008). Multimodal imaging, 
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providing metabolic and/or molecular pathologic information by means of [18F]FDG-PET in 

addition to structural information obtained with MRI may represent a most powerful approach 

when combined with clinical findings due to the high diagnostic value of PET and MRI in 

neuropsychiatric conditions. Also from a scientific position, fusion of morphological and 

biological information provides insights into the organization of the healthy brain as well as 

into the pathophysiologic interrelations between variables affected in the diseased brain 

(Catana et al. 2012, Heiss 2009). It is incontestable that this innovation will also have an 

enourmous impact on evaluating new treatment strategies as their functional effect can be 

monitored in a morphological context.  

In particular, acquisition of PET and MR-data in one integrated PET/MR-scanner will not only 

allow real-time assessment of dynamic information, an optimal coregistration and atrophy 

correction of the PET data, but could also facilitate correction of movement, particularly in 

situations of compromised compliance due to a dementing disorder (Heiss 2009). Another 

advantage would be increase in patient compliance, comfort and optimization of hospital 

logistics due to the limitation to only one examination (Catana et al. 2012). Beyond that, with 

PET/MR imaging of the brain, radiation exposure to the lens of the eye is less than with 

PET/CT, even if a low-dose CT is carried out. This should be taken into consideration, 

especially in patients undergoing multiple follow-up scans, as the lens is one of the most 

radiosensitive tissues and radiation cataracts represent a potential radiation injury.  In the 

following, the fully integrated whole-body PET/MR system, as used in our study, will be 

introduced. The physical principles of its components, its instrumentation and its pitfalls, 

especially in neuroimaging, will be elaborated on in the Patients, Materials and Methods 

section.  

 

I. 7 Evolution of Simultaneous PET/MR Imaging – Siemens Biograph mMR 

In 2005, the first time ever simultaneous small animal PET/MR scan was performed by a 

research group at the Department of Biomedical Engineering, University of California, Davis, 

California in cooperation with the Department of Radiology, Eberhard-Karls-University, 
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Tübingen, Germany and Siemens Preclinical Solutions, Knoxville, Tennessee. The technical 

specifications and performance testing for simultaneous acquisition of PET and MRI data 

were examined in an animal model using a BioSpec 7.05-T MRI Tomograph (MRI tomograph 

with a magnetic field strength of 7.05 tesla [T] produced by BioSpec Products Inc., 

Bartlesville, OK, USA) in combination with a MR-compatible PET detector insert (based on 

an array of lutetium oxyorthosilicate crystals [LSO] and avalanche photodiodes [APD]) and 

were summarized in a publication by Pichler et al. (Pichler et al. 2006). 

For the purpose of demonstrating general feasibility of simultaneous PET/MR imaging in the 

human brain, first prototypes, using the same detector technology, have been developed 

specially for brain imaging studies (Catana et al. 2012, Herzog et al. 2011, Schlemmer et al. 

2008, Schwenzer et al. 2012). Phantom as well as in-vivo measurements could prove overall 

feasibility of the system and that performance of each modality was reasonably preserved 

(Schlemmer et al. 2008).  

Further development of this hybrid technology yielded the now commercially available 

models of PET/MR scanners that have been designed for whole-body application. The first 

integrated whole-body PET/MR device has been introduced by Siemens (Biograph mMR, 

Siemens AG – Healthcare Sector, Erlangen, Germany) and has been installed in the 

Department of Nuclear Medicine at the Technische Universität München in November 2010, 

funded by the German Research Foundation (Deutsche Forschungsgemeinschaft [DFG]). In 

cooperation with Ludwig-Maximilians-Universität, the scanner is being operated by the 

Departments of Nuclear Medicine and Radiology. Apart from oncological applications, the 

device is also supposed to sustain clinical neuroimaging studies, such as in dementia 

evaluation. 

Different scanner technology of the PET/MR device, such as MR-compatible PET detection 

with avalanche photodiodes (APD), the different scanner geometry and the attenuation 

correction (AC) based on MRI sequences, might influence image quality, hence, the 

diagnostic accuracy. The signal obtained by MRI does not allow direct conclusions on the 

radiodensity of biological tissue and, thus, cannot directly be used for AC.  
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At present, AC on the basis of a segmented 2-point Dixon MRI sequence (pattern 

recognition) is considered the standard method in processing PET data obtained from 

PET/MR for clinical purposes and is the only vendor-approved algorithm for this specific 

device. Attenuating factors, such as the fixed head coil and the examination table, are 

incorporated in the AC algorithm (Delso et al. 2010). However, this method ignores the 

specific contribution of bone to photon attenuation, which is why PET/MR brain imaging may 

be particularly error-prone (Martinez-Möller et al. 2009) since cerebral tissues are 

surrounded by bone from all sides. 

 

I. 8 Hypothesis: Methodological differences in PET data derived from PET/MR and 

   PET/CT - Evaluation of potential influences on diagnostic  

   assessment of dementia in individual patients 

The general aim of this study was to evaluate the comparability between PET data, derived 

from integrated whole-body PET/MR imaging (using segmented Dixon MRI-based 

attenuation correction), and those obtained with conventional PET/CT (using CT-based 

attenuation correction) with regard to neurodegenerative disorders. For this purpose, 

[18F]FDG-PET/MR data as well as conventional [18F]FDG-PET/CT data were collected in 

the same patients who had been referred to PET-imaging for routine evaluation of cognitive 

impairment.  

As mentioned above, comparability of PET data originating from PET/CT or PET/MR, two 

technologically completely different devices, will be subject to several scanner-inherent 

factors, one of them being the different attenuation correction procedure.  

Whereas CT-based AC has proven sufficient reliability in the past and has been mostly 

accepted as a standard for clinical application (Souvatzoglou et al. 2007), numerous AC 

methods for hybrid PET/MR imaging have been proposed, tested and discarded, but no 

standard has been set yet.  

So far, segmented Dixon MRI-based AC has shown comparably satisfying potential, at least 

in oncological investigations (Drzezga et al. 2012). However, when focusing on 
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neuropsychiatric implications, research has shown that this AC method comes with certain 

hitches, possibly due to the circumstance that cerebral tissue is almost completely 

encompassed by a relatively thick layer of bone (other than most internal organs). In this 

context, Catana and colleagues demonstrated that misrepresentation of bone-induced 

attenuation within the AC algorithm resulted in considerably false estimations of PET signal 

intensities, especially in frontoparietal portions of the brain (Catana et al. 2010). Furthermore, 

Andersen et al. observed similar discrepancies in their phantom-based approach, which was 

also reproducible in in-vivo examinations (Andersen et al. 2013). In accordance with their 

observation, that the PET/MR device seems to underestimate the PET signal in cortical 

regions to a greater extent than in central regions of the brain (as compared with PET/CT), 

our team just recently reported consistent results from a group comparison analysis based 

on statistical parametric mapping (SPM5 Wellcome Trust Centre for Neuroimaging, UCL, 

London, UK, December 2005) (Hitz/Habekost et al. 2014). Juxtaposition of corresponding AC 

image data sets, derived from PET/MR as well as PET/CT (both scans sequentially 

performed in each patient of the study group in the form of a single-injection dual-imaging 

protocol), indicated underestimations of PET signal intensities in the frontoparietal cortex with 

PET/MR, particularly in prefrontal, sensorimotor, parietal and medio-frontal regions. 

Additionally, signal intensities in subcortical brain areas (including the basal ganglia, pons, 

cerebellum and central cortices) tended to be relatively overestimated with PET/MR as 

compared to the PET/CT data. The fact that, in comparison to the corresponding non-

attenuation and non-scatter corrected (NAC) PET/CT and PET/MR data sets the cortical 

signal deviations were diminished, allows the proposition that they may be due to effects 

induced by the AC algorithm. However, the persistence of signal overestimations in 

subcortical brain areas in NAC images suggests that other scanner-specifc factors may 

influence reliable signal quantification likewise.  

Obviously, segmented MRI-based AC displays certain limitations especially in the field of 

neuroimaging, which still imposes the great challenge of finding a reliable alternative.  

Nevertheless, PET/MR imaging, using this AC method, has been integrated into several 
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clinical routine imaging algorithms (e.g. oncologic and neurologic implications) at our 

institution. For the purpose of studying its strengths and weaknesses as well as of further 

understanding its potential and its pitfalls in neurologic diagnostics, we believed that 

examining its performance on a single-subject basis would serve as an important 

continuative approach.   

In this study sub-set, we particularly focused on investigating whether the selection of the 

imaging modality (PET/CT vs. PET/MR) and scanner-specific effects would affect the 

objective visual-clinical assessment of dementia in the individual patient.  

Generally, it can be reasonably expected that the obviously existing intermodal discrepancies 

of PET signal intensities will probably not impede overall comprehensive diagnostic 

evaluation when depicted in the context of group comparisons. After normalization to a global 

mean, effects in the individual subject may be only of little relevance in the final diagnostic 

work-up. Whether "incorrect assessment" exists, how extensive its severity really is and to 

what degree it might influence diagnostic accuracy in a single case is one of the key 

questions of this study. In this context, a study by Drzezga et al. should serve as an example: 

here, visual rating of PET/CT and PET/MR data sets (of the same individual) of a group of 32 

patients showed an overall good correspondence regarding the general presence of 

oncologic findings in each of the scans (Drzezga et al. 2012). However, when looking at the 

individual subjects, a deviating rating between the two modalities could be found in one 

patient. In this case, 2 liver lesions were detected in the PET/CT, whereas the PET/MR read 

missed these lesions. Retrospectively, lower subjective image quality of the corresponding 

PET/MR data set (low contrast) was held accountable for this discrepancy.  

In what way this problem would also apply to PET/MR data of the brain was investigated 

using a broadly similar setup. Three-dimensional stereotactic surface projection (3DSSP) 

pairs (Neurostat, University of Michigan, Ann Arbor, USA) and z-score displays (PET/CT and 

PET/MR) of every our subjects were first visually evaluated side-by-side by a board certified 

nuclear medicine physician, and second, rated by 4 independent blinded observers (2 

experienced and 2 less experienced). The rating included the categories "presence of 
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neurodegenerative disorder yes/no" and "degree of abnormality". In order to investigate 

influences of the selected modality on diagnostic assessment of the individual patient, a 

doctoral research fellow reviewed cases of particularly deviant as well as of congruent 

ratings and scrutinized them for possible systematic influencing factors.   
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II. PATIENTS, MATERIAL AND METHODS 

II. 1 Patient Population  

As previously reported by our research group (Hitz/Habekost et al. 2014), patients were 

collected chronologically out of a pool of subjects with cognitive impairment suspected of a 

neurodegenerative disorder such as AD (as based on clinical evaluation). They had been 

referred to our institute from the University Department of Psychiatry and Psychotherapy and 

from external partners for clinical routine [18F]FDG-PET brain examination. Only referrals 

from specialists with documented expertise in neuropsychiatry were accepted to assure 

validity of the indication for this procedure. Further inclusion criteria implied: informed 

consent and the ability to undergo another scan after the initial PET-examination. Exclusion 

criteria were pregnancy, age below 18 years and standard contraindications for MRI 

examinations (magnetic metal implants, pacemakers, etc.). In addition, patients with potential 

reasons other than neurodegenerative pathologies for their cognitive impairment (substance 

abuse, brain tumors, stroke, trauma or psychiatric disorders such as schizophrenia) were 

excluded to minimize heterogeneity of the data. Furthermore, patients undergoing diagnostic 

CT with application of intravenous contrast agents were not included in order to ensure 

homogeneity in the datasets used for CT-based attenuation correction. Detailed 

neuropsychological evaluation or histopathological proof of neuropathology was not required 

as an inclusion criterion, regarding that the main aim of this study was intra-subject 

methodological comparison between the PET-findings acquired on two different modalities in 

a clinical setting, rather than the association of a specific type or degree of cognitive 

impairment with the PET-findings. The population was based on 10 males and 20 females 

with a median age of 64 and a range of 25 to 79 years. Table 1 lists the patients by their true 

examination date. Due to the constraints in logistics of every-day clinical routine in our 

department, patients were assigned to the sequence of examination (PET/CT or PET/MR 

scan first) according to the best possible workflow of that specific day. Thus, randomization of 

scan order was attained unsystematically, as the day's schedule allowed. In our collective, 16 
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patients received their PET/CT scan first (and their PET/MR scan second) and 14 patients 

underwent the PET/MR scan first (followed by their PET/CT scan).  

The research protocol had been approved by an IRB (Committee on Ethics of the Technical 

University of Munich) and had been performed according to the latest version of the 

Declaration of Helsinki. The approval of the institutional review board and the radiation 

protection authorities had been obtained.  
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Due to the fact that our study includes subjects from several different centers, i.e. our own 

psychiatric institute`s in- and out-patient department as well as external referrals, clinical 

parameters, such as MMST scores, APOE levels and ICD-10 diagnosis codes, were 

TAB. 1 – Examination characteristics 

Patient no. Sex Age (y) Examination 
sequence 

Time interval 
(min) between 
PET/MR and 
PET/CT 

1 M 69 PET/CT first 34 
2 F 39 PET/CT first 36 
3 M 71 PET/CT first 46 
4 F 52 PET/CT first 35 
5 M 60 PET/CT first 33 
6 M 76 PET/CT first 70 
7 F 75 PET/CT first 33 
8 F 25 PET/CT first 48 
9 F 61 PET/MR first 40 
10 F 53 PET/MR first 40 
11 F 45 PET/MR first 37 
12 M 45 PET/MR first 29 
13 F 46 PET/MR first 41 
14 F 61 PET/CT first 29 
15 F 70 PET/CT first 26 
16 M 64 PET/CT first 37 
17 F 74 PET/CT first 37 
18 M 73 PET/MR first 25 
19 F 79 PET/MR first 50 
20 M 64 PET/MR first 42 
21 F 70 PET/MR first 22 
22 F 45 PET/MR first 22 
23 F 66 PET/MR first 34 
24 F 68 PET/MR first 44 
25 F 57 PET/MR first 32 
26 F 55 PET/MR first 40 
27 F 64 PET/CT first 44 
28 M 67 PET/CT first 30 
29 F 72 PET/CT first 40 
30 M 60 PET/CT first 25 

     

 PET/CT first PET/MR first p-value  

Number 16 14 n.s.  
Age 62.44±13.76 59.07±11.40 n.s.  

Time between PET/MR and PET/CT 37.69±10.85 35.57±8.55 n.s.  
Male 7 3 

n.s.  
Female 9 11 

     
n.s. = not significant  

TAB. 1 This table was originally published in JNM  
Hitz S, Habekost C, Furst S, et al. Systematic Comparison of the Performance of Integrated Whole-Body PET/MR Imaging to 
Conventional PET/CT for 18F-FDG Brain Imaging in Patients Examined for Suspected Dementia. Journal of nuclear medicine : 
official publication, Society of Nuclear Medicine. May 15 2014;55(6):923-931. 
© by the Society of Nuclear Medicine and Molecular Imaging, Inc. 
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available for only a fraction of the study group. 10 out of 30 patients only received imaging at 

our institute and were further medically attended to by physicians in private practice. Clinical 

information, as far as was available, is summarized in Table 2. At this point it is important to 

note that a more detailed clinical background would obviously have been desirable. However, 

concentrating on our hypothesis, investigating methodological inter-scanner differences and 

their potential effects on visual assessment of the individual patient, the abovementioned 

parameters are of minor importance.  

TAB. 2 - Patients' characteristics  

Patient No. History of MMST APOE ICD-
10 

Final Report 

1 MCI 26 44 F06.7 slightly hypometabolic abnormalities bilateral parietal, in 
the posterior cingulate and the anterior temporal poles 
(l>r), no sufficient evidence for ND 

2 MCI, father with early-
onset dementia 

extern extern extern hypometabolism in bilateral upper parietal (r>l), less 
distinct in bilateral temporal (r>l) and frontal regions as 
well as posterior cingulate, findings corresponding to an 
early stage of ND (AD type) 

3 MCI 26 x F33.1, 
F03 

distinct hypometabolic alterations in the bilateral 
mesiofrontal regions, less distinct in bilateral upper 
parietal regions and the anterior pole of the temporal 
lobes, findings not sufficient for reliable diagnosis of ND 

4 Beginning MCI, amnesic 
aphasia for 6 months 

29 23 F33.1 at most minimal symmetric hypometabolic abnormalities 
in the anterior pole of the temporal lobes , no sufficient 
evidence for reliable diagnosis of ND, but findings could 
be correlated to an early stage of semantic dementia 

5 Restless legs syndrome, 
focal epilepsy 

extern extern extern no significant hypometabolic alterations, no evidence of 
ND 

6 MCI, semantic aphasia extern extern extern distinct hypometabolism in right  temporoparietal and 
occipital regions, less distinct abnormalities in right 
prefrontal and frontopolar regions as well as left 
temporal lobe, corresponding to a pathology from the 
sprectrum disorder of FTLD (e.g. primary progressive 
aphasia) due to the asymmetric pattern, however 
location of these abnormalities in the right hemisphere in 
a right-handed patient is not typical for this disorder, DD: 
semantic dementia 

7 MCI, amnesic aphasia 
for 2 years 

25 34 F00.1 low-grade hypometabolic pattern in temporo-parietal, 
upper parietal and posterior cingulate […], findings 
corresponding to an early stage of ND (AD type) 

8 MCI, urticaria vasculitis extern extern extern known hydrocephalus internus, slightly inhomogenic 
glucose metabolism, no evidence for vastulitis or ND 

9 aphasia 13 x F00.0 hypometabolism in bilateral parietal (l>r), frontal and 
temporal regions and in the bilateral posterior cingulate, 
findings corresponding to ND (AD type) 

10 MCI 14 33 F00.0 distinct hypometabolism in bilateral parietal, temporal 
regions  (l>r) and in the bilateral posterior cingulate, less 
distinct PET alterations in bilateral frontal regions, 
findings corresponding to ND (AD type), but the slight 
alterations in the cerebellar and thalamic regions could 
bear an additional vascular pathology 

11 Obsessive-compulsive 
disorder 

extern extern extern at most minimal  hypometabolic abnormalities in right 
upper parietal and left occipital regions as well as in the 
posterior cingulate, no sufficient evidence for ND 
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12 MCI, depressive 
syndrome 

extern extern extern minimal hypometabolic alterations in bilateral parietal, 
temporopolar and orbitofrontal regions, but not sufficient 
evidence of ND 

13 MCI, condition after 
focal convulsions 

extern extern extern focal hypometabolic area in the left temporal region, no 
ND, but secondary finding of encephalitis DD: 
astrocytoma 

14 MCI, condition after 
traumatic brain injury 

x x F33.0, 
F45.4 

moderately reduced glucose metabolism in the entire 
right-sided hemisphere, possibly correlated to the brain 
trauma, no sufficient evidence of ND 

15 MCI 25 34 F00.1 hypometabolism in bilateral parietal (r>l) and right 
temporal regions as well as in the bilateral posterior 
cingulate, findings corresponding to ND (AD type) 

16 MCI x 44 x at most minimal  hypometabolic abnormalities in left 
parietal lobe , no sufficient evidence for reliable 
diagnosis of ND, very early stage of AD possible 

17 MCI, impaired fine motor 
skills 

25 23 x low-grade hypometabolic abnormalities in bilateral 
parietal and frontal regions (l>r), no sufficient evidence 
of ND, but DD: PSP 

18 MCI 28 33 F32.0, 
F06.7 

hypometabolism in bilateral temporoparietal and 
occipital regions (l>r), corresponding to ND (AD type)  

DD: posterior cortical atrophy, DLB 

19 MCI, semantic 
dysfunction 

27 x F00.2, 
F02.0 

distinct hypometabolism in temporal (l>r), 
mesiofrontopolar and in upper parietal regions 
corresponding to a pathology from the sprectrum 
disorder of FTLD 

20 MCI 16 x F00.0 hypometabolism in bilateral parietal (r>l) and bilateral 
frontal regions, particularly distinct PET abnormalities in 
the bilateral posterior cingulate, findings corresponding 
to ND (AD type) 

21 MCI 24 x F00.1 low-grade hypometabolic pattern in temporo-parietal, 
upper parietal and posterior cingulate […], findings 
corresponding to an early stage of ND (AD type) 

22 psychosis n.o.s.  
depressive syndrome 

extern extern extern at most minimal hypometabolic abnormalities in the 
bilateral mediofrontal cortices, but no sufficient evidence 
for reliable diagnosis of ND 

23 MCI 27 x F33.0, 
F06.7 

diffuse symmetric hypometabolic alterations, not 
sufficient for diagnosis of ND 

24 MCI 27 x F06.7 no significant hypometabolic alterations, no evidence of 
ND 

25 MCI, condition after 
thalamic infarction, 
trigeminal neuralgia 

29 x F06.7 no significant hypometabolic alterations, no evidence of 
ND 

26 MCI, amnesic aphasia, 
depressive syndrome 

29 x F32.9 distinct hypometabolic alterations in the bilateral 
temporoparietal (r>l), less distinct in bilateral frontal 
regions and the posterior cingulate, findings 
corresponding to ND (AD type) 

27 MCI, reduced physical 
performance, 
dysaesthesia tongue 
and paraesthesia fingers 
(l>r) for 2 years, fatigue, 
febrile episodes 

extern extern extern moderately decreased PET signal in bilateral upper 
parietal and occipital regions (r>l), including the 
postcentral gyrus, in combination with the white matter 
abnormalities and atrophic patterns in MR, the findings 
are most likely corresponding to a microangiopathy 

28 MCI, oculomotoric 
paresis l, condition after 
hypophyseal adenoma 
resection 7 years ago 

19 x F33.1  moderately decreased PET signal in bilateral 
temporoparietal regions (l>r) and the bilateral posterior 
cingulate, also the primary visual cortex (l>r) is affected, 
findings are largely corresponding to ND (AD type), but 
the affection of the primary visual cortex demands 
further exploration (DD: DLB) or might be due to the 
oculomotoric paresis 

29 MCI 28 x F06.7 moderately decreased PET signal in bilateral temporal 
regions (l>r) and the left parietal coretx, suspicious of 
beginning ND in the form of FTLD DD: semantic 
dementia, microangiopathy in MRI 

 



 43 

30 Hallucinations, thought 
disorder 

extern extern extern at most bilateral parietal signal reductions in PET, same 
regions with atrophic alterations in MRI, posterior 
cortical atrophy possible 

ND = neurodegeneration       F00.1 late onset AD                F06.7 MCI                                    F33.1 recurrent depression (moderate) 

DD = differential diagnosis    F00.2 atypical AD           F32.0 mild depressive episode    F45.4 somatization disorder 

x = not available          F02.0 Nieman-Pick Disease    F32.9 depressive episode n.o.s                                               

F00.0 early onset AD            F03 dementia n.o.s                  F33.0 recurrent depression (mild) 
 

 

II. 2 Positron Emission Tomography (PET) 

II. 2. 1 Definition 

Positron emission tomography (PET) is an imaging method in the field of nuclear medicine 

that creates three-dimensional tomographic images revealing certain biochemical properties 

of tissue and functional processes in the body. This is achieved by detection and computer 

analysis of γ-rays emitted indirectly by a positron-emitting radionuclide (radioactive tracer) 

that has been incorporated into the tissues on a carrier molecule (biologically active 

molecule) (Bailey et al. 2005). 

 

II. 2. 2 Historical Background 

The idea of positron emission tomography was born in 1952, when Williams Sweet, Gordon 

L. Brownell and their associates at the Massachusetts General Hospital were the first 

physicians to visualize a brain tumor based on the concept of annihilation radiation recorded 

by only one detector from different angles (Sweet et al. 1953). Their innovative thoughts on 

the use of light pipes and volumetric analysis also paved the way for future development of 

PET devices.  

The first single-plane PET scanner (with several detectors in a row) was constructed by 

Rankowitz et al. at Brookhaven National Laboratory (Rankowitz et al. 1962), but it really was 

the introduction of radiopharmaceuticals that laid foundation for broader acceptance of this 

innovative approach. In 1973, Kuhl et al. managed to measure the tissue concentration of 

radioisotopes in sectional images (Kuhl et al. 1973). The first commercially available PET 
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device was presented in 1975, followed by first brain examinations in 1979 with application of 

the newly synthesized [18F]FDG to visualize cerebral glucose metabolism. At around the 

same time, James S. Robertson and Zang-Hee Cho were the ones to present a detector ring 

system that was to become the PET prototype of our time (Cho et al. 1976, Robertson et al. 

1973). Initially, [18F]FDG was applied mostly for cardiologic and neurologic examinations, 

when in the 1990s, it gained more importance also for oncologic implications. In 2000, the 

PET scanner was named "invention of the year" by TIME Magazine (December 4, 2000; Vol 

156; No. 23) and it became a vital tool in modern diagnostics. 

 

II. 2. 3 Physical Background 

In PET, analogues of physiologic or pharmaceutical agents are applied into which short-lived 

positron-emitting radioisotopes have been integrated. These radionuclides (tracers) are 

artificially produced in a cyclotron by ions with high levels of kinetic energies (5-20 MeV) and 

are subsequently incorporated into an organic compound (carrier molecule).  

In the progress of radioactive decay, mostly in the form of β-decay, the radioisotope will emit 

a positron (antiparticle of an electron with opposite charge) as well as a neutrino (with no 

electric charge). After travelling in tissues for a short distance (approximately 1mm, 

depending on the isotope) with considerable loss of kinetic energy, the positron will be 

decelerated to the point where interaction with its antiparticle, a normal electron, is possible 

(at the level of thermal energy). The resulting compound is a positronium (Ps), an unstable 

system, in which the two particles annihilate each other immediately (10-10 s) and two γ- 

photons (with a rest energy of 2 × 511 KeV) are synchronously discharged in opposite 

directions (at an angle of 180°). In the PET detector system, these two properties 

(synchronous occurence and movement along an almost straight line) serve to determine 

and to localize the annihilation event (Bailey et al. 2005, Wienhard et al. 1989).  

 

II. 2. 4 Operation of the Scanning Device 

After injection of the radioactive tracer, the subject of study is placed within the field of view 



 45 

(FOV) of the detector system installed in a PET scanning device. First, a ring of scintillation 

crystals (e.g. lutetium oxyorthosilicate [LSO]) converts the emitted γ-rays (as occurred in the 

annihilating encounter) into flashes of visible light. Second, the incurred burst of light is 

detected by an array of either photomultiplier tubes (PMT) or silicon avalanche photodiodes 

(siAPD) and is recorded electronically (see figure 3).  

Detector technology in general is based on simultaneous and coincident detection of emitted 

photons moving in approximately opposite direction. Opposite detectors are linked in such a 

fashion that two detection events, occurring within a certain time window, may be called 

coincident and, therefore, be constituted to have come from the same annihilation. This line 

of response (LOR) is recorded in arrays that are in accordance with projections throughout 

the subject. Subsequently, these are compounded into a 3-dimensional (color-coded) image 

of tracer distribution based on tomographic reconstruction algorithms (Bailey et al. 2005, 

Wienhard et al. 1989).   
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Most of the current devices make use of PMTs, extremely light-sensitive vacuum tubes, that 

read the light from the scintillation crystals (transported to the PMTs via optical fibers) and 

convert it into electricity based on the 'photoelectric effect'. The 'photoelectric effect' 

describes the phenomenon of (photo-) electron emission from metals exposed to light of a 

certain threshold frequency. When the photocathode in the PMT system is hit by a burst of 

light, its metallic materials release electrons, which are subsequently accelerated and 

'multiplied' by means of dynodes (a specific type of electrode) until they reach the anode as a 

sharp current pulse that can easily be detected and further processed (Wienhard et al. 1989).  

FIG. 3 
Schematic illustration of the principals of PET. It demonstrates the annihilation event with two photons being 
emitted in diametrically opposite directions and their registration by the detector ring system. The detected data 
are then forwarded to a processing unit, deciding if two registered events are selected as a so-called coincidence 
event. These coincidences are then transferred to an image processing unit where the final image is produced via  
reconstruction algorithms.  

 © This work has been released into public domain by Jens Langner (2003). 
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II. 3 Chemical Structure and Pharmacokinetics of [18F]FDG 

[18F]FDG is the chemical abbreviation for Fludeoxyglucose (18F), also called 

Fluorodeoxyglucose (18F), and is a radiopharmaceutical substance used in PET. Due to its 

relatively low energy level (max. 635 KeV), its simple producibility and its relatively high 

stability (Wienhard et al. 1989), [18F]FDG is a well-established and practicable radioactive 

marker used for different diagnostic purposes (e.g. neurology, oncology and cardiology).  

Chemically, this tracer is a glucose analog with a positron-emitting radioactive isotope 

fluorine-18 which replaces the normal hydroxyl group at the 2’ position in the glucose 

molecule (2-deoxy-2-(18F)fluoro-D-glucose). The 18-F labeled radioligand is artificially 

synthesized by bombarding stable isotopes with a proton beam generated by a cyclotron 

(Schicha et al. 2007).  

Glucose, as well as its analog [18F]FDG, is taken up especially by highly glucose-dependent 

tissues such as the brain, where 95% of the adenosine triphosphate (ATP) is provided by 

glycolysis. Thus, glucose metabolism is the most important measurement of cerebral function 

and [18F]FDG represents an energy-specific dimension of neuronal integrity (Phelps et al. 

1981). Any impairment of neuronal function (e.g. as in neurodegenerative processes) is 

therefore reflected by alteration of local glucose utilization which can be determined by a 

FIG. 4  
 
Schematic of a 
photomultiplier 
coupled to a 
scintillator, 
configured to show, 
the detection of 
gamma rays 

© Created and 
released into public 
domain by 
Qwerty123uiop (Nov 
30, 2013)  
http://en.wikipedia.org/
wiki/Photomultiplier#me
diaviewer/File:PhotoMu
ltiplierTubeAndScintillat
or.jpg 
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cerebral PET scan using [18F]FDG. 

Intracellularly, both molecules (native glucose as well as [18F]FDG) are phosphorylated 

which prevents them of being released again from the cell. Due to its missing of a hydroxyl 

group, the phosphorylated [18F]FDG cannot be further metabolized, but can, at the same 

time, not exit the cell and accumulates. Since native glucose as well as [18F]FDG use the 

same pathways of transportation and phosphorylation, the accumulation rate of [18F]FDG is 

proportional to the metabolic rate of glucose (MRglc). However, these processes evolve at 

slightly different rates, necessitating a correction factor that will allow drawing inferences 

about the MRglc from the FDG metabolic rate (MR[18F]FDG). This correction factor, the so-called 

lumped constant (LC), has first been described by Sokoloff et al. in a rat brain experiment in 

1977 (Sokoloff et al. 1977). Consisting of 6 constants, the LC represents the ratio of 2-

deoxyglucose metabolic rate to MRglc  

 

with λ being the ratio of the distribution volume of [18F]FDG to that of native glucose, km 

representing the Michaelis-Menten constant for phosphorylation of glucose (* denotes 

[18F]FDG), vmax  being the maximum velocity for phosphorylation of glucose (* denotes 

[18F]FDG) and ϕ indicating the fraction of glucose that, after being phosphorylated, further 

follows the Embden-Meyerhofer pathway. For convertion of MR[18F]FDG into MRglc, the value of 

MR[18F]FDG needs to be divided by the LC. However, it is important to point out that the LC 

applies to metabolic rates based on the distribution volume for glucose in the entire 

organism. As in quantification of a regional metabolic rate for glucose, e.g. in cerebral 

tissues, the value of the LC is critical. Originally, Sokoloff et al. proposed that quantification of 

the relative MR[18F]FDG and MRglc  could be performed by measuring of the arteriovenous 

differences (for native glucose and [18F]FDG) throughout the brain during steady state. They 

obtained a value for LC of 0.483 ± 0.107 in their initial rat experiment.  

Based on a modified three-compartment model for in-vivo description of pharmacokinetics of 

[18F]FDG in humans (see figure 5), Phelps et al. argued that including kinetic parameters of 
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[18F]FDG by using dynamic PET images allows a relatively reliable quantification of the local 

cerebral metabolic rate for glucose (LCMRGlc) and suggested a LC value of 0.420 ± 0.059 

(Phelps et al. 1979). Since then, several literature reviews have been published and have 

shown slight modifications of LC values and their determination. In the first years of 2000, a 

trend towards a possibly higher LC was discussed in a work by Graham et al. (Graham et al. 

2002), well corresponding to previously published results (Hasselbalch et al. 1998, 

Lammertsma et al. 1987), and a LC value of 0.800 was concluded to be the most likely 

approximation of LCMRGlc in the healthy brain.  

 

 

 

Furthermore, [18F]FDG uptake is significantly influenced by plasma glucose levels and will 

be decreased when plasma levels are elevated. For the purpose of minimizing competitive 

inhibition of tracer uptake by normal glucose, scans are performed in the fasting state 

(Delbeke 1999).  

With a relatively long half-life of approximately 110 minutes, [18F]FDG-PET is practicable in 

on- as well as off-site PET scanning settings as opposed to other medical radioisotopes such 

as 11-C (e.g. [C11]PiB with a half-life of approximately 20 minutes). For a standard scan of 

the brain, 125–250 MBq of [18F]FDG for a three-dimensional mode are injected 

intravenously. The effective dose equivalent for a dose of 150MBq is 0.019mSV/MBq which 

is equivalent to a radiation exposure of 2.85mSV (from the radioactive marker only). For the 

dose applied, no measurable toxicity or side effects have been attested (Varrone et al. 2009).  

 

FIG. 5 
Modified three-compartment model as a 
kinetic model for quantification of the 
local cerebral metabolic rate for glucose 
(LCMRGlc) 
Cp, Ce and Cm describe the 
concentrations of native glucose in the 
"three compartments": plasma, brain 
tissue and metabolized glucose 
(glucose-6-phosphate). C*p, C*e and C*m 
denote corresponding concentrations of 
FDG, respectively. k1 to k4 indicate the 
first-order kinetic rate constants for 
glucose, k*1 to k*4 constants for FDG, 
respectively. BBB=blood-brain barrier 

Copyright © 2008 Elsevier Inc. 



 50 

II. 4 X-ray Computed Tomography (CT) 

X-ray computed tomography is a radiographic medical imaging technique that produces 

tomographic (cross-sectional) images of the body or single organs based on computer-

processed x-rays emitted by an external radiation source (x-ray tube). Incorporated 

reconstruction algorithms enable imaging in three dimensions. In conventional x-ray imaging, 

a defined volume is roentgenized by a radiation source, x-rays are attenuated by matter 

(density-dependent) and are two-dimensionally projected on a plane collecting system. In CT 

imaging, a narrowly collimated beam of x-rays rotates around the patient in a full arc for the 

acquisition of transversal slice images of the body. The x-rays passing through the body are 

recorded simultaneously by an array of movable detectors positioned at various angles and 

transferred into electric signals. These signals entail information about absorption 

characteristics of the various tissue elements. In order to account for the tissues’ radiodensity 

at x-ray energies, computerized processing correlates them with attenuation coefficients 

(Hounsfield units [HU]), with radiodensity of water (H2O) serving as reference (0 HU). All 

structures with greater density than H2O will be assigned positive values (e.g. bone with 

+1000-2000 HU), whereas those with lower density will be assigned negative values (e.g. 

air-filled cavities with -1000 HU). For the purpose of enabling visualization, the 

abovementioned values undergo gray-value scaling which allows differentiation of anatomic 

structures (Bücheler et al. 2006, Dössel 2000, Morneburg 1995).  

Today, CT scanning devices have become an indispensable diagnostic tool in clinical 

settings. Due to this technique's short examination time, non-invasiveness and relatively low 

cost while providing sufficient image contrast, it particularly is a vital tool for emergency 

implications, such as cerebral or internal hemorrhages in the context of a polytrauma, 

inflammatory processes with free fluids or bone fractures. Even though advances in 

development have lead to higher contrast imaging while reducing radiation exposure, soft 

tissue contrast, providing detailed information about tissue pathology, is still best realizable 

with magnetic resonance imaging (MRI) (Dössel 2000, Morneburg 1995).  

However, different variants of the approach, e.g. combination of CT with other techniques 
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such as CT-A (CT angiography) extend its diagnostic (and interventional-therapeutic) 

applications enormously. Image quality can be increased by oral, intravenous or rectal 

application of contrast agents, such as iodine-containing (e.g. in imaging of kidney, veins and 

arteries) or barium-sulfate-containing agents (e.g. in imaging of the gastro-intestinal tract). 

Their application may be compromised by low renal function (iodine-containing agents) or 

presence of a hollow organ perforation (barium-sulfate-containing agents). Also, metallic 

implants or patient movement may introduce artifacts and influence image quality (Dössel 

2000).  

 

 

 

 

II. 5 Magnetic Resonance Imaging (MRI) 

Magnetic resonance imaging (MRI) also is a technique used in radiologic diagnostics and 

allows imaging of internal structures of the human body in high resolution and with high 

attention to detail. In contrast to CT, MRI does not involve ionizing radiation, but makes use 

of the phenomenon of nuclear magnetic resonance to display nuclei of atoms in different 

tissue structures. Physical foundation of this phenomenon lies in the fact that many atomic 

nuclei exhibit a property referred to as a 'nuclear spin', meaning they behave as if they were 

spinning along their own axis. To be exact, any atomic nucleus possessing either odd mass, 

odd atomic number or both, has a quantized spin angular momentum and an intrinsic 

magnetic moment. In general, the nuclear spins are randomly oriented. However, when a 

FIG. 6  
Hounsfield scale 
with radiodensity of water 
(H2O) serving as reference 
(0 HU) 

Copyright © 2012  Bernhard 
Kügle 
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powerful and uniform external magnetic field, as provided by the MRI device (in a 1-7 tesla 

[T] range) is applied, magnetization of the atomic nuclei is either aligned in such a fashion 

that their nuclear spins correspond to the external field’s directional momentum (low energy 

levels) or align in the opposite direction with the applied magnetic field (high energy levels), 

comparable to a large number of compass needles lining up parallel or anti-parallel (to the 

applied magnetic field). Furthermore, the spin movement itself follows along the external 

magnetic field lines in a certain frequency (Larmor frequency), which is called 'precession'. 

The study of the behavior of magnetic nuclei under the influence of the external magnetic 

field is termed 'nuclear spin' or 'magnetic resonance'. When short bursts of radio frequency 

magnetic fields (caused by external radio frequency coils) hit the aligned nuclei at an 

appropriate frequency (Larmor frequency), systematic alteration of this magnetization 

process is induced, similar to an instant 'flip-around' of the nuclei. At the same time, 

'precession' of all atomic nuclei is synchronized, a process referred to as 'phase coherence'. 

As soon as the radio signal ceases, protons are caused to fall back into their resting position 

and nuclei to fall back into their original position (atomic relaxation) along the external 

magnetic field (longitudinal magnetization). The recovery of this longitudinal magnetization is 

referred to as 'T1 relaxation' and is dependent on the thermoconductivity of tissues. The 

second effect of the removal of the radio frequency fields is the cessation of the atomic nuclei 

phase-coherent precession movements. The thereby associated recession of transversal 

magnetization is called 'T2 relaxation' (Dössel 2000, Hornak 1996).  

Both of these processes involve release of energy in the form of electromagnetic waves 

(thermal energy) that can be detected by the scanning device and provides the basis for 

image construction. The intensity of energy emission (depending on the rate at which excited 

atoms return to their equilibrium state) represents the number of nuclei in a particular 'slice' 

of tissue (reflecting the presence of specific tissues). For sequential and graphical display of 

these tomographic slices, the signal in a voxel (volume element) is mapped to the intensity of 

a pixel (smallest element of a digital picture) (Dössel 2000).  

In the human body, only hydrogen nuclei of free water molecules or those in aliphatic 
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compounds (e.g. fat, CH2) contribute to the abovementioned phenomenons. Different proton 

density and atomic relaxation speed (T1 and T2) of various biological tissues results in 

images of different signal intensity levels (low-signal and high-signal regions) which may also 

be described on a gray scale (Bücheler 2006, Dössel 2000, Hornak 1996). Highly 

thermoconductive tissues, such as fat tissue or protein-rich fluids, will appear bright and 

tissues with slow thermal conduction (e.g. water as in CSF, edema, inflammation, infarction, 

tumors or hyperacute and chronic hemorrhages) will appear dark on T1-weighted images. 

Tissues that are able to maintain transversal magnetization for a relatively long time period, 

such as water-rich tissues (e.g. see above), will be displayed bright on T2-weighted images, 

whereas fat- or protein rich structures (where transversal magnetization is subject to instant 

alterations) appear dark in T2-weighted contrast.  

Different contrast weighting is determined by the interaction of intrinsic parameters (T1, T2 

and proton density) and extrinsic parameters of the system, such as the electromagnetic puls 

sequences (MRI sequence), e.g. influenced by the setup of the pulse repetition rate (TR), the 

echo time (TE) and the inversion time (TI), and the magnetic gradients, e.g. adaptable by the 

setup of the 'flip angle'. MRI offers a wide variety of specialized sequences (Hornak 1996) for 

different diagnostic purposes, e.g. FLAIR (Fluid Attenuated Inversion Recovery) for 

neuroradiologic purposes (suppresses CSF and helps e.g. detecting paraventricular lesions) 

and STIR in orthopedic diagnostics (suppresses fat tissue, e.g. detailed information about 

joint pathologies), DWI (diffusion weighted imaging) and PWI (perfusion weighted imaging) in 

stroke diagnostics and many more. Moreover, various combinations of MRI with other 

techniques allow even more detailed information about different strcutures of the human 

body, such as functional MRI (fMRI) for measurements of the cerebral blood flow in different 

brain regions or MR-spectroscopy, providing information about the biochemical environment 

of different tissues, only to mention 2 out of several options.  

Also in MRI, application of oral, intravenous or rectal contrast agents helps increasing image 

quality (Hornak 1996). Gadolinium-containing compounds are the most commonly 

administered contrast agents in MRI, e.g. allowing a selective imaging of vessels, but are 
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restricted to patients with sufficient renal function. Other compounds, such as mangane or 

superparamagnetic iron oxide particles may be used for detailed investigation of pancreatic 

or of liver function, respectively. Again, as in CT, metallic implants or patient movement may 

introduce artifacts and compromise image quality. Other than in CT however, MRI 

environment (due to the strong magnetic field) may cause harm in patients with MR-unsafe 

ferro-magnetic devices (e.g. pacemakers, cochlear implants, etc.) or foreign bodies (e.g. 

surgical prostheses, aneurysm clips, etc.) and a strict protocol must be followed in this 

context. Concerning imaging in pregnancy, no effects on the fetus have been demonstrated 

with MRI as opposed to CT, where the ionizing radiation bears risks for the unborn and is 

contraindicated. As a precaution, current guidelines permit MRI scans while pregnancy as 

essential circumstances require (Loose et al. 2007). 

 

 II. 6 Combining PET with CT / MRI 

When combining PET with CT or MRI in one housing, the physical properties of both entities 

need to be considered. As already mentioned in the introductory section, acquisition of PET 

and CT or MRI data on a fully integrated device offers numerous advantages in diagnostic 

imaging when compared to their single application, most importantly, the possibility of 

providing structural and functional information about the human body or a single organ.  

In the development of multimodal imaging in general, following challenges were imposed: 

First, reliable correlation between functional data and anatomic structures needed to be 

facilitated (co-registration). Second, high image quality for a practicable clinical setting was 

required. Finally, PET detection in two physically completely different devices (ionizing 

radiation in CT vs. magnetic nuclear resonance in MRI) needed to be realized and 

appropriate AC algorithms for the reconstruction of the PET data were necessary (Kinahan et 

al. 1998, Townsend 2001). These last two requirements may be of special interest in the 

context of our study as they are still causing difficulties in application of integrated PET/MR 

imaging.  

The ruling principle for the PET part is to obtain a PET system with the highest possible 
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sensitivity and spatial resolution which could account for the faculties of CT or MRI. As 

mentioned above, the detector system of the PET/CT device used in our study is equipped 

with conventional PMT's and optical fibers. However, in integrated PET/MR imaging, this 

technology cannot operate due to mutual interference between the two modalities (Pichler et 

al. 2008). On the one hand, the PET-subsystem and its housing can induce a degradation of 

homogeneity in the MR tomograph's main magnetic field, the switching gradient system as 

well as in its radio frequency field which will result in lower image quality and introduce 

artifacts (so-called 'eddy currents'). On the other hand, PMT technology is highly sensitive to 

magnetic fields, even in the millitesla range. The strong magnetic field of a MRI tomograph 

device (3 tesla [T]) would cause a deviation of electrons from their original trajectory, leading 

to a loss of gain. This interaction also could compromise image quality. For the purpose of 

realizing a PET/MR scan (where the PET module is integrated in the MR tomograph), one 

possible approach is the installation of a rather large volume of long optical fibers (up to a 

length of 3 m), transporting the scintillation light to the PMT's outside the fringe magnetic field 

(Shao et al. 1997, Yamamoto S 2002). However, this setup could result in loss of light (due to 

the length of the fibers) causing energy degradation and reduction of timing resolution 

(meaning lower image quality). Furthermore, the bore size of MR scanners is fairly limited 

(e.g. 60 cm in the scanner used in our study) for integration of bulky fibers since adequate 

space for a reasonably comfortable patient palette is required.  

Since PMT's and optical fiber technology come along with the abovementioned limitations, a 

more practicable and accurate PET detecting system had to be developed for PET/MR 

imaging. Over the past few years, these hurdles have been overcome to some degree by 

optimization of APD technology to replace the PMTs (and long optical fibers) (Lecomte et al. 

1996) which has proven a new possibility in merging MRI and PET as they are not sensitive 

to magnetic fields (Dokhale et al. 2004, Pichler et al. 2004, Ziegler et al. 2001). Silicon-based 

APD’s are highly sensitive photo detectors (semiconductor electronic devices) that are 

compact and reliable, even when directly installed in high magnetic fields of up to 9.4 tesla 

[T]. When photons (as occurred in the annihiliation event and converted by the scintillation 
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crystals) hit the depletion layer of a silicon photodiode, they create electron-hole pairs. By 

application of an external reversed-bias high voltage the resultant ionization creates more 

elctron-hole pairs and electron multiplication occurs (avalanche effect). This "gain" in the 

output signal allows detection of low light levels at high speed. Due to the insensitivity to 

magnetic fields, the distance between the scintillation crystals and APD's is very short, 

requiring extremely short optical fibers. Additionally, APD's are only a fraction of the size of 

PMT's, so that they can easily be integrated into the housing of a MR device (Pichler et al. 

2006). The PET/MRI scanning system used in our study is equipped with this technology 

(see figure 7).  

 

 

 

The other difficulty that needed to be faced is the tissue attenuation of the detected PET 

signal and it's quantitative recognition (attenuation correction) in final output images. Unlike 

in PET/CT, where AC is performed based on X-ray information patterns, signals obtained by 

MRI do not allow direct conclusions on the radiodensity of biological tissue and, thus, cannot 

directly be used for AC. To date, the only vendor-approved AC algorithm for the PET/MR 

device as used in our study is the so-called 2-point Dixon MRI sequence.  

More detailed information about the exact parameters of the two different AC methods (used 

for PET/CT and PET/MR) as well as further technical properties of the two scanning devices 

are listed in the corresponding sections.  

 

FIG. 7 
APD technology 

Copyright © 2010-2013  
Siemens AG Healthcare Sector 
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II. 7 General Imaging Protocol  

As previously reported in our publication (Hitz/Habekost et al. 2014), our study participants 

underwent a single-injection, dual-imaging protocol including a PET/CT scan (Biograph 

Sensation 64, Siemens AG – Healthcare Sector, Erlangen, Germany) and a PET/MR scan 

(Biograph mMR, Siemens AG – Healthcare Sector, Erlangen, Germany) in randomized 

sequence. The purpose of this randomization was to eliminate temporal effects resulting from 

radioactive decay and tracer kinetics. We collected two groups with almost equal shares of 

patients who underwent a PET/CT examination first or a PET/MR examination first, 

respectively. When the first scan was completed, the patient was subsequently transferred to 

and positioned on the other scanner with the smallest possible temporal delay in between the 

two examinations. This permitted employment of the remaining activity of a single initial 

[18F]FDG injection and did not expose our participants to further radiation by the tracer.  

 

II. 8 PET/CT Acquisition and Instrumentation 

The PET/CT scans were performed on a conventional 64-slice PET/CT scanning device in 

accordance with the standard clinical protocol for neurological diagnostics (Varrone et al. 

2009). The Biograph Sensation 64 features an average spatial resolution of 4.4 mm at 1 cm 

and of 5.0 mm at 10 cm from the transverse FOV and facilitates a maximum sensitivity of 8.1 

kcps/MBq at the center of the FOV. Its axial FOV is 21.8 cm. The detector system is based 

on 39 rings of LSO crystals with a size of 4x4x20 mm each and 42 crystals per PMT (total 

number of 24336 crystals for the entire system) (Jakoby et al. 2009).  

The following summarizes the parameter setup for image data acquisition: for the purpose of 

determination of the bed position (BP), a topogram scan was performed (in craniocaudal 

direction) with a scanning time of 15.6 s and a topogram length of 1536 mm (with each slice 

being 0.6 mm). Subsequently, a low dose CT-scan (120 keV, 25 mAs care dose), serving as 

basis for an attenuation map (µ-map), was obtained with a scanning time of 4.0 s (delay of 4 

s), in 5.00 mm slices and a total of 45 images at 0° tilt. Again, the scan was conducted in a 

craniocaudal scanning direction. The PET scan with a duration of 15 minutes at the defined 
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BP was started simultaneously (in caudocranial direction).  

Prior to undergoing scanning, a fasting period of at least 6 hours had to be adhered to. The 

patients' blood glucose levels were determined just before injection of the radionuclide-

containing solution to ensure values below 150 mg/dL. Whilst aiming for a standardized dose 

of 185MBq [18F]FDG (for a body weight of 75kg), the dose was weight-adapted individually. 

In our study collective, this resulted in a mean of 203±8 MBq [18F]FDG that was injected 

intravenously. No additional contrast agents were applied. Acquisition of the first scan was 

initiated 32±4 minutes, the second scan 69±10 minutes after injection. Only one BP with a list 

mode (LM) acquisition time of 15 minutes was performed, following the protocol for 

neurological examinations. 

The subject’s head was positioned in a plug-on type head support device and steadied by 

straps. It was attempted to render a preferably comparable head position for both scans as to 

optimize alignment of the image data for subsequent analyzing procedures.  

 

II. 9 PET/MR Acquisition and Instrumentation 

II. 9. 1 Technical Properties 

PET/MR data were obtained on a fully integrated whole-body PET/MR scanning device, as 

previously described (Hitz/Habekost et al. 2014). The Biograph mMR features a 3-T MRI 

scanner including high-performance gradient systems (45 mT/m) and facilitates a slew rate 

of 200 T/m/s. For the acquisition of a cerebral PET/MR scan, the placement of a brain 

surface coil, inducing the magnetic radiofrequency field, is required. As to minimize 

attenuating influences of the radiofrequency surface coil and of other equipment, such as 

patient table and cables, the latter devices were re-designed by the vendor for application in 

an integrated PET/MR device.  

The scanner is equipped with a fully functional PET system utilizing MR-compatible 

avalanche photodiode technology (LSO crystals: 4x4x20 mm) that is integrated within its 

gantry (Pichler et al. 2006). The PET module in this system displays a spatial resolution of 

4.3 mm at 1 cm and of 5.0 mm at 10 cm from the center of the transverse FOV and attains a 
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sensitivity of 15.0 kcps/MBq at the center of the FOV. The axial FOV is 25.8 cm (Delso et al. 

2011).  

For daily quality assurance, a cylindrical, homogeneously filled phantom (Ge-68) is centered 

in the FOV and data are acquired until a certain number of events are detected. From this 

data, normalization coefficients (ECAT count conversion factors) are calculated according to 

the National Electrical Manufacturers Association criteria, ensuring inter-patient consistency 

of measured activity concentrations (Delso et al. 2011). The calibration procedure is similar 

for both, the PET/MR as well as the PET/CT device. 

 

 

 

FIG. 8 
Siemens Biograph 
Sensation 64  
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FIG. 9 
Siemens Biograph mMR 
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II. 9. 2 Image Acquisition 

In correspondence to the PET/CT examination, no additional oral or intravenous contrast 

agent was applied for the PET/MR scan. Again, the head position was arranged to be as 

similar as possible to the previous examination. However, as opposed to PET/CT, the 

patient's head was located in a support device permanently fixed on the examination table 

and underlaid with padding. As mentioned before, an encompassing head coil needed to be 

placed over the patient’s cranium in order to generate high-resolution proton-based MR 

imaging.  

In brief, the image data acquisition went as follows: First, for definition of the BP, a localizer 

MRI scan was performed (localizer turbo). After correct positioning of the spatial acquisition 

windows had been ensured, combined PET/MR acquisition was carried out. As proposed 

and approved by the vendor, a coronal 2-point Dixon three-dimensional volumetric 

interpolated T1-weighted MRI sequence functioned as an attenuation map (µ-map) and was 

FIG. 10 
View to the interior 
components of the Siemens 
Biograph mMR  
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used for anatomic allocation of the PET signal (Eiber et al. 2011, Martinez-Möller et al. 2009). 

The parameters for this sequence were set as follows (see table 3):  

TAB. 3 – AC parameters 

Category Selected parameter 

acquisition technique integrated parallel acquisition 

acceleration factor 2 

voxel size 3.7x2.3x2.7 mm3 (in-plane resolution x slice thickness) 

acquisition time 19 s 

repetition time 3.6 ms 

first echo time 1.23 ms 

second echo time 2.46 ms 

matrix 192x192 

number of excitations 1 

FOV 450 mm 

phase FOV 65.6% 

Number of slices/slab 128 slices/1 slab 

slice thickness 2.73 mm 

flip angle 10° 

bandwidth 965 Hz/pixel 

Based on raw image data, the scanner software, as provided by Siemens, automatically 

generates 4 different images: T1-weighted in-phase, T1-weighted out-of-phase, water-only, 

and fat-only (as shown in figure 12). In analogy to PET/CT acquisition, the PET scan was 

conducted with a LM acquisition time of 15 minutes at one BP only, whilst considering delay 

in acquisition and radioactive decay. 
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II. 10 Data Processing and Reconstruction 

In order to obtain comparable PET data (between PET/CT and PET/MR), analogous 

reconstruction algorithms were applied, using similar software versions, both provided by the 

same vendor (Siemens AG - Healthcare Sector, Erlangen, Germany). For PET/CT, PET 

reconstruction was performed with Syngo CT 2009A and Syngo MR B18P 2010 was used for 

 

 

FIG. 11: Representative µMap as used for PET/CT 
(low dose CT, 120 keV, 25 mAs care dose) 

FIG. 12: Representative µMap as used for PET/MR (right) based on interpolated T1-weighted 2-point Dixon MRI 
sequences (with segmentation into 4 tissue classes, left)  
 
FIGs 11+12 These figures were originally published in JNM (Supplementary Data Section) 
Hitz S, Habekost C, Furst S, et al. Systematic Comparison of the Performance of Integrated Whole-Body 
PET/MR Imaging to Conventional PET/CT for 18F-FDG Brain Imaging in Patients Examined for Suspected 
Dementia. Journal of nuclear medicine : official publication, Society of Nuclear Medicine. May 15 
2014;55(6):923-931. 
© by the Society of Nuclear Medicine and Molecular Imaging, Inc. 
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PETMR, respectively. Both software versions employ a filtered back projection reconstruction 

algorithm (Hamming 3.0 listmode) with a zoom of 2.5 and Gauss smoothing of 3 mm FWHM 

(full width at half maximum) (Hitz/Habekost et al. 2014). Emission data were corrected for 

randoms, dead time, scatter and attenuation for both systems.  

 

II. 10. 1 CT-based Attenuation Correction 

Attenuation as well as scatter correction of PET/CT-derived image data was performed using 

a low dose CT (120 keV, 25 mAs care dose, see figure 11). The established method of 

spatial alignment of CT data, having undergone bilinear transformation in order to convert 

from CT Hounsfield units (determining radiodensity at x-ray energies) to attenuation factors 

at 511 keV, was employed. As summarized in a publication by Kinahan et al., this approach 

was applied using post-processing software of the 64-sclice PET/CT device (Kinahan et al. 

2003). 

 

II. 10. 2 MR-based Attenuation Correction 

For PET/MR, the vendor’s standard method, based on segmented tissue classification, was 

performed automatically as implemented in the software of the PET/MR scanner (Delso et al. 

2011, Martinez-Möller et al. 2009). As recently published, the attenuation map (µ-map) was 

created based on a 2-point Dixon MRI sequence obtained for one BP, with segmentation into 

4 classes of tissues, containing background, lungs, fat and soft tissue (see above). In order 

to identify voxels corresponding to fat and soft tissues as well as to distinguish them from the 

background, thresholds were determined for the fat- and water-weighted images as 

previously described (Delso et al. 2011, Martinez-Möller et al. 2009). Artifacts caused by the 

absence of MRI signal (i.e. cortical bone tissue) were adjusted via a morphologic closing filter 

(5 mm in each spatial direction) to the binary tissue–air image (Martinez-Möller et al. 2009). 

Attenuating factors such as the fixed head coil and the examination table are incorporated in 

the AC algorithm (Delso et al. 2010).  
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II. 11  Image Analysis 

II. 11. 1 Reconfiguration of Image Matrix Size  

With regard to raw data obtained on the PET/MR scanner (*.ima file format), a matrix size of 

192x192 pixels is set as default mode by the incorporated Siemens software (see Table 3) as 

opposed to a matrix size of 128x128 pixels in image files obtained with PET/CT. In order to 

enable pixelwise comparison of [18F]FDG uptake patterns in patients’ data to a reference 

database with Neurostat, an identical matrix size is required.  

In PET/MR raw data, the individual brain contour is framed by a generous empty background 

(black), which is why resizing of and adapting these images to a 128x128 matrix appeared 

practicable. For this purpose, a resampling program, downsizing the PET/MR image matrix 

by 64 pixels in two dimensions (length by width), was developed on-site by Gaspar Delso, 

Department of Nuclear Medicine, Technische Universität München, Munich, Germany. This 

fully automated application (script file "Resample.bat") resizes the matrix without 

compromising pixel information (since only background pixels are cut-off) and writes a folder 

containing resampled image files next to the original. The resampled image files (*.ima file 

format) can now be processed, applying the program Amide 0.9.2 (Amide Medical Imaging 

Data Examiner developed by Andy Loening, Massachusetts Institute of Technology, 

Cambridge, MA, USA). This open-source solution for single and multimodality volumetric 

medical image analysis allows simultaneous display, free manual shifting, rotating, reslicing 

and other modifications of multiple data sets as well as the determination of regions of 

interest (ROIs). As a predominant feature of this software, data processing is not restricted to 

orthogonal directions or fixed voxel-based dimensions. Instead, the program controls 

interpolation from the raw data as is required, which is utterly important in analyzing multiple 

fused image data sets (as in multimodal imaging) (Loening et al. 2003). Further image 

analysis was perfomed by use of Neurostat/3DSSP, a "software library" for neurological and 

biomedical image analysis developed by Minoshima et al. (Minoshima et al. 1992, 

Minoshima et al. 1995) and operated through the image-analysis software iSSP version 3.5  

(iSSP35 1.10 University of Washington, Seattle, WA, USA).  
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II. 11. 2 Generation of 3DSSP’s for Individual Visual-qualitative Assessment 

For intra-subject methodological comparison between the PET-findings acquired on two 

different modalities in a clinical setting, a fully automated and well-established image 

analyzing software (Neurostat, University of Michigan, Ann Arbor, USA) was used. This 

software generates three-dimensional stereotactic surface projections (3DSSPs) after 

anatomic standardization of the individual data sets. The stereotactic normalization allows a 

direct statistical comparison of the individual patient’s data with an independent database of 

normal controls (PET/CT specific standard collective of healthy elderly subjects), and, 

therefore, an observer-independent quantification of metabolic abnormalities in the form of z-

score images. The exact processing algorithm of this software has been described 

(Minoshima et al. 1992, Minoshima et al. 1995, Minoshima et al. 1994a, Minoshima et al. 

1994b) and evaluated previously for diagnosis of dementia (Bartenstein et al. 1997).  

 

II.11.2.1 3DSSP/Neurostat Operating Stages 

As a first step, raw data of *.ima file format have to be transferred into a *.dcm file format via 

import and export with Amide 0.9.2, a tool for viewing and analyzing medical image data 

sets. It may be used for various image processing functions, including simultaneous handling 

of multiple data sets imported from a variety of file formats, image fusion, three-dimensional 

region of interest drawing and analysis, volume rendering, and rigid body alignments. Image 

files are imported in their original orientation, transferred into a DICOM 3.0 format and a 

voxel size of 1.7x1.7x2.0 mm on the x, y, z-axis in a tight bounding box. In the next step, the 

target file (*.dcm file format) is imported via iSSP35 1.10 and analyzing properties for the 

individual patient data are set (including sex, age, radiopharmaceutical used). The following 

shows the final parameter set up (see figure 13):  
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For data processing "iSSP35 Execution Condition" is run and the resulting files (*.dcm file 

format) will be located in a predefined results folder.  

 

II.11.2.2 Methodological Background of 3DSSP/Neurostat 

In the following, the methodological background of the software is summarized: 

Initially, a rotational correction as well as centering of the data set in the three dimensions is 

performed. This step results in a realignment of the AC-PC line (Minoshima et al. 1992) 

which is defined by four anatomic landmarks (frontal pole, inferior end of the anterior corpus 

callosum, inferior point of the thalamus, occipital pole) in the midsagittal plane. Subsequently, 

the data set undergoes linear scaling and nonlinear warping procedures in order to 

guarantee a correct adjustment of the individual’s brain to the proportional coordinate system 

proposed by Talairach and Tournoux (Talairach et al. 1988). This generates a standardized 

image set with a uniform voxel size of 2.25 mm (Minoshima et al. 1994a). For the purpose of 

creating three-dimensional SSPs, Neurostat determines maximum pixel values on predefined 

vectors perpendicular to the surface that cover the entire standardized outer brain contour 

with a search depth of six pixels (13.5 mm). The summary and assignment of the detected 

maximum pixel values to the corresponding pixel of the standardized surface allows the 

FIG. 13 
Window "Properties" in iSSP35 1.10 for parameter setup 
of the "processing target file" 
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visualization of cortical gray matter activity of the entire brain surface (Minoshima et al. 

1995). This process is followed by a pixelwise comparison of the [18F]FDG uptake in 

normalized patients’ data to a reference database. This database comprises 22 healthy 

elderly persons (7 males and 15 females) with a mean age of 64.00 ± 7.50 years, with a 

negative [C11]PiB PET scan (perfomed to exclude incipient AD), a normal MRI and normal 

scores on neuropsychological exam. Image data of these subjects were acquired on a 

conventional PET/CT scanner (Abi-Dargham et al. 2008, Minoshima et al. 1995). With a 

mean age of 60.87±12.61 years (median age of 64 years and an age range from 25 to 79), 

10 male and 20 female patients, age and gender distribution of our collective is comparable 

to the reference database. The results are calculated pixelwise on three-dimensional SSP-

format and provided in form of z-score images. The z-score (or standard score) is a 

dimensionless quantity that indicates by how many standard deviations an observation is 

above or below the mean within a population. With Neurostat its range is set from 0 to 7.0. 

High z-score values represent a locally reduced glucose metabolism relative to the mean in 

the healthy control reference group. In order to visualize these deviations, z-scores are 

displayed as projected surface views in the same manner as the abovementioned three-

dimensional SSP images. There are four brain areas serving as reference regions for the 

assessment of the z-score: global brain, thalamus, cerebellum and pons. This automated 

program requires a total processing time of approximately 30 seconds per patient.  

 

II. 11. 3 Visual Rating by 4 Observers 

II.11.3.1 Data Setup for Visual Rating  

For visual qualitative assessment, two blinded experienced (board examined nuclear 

medicine physicians) and two blinded less experienced observers (doctoral research fellows 

in nuclear medicine with prior knowledge/instruction) analyzed the 3DSSPs and the 

corresponding z-score images of PET/CT as well as of PET/MR obtained in the same 

patients. We decided to include inexperienced observers as we assumed that experienced 

observers could be getting familiar with the systematic differences between PET/MR and 
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PET/CT data more easily (e.g. concerning image quality) in such a manner that they would 

virtually integrate this knowledge into their evaluation so that methodological differences 

would not fully take effect on the clinical assessment. Each observer reviewed 2 datasets 

(PET/CT and PET/MR images of each individual) for a total of 29 patients. The image data 

were anonymized and randomized in sequence and modality in order to reduce selection 

bias. Information about gender and age was given for each set of images.  

Also, we tested for rating consistency between the experienced observers and a reference 

panel (for definition see below), regarding general reproducibility of the findings depicted in 

the final nuclear medicine report of the PET/CT scan (serving as the standard imaging 

method). Main reason for this practice was to attest a preferably high quality of the reference 

variable PET/CT in this context. For this, PET/CT ratings of the two experienced observers 

(presence of neurodegenerative disorder yes/no) were compared to the wording of the final 

PET/CT report by the reference panel.  

 

II.11.3.2 Rating Category Setup  

The rating included subjective evaluation of the degree of detected abnormalities (Scores 0-

3, with 0 being "unsuspicious", 1 being "subtle", 2 being "moderate" and 3 being "distinct 

abnormalities") and estimating their correspondence to a neurodegenerative disorder 

(Scores 1-3, with 1 being "findings typical for AD", 2 being "findings corresponding to other 

neurodegenerative disorder" and 3 being "findings insufficient for the diagnosis of a 

neurodegenerative disorder"). Rating constellations, including "subtle abnormalities (1)", but 

"insufficient for the diagnosis of neurodegenerative disorder (3)" as well as "moderate 

abnormalities (2)", but "insufficient for the diagnosis of neurodegenerative disorder (3)" were 

regarded as valid. On the other hand, only subtle findings (1) may still result in attribution to 

"typical for AD (1)" or to "other neurodegenerative disorder (2)".  

Images scored with 1 ("findings typical for AD") and 2 ("findings corresponding to other 

neurodegenerative disorder") were assigned to "presence of neurodegenerative disorder - 

yes" and those scored with 3 ("findings insufficient for the diagnosis of a neurodegenerative 
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disorder") were subsumed "presence of neurodegenerative disorder - no".  

Furthermore, intra-observer agreement on "subjective rating of the degree of abnormalities" 

was only examined for congruency (1) or incongruency (0) of the scores between the two 

image sets (PET/CT and PET/MR of the same individual).  

In general, we desisted from a more detailed design of rating categories, e.g. including 

different underlying pathologies of neurodegeneration (e.g. DLB, FTLD, etc.), the exact 

definition of regions affected by neurodegeneration (e.g. typical and atypical regions) or the 

consideration of hemispheric symmetry/asymmetry of the findings. Main reasons for this 

pragmatic rating configuration were simplicity in conduct and interpretation of the results. 

Additionally, our setup allowed the inclusion of inexperienced readers, their unbiased rating 

possibly best reflecting the full effects of methodological differences on clinical assessment. 

Also, it was generally not the main focus of our study to evaluate interpretative skills of the 

single observers, but rather to detect image differences between the two applied methods, 

their extent and their possible influence on dementia assessment of individual patients.  

 

II.11.3.3 Statistical Background of Cohen’s Kappa κ Coefficient 

The term 'intra-rater reliability' describes a metric for a rater’s self-consistency in the scoring 

of subjects (Gwet 2008). In our case, the setup of the rating system is based on nominal-

categorically and discrete data. Nominal data are items, which are differentiated by a simple 

naming system and classified into one of q possible response categories (e.g. presence of 

neurodegenerative disorder yes/no). Discrete variables are measured across a set of fixed 

values and are commonly used on arbitrary scales, such as subjectively rating the degree of 

cerebral abnormalities with a score of 0,1,2 or 3 (Gwet 2008). To calculate intra-rater 

reliability deriving from nominal data of an experiment (in this case evaluating a given set of 

images) performed by a single rater (each of the 4 raters performed the same image 

evaluation individually), with two replicates per subject (rating of 2 sets of images of the 

same patient, obtained by PET/CT and PET/MR) and two or more categories (presence of 

neurodegenerative disorder, degree of cerebral abnormalities), the kappa κ coefficient of 
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Cohen or one of its many variants are the preferred statistics (Cohen 1960). In this context, 

the following two ramifications of data of discrete nature have to be considered :  

 

a. The notion of reproducibility is stated "exact" when the initial and the replicate 

categories are identical. Discrete data are not subject to "random measurement 

errors".  

b. There remains a non-negligible probability of rating a subject into the exact same 

category by pure chance only.  

 

In a general setting with m subjects, two replicates per subject, and an arbitrary number q of 

response categories, the κ coefficient of Cohen is defined by the following two equations 

(Cohen 1960):  

 

pa = is the overall agreement probability  
pe = is the chance-agreement probability (where pkk = mkk/m, P+k = m+k/m, and Pk+ = mk+ /m) 
 

The overall agreement probability is the proportion of subjects classified into the exact same 

category on both occasions. 

The following illustrates how the κ - value is to be interpreted, as according to the Landis and 

Koch benchmark (Landis et al. 1977): 

 

Kappa κ    Interpretation 

< 0     poor agreement 

0.0 – 0.20    slight agreement 

0.21 – 0.40    fair agreement 

0.41 – 0.60    moderate agreement 

0.61 – 0.80    substantial agreement  

0.81 – 1.00    almost perfect agreement 



 72 

II.11.3.4 Statistical Analysis with SPSS 

For the purpose of validating intra-observer agreement in this rating, a contingency table was 

set up using IBM SPSS (Statistical Product and Service Solutions) Statistics 20.0.1 (March 

2012 by IBM Corporation, Armonk, NY, USA) to display the multivariate frequency distribution 

of the two variables "Modality" (PET/CT vs. PET/MR) and "Rating". A Cohen’s κ-value was 

calculated to measure the consistency of the rating between PET/MR and PET/CT for the 4 

independent observers.  

 

II. 11. 4  Individual Case Review 

II.11.4.1 Case Classification 

For the purpose of examining individual cases with regard to specific methodological features 

and associated scoring trends, we reviewed the results of the observer rating for every 

reader and assigned them to either group of "high" or "poor intra-observer agreement".  

"High intra-observer agreement" was defined as rating congruency between PET/CT and 

PET/MR (within one observer) concerning the general statement of "presence of a 

neurodegenerative disorder yes/no" only (for definition see above). Respectively, cases were 

classified as "poor intra-observer agreement" when the individual observer evaluated 

PET/MR and PET/CT of the same patient discrepantly.  

In this classification, the second rating category ("subjective rating of the degree of 

abnormalities") was ignored due to the high degree of variance of the results and due to 

methodological systematics (see below). This means that there might be cases classified as 

"high intra-observer congruency" on the decision of neurodegeneration yes/no, but with 

discrepant statements on the extent of hypometabolism by the same observer. We 

considered this a reasonable approach, as demonstrating general visual diagnostic 

comparability between the two modalities (as opposed to investigating discriminatory power 

within the image) was our major goal. 

Nevertheless, we elaborated on inter-observer comparison (especially between experienced 

and inexperienced readers) in order to highlight eventual difficulties in the grading of 
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abnormalities. In this context, a chi-square test (on a bilateral significance level) was 

calculated to determine the frequency of rating decisions between "0 – unsuspicious" and "1 

subtle", between "1 – subtle" and "2 – moderate" and between "2 – moderate" and "3 – 

distinct abnormalities". Additionally, the occurrence of these decisions was correlated to the 

type of reader (experienced vs. unexperienced).  For comparison of the two groups regarding 

age and gender distribution, affiliation to the different sequences of examination ("PET/MR 

first" or "PET/CT first") as well as regarding the time interval between injection of the tracer 

and the first scan and the inter-scan intervals, an unpaired two-sample t-test was calculated 

for significance (at a significance level of p<0.05).  

Furthermore, in order to illuminate eventual rating trends depending on the extent and 

severity of pathology, in a first side-by-side review PET findings had been classified as "low-

grade alterations" ("no sufficient evidence for neurodegeneration"), as "moderate alterations" 

("early stage of neurodegeneration") or "high-grade alterations" ("findings well corresponding 

to neurodegenerative disorder") based on the output-format by Neurostat (SSPs and z-

scores). They were then examined for frequency of occurrence in the two case groups 

("high" and "low observer agreement group"), based on a fisher's exact test (on a bilateral 

significance level). In this context, PET findings with "moderate" and "high-grade alterations" 

were summarized under one objective and opposed to "low-grade abnormalities".  

 

II.11.4.2 Diagnostic Gold Standard 

"Gold standard" for the final ICD-10 diagnosis comprised the synopsis of a clinico-physical 

exam and standard neuropsychological testing (MMST) in a usual clinical setting (no specific 

study environment), either performed by our external partners (specialists with documented 

expertise in neuropsychiatry, none of whom a participating observer in our study) or by the 

physicians of our University Department of Psychiatry and Psychotherapy (board examined, 

none of whom a participating observer in our study), complemented by laboratory testing 

(APOE), structural imaging (CT or MRI) and PET imaging. Even though both, PET/CT and 

PET/MR image material was available for all of our study patients, solely the PET/CT scan 
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was included in the final diagnostic assessment, as according to official diagnostic 

guidelines. At the time of data collection PET/MR was not yet approved for the diagnostic 

workup of neurodegeneration and was performed for research purposes only.  

Obviously, this setup does not allow a direct correlation of PET findings derived from two 

different modalities (PET/MR and PET/CT) to the final clinical diagnosis since the variable 

PET/CT serves as the diagnostic standard. Ignoring this fact would create a methodological 

bias favoring PET/CT.  

It is important to keep in mind that it was neither our main aim to evaluate rating performance 

of the observers nor to make a statement on the diagnostic superiority of one modality or the 

other, but only to investigate comparability of the two methods (where PET/MR is opposed to 

PET/CT as the reference imaging procedure). However, in order to find possible explanations 

in cases of especially high or poor intra-observer agreement between the two methods, 

clinical information as well as the final nuclear medicine report of the PET/CT scan was 

retrospectively scrutinized for eventual influencing factors on the rating, bearing in mind that 

this approach comes with a methodological weakness.  

Every single PET/CT report (nuclear medicine diagnosis) was compiled by a panel consisting 

of one nuclear medicine physician as well as one radiologist (different blinded and 

independent physicians out of the departments' teams) and was finally approved by the head 

of the Department of Nuclear medicine. Neither the nuclear medicine physicians nor the 

radiologists were part of our panel of observers.   

 

II.11.4.3 Visual and Quantitative Review of Image Material  

After categorization of the ratings into one of the two groups, the SSP images were visually 

reviewed by a doctoral research fellow and evaluated on specific image quality features as 

well as intermodal differences whilst considering clinical information (as far as available).  

For the purpose of quantitative representation of visual image differences, PET signal values 

in the different brain regions (for both scans) were determined for the individual patient using 

3DSSP/Neurostat. The obtained values (and their color-coded representation on the outer 
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brain contour) are absolute summations of maximum PET signal intensities measured in 

single voxels within a default search depth of 13.5 mm. A fully automated application (script 

file "Readout.bat"), developed on-site by PD Dr. med. Stefan Förster, Department of Nuclear 

medicine, Technische Universität München, Munich, Germany, served to express the 

obtained graphics in actual absolute numbers. The so determined absolute values were 

related to the values measured in identical brain areas in the implemented normal control 

collective (following the equation stated below). Differences or, better said, deviations d1 (in 

PET/CT) and d2 (in PET/MR) from the healthy controls were then expressed as percentual 

values and compared between the PET/MR and the PET/CT image in order to show 

quantitative reflections of the visual impression. Sample regions were chosen depending on 

the visually most dominant inter-scanner discrepancies, most likely to have caused 

incongruent findings. Again, an unpaired two-sample t-test was calculated to reveal any 

significant differences between the values obtained in the high and low agreement group (at 

a significance level of p<0.05). 

 

  𝑑1 and  𝑑2 (%) =   
  !!!
!
𝑥  100  

x =  the determined PET signal value in a certain brain area in the normal control 
 (PET/CT) 
y =  the determined PET signal value in a certain brain area in the test patient (obtained 
 for  PET/CT and PET/MR 
 

 

In order to investigate whether the observations from our group comparison analysis based 

on statistical parametric mapping (SPM5 Wellcome Trust Centre for Neuroimaging, UCL, 

London, UK, December 2005) would also apply to a single-subject-based approach, we 

compared the here determined ROI-values in cases of high and low intra-observer reliabilty 

with each other, as to investigate whether the discrepancies (as found in the group analysis) 

were specially striking in these situations. Also, since our group found persistent PET signal 

overestimations in subcortical brain regions with PET/MR (in AC and NAC data) in the group-

based study and Neurostat uses exactly these regions (pons, cerebellum and basal ganglia) 
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for normalization, we included these areas in our analysis. In detail, ROI-values in a cortical 

sample region (here the bilateral parietal regions) as well as in the subcortical structures of 

pons, cerebellum and basal ganglia were normalized to the global mean value (individual 

internal reference) for both scans (AC image data) in each patient and then compared 

between modalities. Inter-modal differences (given in percent) were then compared between 

the cases classified as high and poor intra-observer agreement on a significance level of 

p<0.05 (in an unpaired two-sample t-test). 
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III. RESULTS  

III. 1 Patients 

All included patients were able to finish the single-injection, dual imaging protocol. None of 

the subjects reported any irregular events during PET/CT or PET/MR acquisition and no 

scans had to be removed due to major movement or incompliance during acquisition. 

 

III. 2 3DSSP Analysis and First Visual Assessment (Side-by-side Review) 

3DSSP and z-score data sets of 29 patients (based on a PET/CT and PET/MR scan for each 

patient) were analyzed with 1 drop-out due to failure of stereotactic normalization of the 

program, concerning the PET/MR image set.  

Generally, as expected, the intensity of detected abnormalities (i.e. contrast of hypometabolic 

versus normometabolic brain regions) tended to be higher in the later performed scans, 

independently of the modality. However, independently of the sequence of scans, first visual 

assessment of the SSP's and z-score data sets by an independent board examined nuclear 

medicine physician (not a participant of the observer study), revealed inter-scanner 

discrepancies in general. Individual SSP's of PET/MR scans consistently showed a relatively 

lower PET signal in frontoparietal portions of the neocortex with maxima in the sensorimotor 

cortex (along the longitudinal fissure) as well as in dorsolateral (parietal and occipital) 

association cortices when compared to the corresponding PET/CT scan. The extent of this 

relative underestimation with PET/MR (in comparison to PET/CT) varied in between cases. 

Correspondingly, z-score displays revealed more pronounced patterns of abnormality (higher 

z-scores indicating greater deviation from normal controls within single voxels), especially in 

temporoparietal brain regions in the PET/MR-scans (as highlighted in one typical example 

(see figure 14).   
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III. 3 Visual-clinical Evaluation by Observers 

III. 3. 1 Inter-observer Agreement (consistency between PET/CT rating and report) 

As expected, inter-observer agreement between the experienced observers and the 

reference panel was relatively high, reassuring sufficient quality of the reference variable 

PET/CT. Out of 29 cases, observer 1 rated 27 cases consistent with the assessment 

subsumed in the report, κ= 0.861, p < 0.001. In two cases, he differed from the evaluation by 

the independent team. Observer 2 rated 24 out of 29 PET/CT scans congruently with the 

report and differed in 5 cases, κ= 0.795, p < 0.001. This observation demonstrates how PET 

reading remains a challenge even for experts in this field, despite several attempts of 

reducing subjectivity to a minimum (e.g. reduction of rater-dependency by using 

3DSSP/Neurostat for data analysis). However, most of these cases represented situations in 

which findings were either inconclusive because "at most minimally reduced glucose 

FIG. 14: 3DSSPs (upper row) generated by NEUROSTAT (University of Michigan, Ann Arbor, MI, USA) after 
anatomical stereotactic normalization of the same patient examined with PET/CT (left) and PET/MR (right). The 
pixelwise comparison of [18F]FDG uptake to a standard collective of healthy elderly subjects (lower row) results 
in z-score images (high z-score=significantly reduced glucose metabolism; reference region: global mean). 
Compared to PET/CT, a lower relative metabolic rate can be observed in frontoparietal portions of the neocortex 
in the PET/MR data on the 3DSSP images (red arrows). Z-score comparison reveals AD-typical abnormality 
patterns (green arrows) in both scans. However, relatively more pronounced deviations from control are detected 
in the PET/MR data (green arrows). 

Color coding  
SSP: yellow/red=normally high; green=abnormally low metabolic rate 
z-scores: yellow/red =high deviation (from healthy controls); blue/black=low/no deviation (from healthy controls) 

This figure was originally published in JNM  
Hitz S, Habekost C, Furst S, et al. Systematic Comparison of the Performance of Integrated Whole-Body 
PET/MR Imaging to Conventional PET/CT for 18F-FDG Brain Imaging in Patients Examined for Suspected 
Dementia. Journal of nuclear medicine : official publication, Society of Nuclear Medicine. May 15 2014;55(6):923-
931. 
© by the Society of Nuclear Medicine and Molecular Imaging, Inc. 
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metabolism could be observed […] and a one-year follow-up exam [was] recommended", or 

"an additional [C11]PiB-scan [was proposed] due to the atypical configuration of 

hypometabolic areas". This suggests that these situations might be particularly prone to 

difficulties in the assessment in general.  

 

 

 

 

 

 

 

 

 

 

 

III. 3. 2 Intra-observer Agreement (presence of neurodegenerative disorder yes/no) 

Out of 29 patients observer 1 (experienced) rated 26 patients equally in PET/CT and 

PET/MR, in 3 cases his diagnostic assessment diverged. κ= 0.786 (p < 0.001). 

Also, observer 2 (experienced) evaluated 26 cases equally and differed in 3 cases. κ=0.789 

(p < 0.001).  

In only 21 out of 29 cases, observer 3 (less experienced) reached the same conclusion when 

viewing both PET/CT and PET/MR scans; in 8 cases he indicated different findings. κ=0.445 

(p < 0.016). 

In comparison, observer 4 (less experienced) rated 25 PET/CT and PET/MR scans equally, 

with 4 cases of discrepant evaluation. κ=0.707 (p < 0.001).  

PET/CT 

PET/CT report 

 1-ND 2-no ND Total 

1-ND 12 1 13 

2-no ND 1 15 16 

Total 13 16  

PET/CT 

PET/CT report 

 1-ND 2-no ND Total 

1-ND 12 4 13 

2-no ND 1 12 16 

Total 13 16  

TAB. 4a 
Observer 1 (experienced) 
horizontal: PET/CT report  
Vertical: PET/CT  
Score  
1-ND=neurodegeneration 
2-no ND=no neurodegeneration 
Total number of 
agreements: 27  
non-agreements: 2 
significancy: p<0.001 
κ=  0.861 

TAB. 4b 
Observer 2 (experienced) 
horizontal: PET/CT report  
Vertical: PET/CT  
Score  
1-ND=neurodegeneration 
2-no ND=no neurodegeneration 
Total number of 
agreements: 24  
non-agreements: 5 
significancy: p<0.001 
κ=  0.795 
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In conclusion, considerable discrepancy was observed between diagnostic rating of PET/CT 

and PET/MR brain imaging data for the less experienced observers. In comparison, the 

experienced observers showed a distinctly higher rating congruency.  

 

PET/MR 

PET/CT 

 1-ND 2-no ND Total 

1-ND 10 0 10 

2-no ND 3 16 19 

Total 13 16  

 

PET/MR 

PET/CT 

 1-ND 2-no ND Total 

1-ND 15 2 17 

2-no ND 1 11 12 

Total 16 13  

 

PET/MR 

PET/CT 

 1-ND 2-no ND Total 

1-ND 9 5 14 

2-no ND 3 12 15 

Total 12 17  

 

PET/MR 

PET/CT 

 1-ND 2-no ND Total 

1-ND 9 2 11 

2-no ND 2 16 18 

Total 11 18  

TAB. 5a 
Observer 1 (experienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Score  
1-ND=neurodegeneration 
2-no ND=no neurodegeneration 
Total number of 
agreements: 26  
non-agreements: 3 
significancy: p<0.001 
κ=  0.786 

TAB. 5b 
Observer 2 (experienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Score  
1-ND=neurodegeneration 
2-no ND=no neurodegeneration 
Total number of 
agreements: 26  
non-agreements: 3 
significancy: p<0.001 
κ=  0.786 

TAB. 5c 
Observer 3 (unexperienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Score  
1-ND=neurodegeneration 
2-no ND=no neurodegeneration 
Total number of 
agreements: 21 
non-agreements: 8 
significancy: p<0.016 
κ=  0.445 

TAB. 5d 
Observer 4 (unexperienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Score  
1-ND=neurodegeneration 
2-no ND=no neurodegeneration 
Total number of 
agreements: 25  
non-agreements: 4 
significancy: p<0.001 
κ=  0.707 
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III. 3. 3 Intra-observer Agreement (subjective rating of degree of abnormality) 

Out of 29 cases, observer 1 (experienced) rated 19 cases equally and in 10 cases his 

grading differed. κ= 0.498, p < 0.001. 

Observer 2 (experienced) rated 17 out of 29 cases equally and differed in 12 cases.  

κ= 0.374, p < 0.001. 

In comparison, only 14 patients were considered to show equally distinct divergences, 

whereas 15 were assessed discrepantly by observer 3 (less experienced). κ= 0.249, p < 

0.025. Observer 4 (less experienced) showed an even higher and significant incongruence of 

rating findings in PET/CT and PET/MR with only 9 agreements and 20 non-agreements. 

κ= 0.032, p < 0.778.  

 

 

 

PET/CT  

 

 
PET/MR 
 
 
 
 
 
 
 
 

 0 1 2 3 Total 

0 1 2 1 0 4 

1 0 10 2 0 12 

2 0 1 3 2 6 

3 0 1 1 5 7 

Total 1 14 7 7  

PET/CT  

 

 
PET/MR 
 
 
 
 
 
 
 
 

 0 1 2 3 Total 

0 1 4 0 0 5 

1 2 11 0 0 13 

2 0 2 2 2 6 

3 0 0 2 3 5 

Total 3 17 4 5  

TAB. 6a  
Observer 1 (experienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Scores 0-3  
 
Total number of 
agreements: 19 
non-agreements: 10 
significancy: p<0.001 
κ=  0.498 
 

TAB. 6b  
Observer 2 (experienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Scores 0-3  
 
Total number of 
agreements: 17 
non-agreements: 12 
significancy: p<0.001 
κ=  0.374 
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III. 3. 4  Individual Case Review – "High Intra-observer Agreement" 

In good correspondence with the previously reported intermodal discrepancies, visual 

assessment differed in a relatively large proportion of the cases when reading the SSPs and 

z-score images obtained with conventional PET/CT and integrated PET/MR in the same 

patient. Out of a total of 29 subjects 18 cases (62.1%, error rate: 37.9%) showed consistent 

ratings of corresponding PET/CT and PET/MR images in all 4 observers (high intra-observer 

reliability, for definition see above), concerning the general decision on "presence of 

neurodegenerative disorder yes/no" (for definition see above).  

In summary, in the group of high intra-observer agreement, the patients` medium age was 63 

PET/CT  

 

 
PET/MR 
 
 
 
 
 
 
 
 

 0 1 2 3 Total 

0 2 3 0 0 5 

1 5 8 1 0 14 

2 1 2 2 2 7 

3 0 0 1 2 3 

Total 8 13 4 4  

PET/CT  

 

 
PET/MR 
 
 
 
 
 
 
 
 

 0 1 2 3 Total 

0 1 6 1 0 8 

1 6 3 2 0 11 

2 0 2 3 1 6 

3 0 1 1 2 4 

Total 7 12 7 3   

TAB. 6c 
Observer 3 (unexperienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Scores 0-3  
 
Total number of 
agreements: 14 
non-agreements: 15 
significancy: p<0.025 
κ=  0.249 

TAB. 6d  
Observer 4 (unexperienced) 
horizontal: PET/CT  
Vertical: PET/MR  
Scores 0-3  
 
Total number of 
agreements: 9 
non-agreements: 20 
significancy: p<0.778 
κ=  0.032 



 83 

years and included 11 females and 7 males. Concerning the extent of pathological PET 

findings, 11 cases showed "low-grade alterations" ("no sufficient evidence for 

neurodegeneration"), in 3 subjects abnormalities were classified as "moderate" ("early stage 

of neurodegeneration") and 4 cases showed "high-grade" hypometabolic patterns ("findings 

well corresponding to neurodegenerative disorder"). The distribution of subjects from the two 

groups of different examination sequences was comparable, with 10 subjects from the 

"PET/MR first" and 8 subjects from "PET/CT first" group, respectively. The mean time interval 

between injection of the radiotracer and the first scan was 30.72 minutes and the mean 

interscan-intervall was 41.33 minutes.  

In correspondence to our general observation, that cortical underestimations are present in 

the PET/MR SSPs and that deviations (from the control database) in certain areas tend to be 

relatively higher and more extensive in PET/MR z-score displays, this was also mostly the 

case in this group of high intra-observer agreement. However, in comparison to the cases of 

poor intra-observer agreement (see below), the impression is created that these effects were 

visually less dominant, at least in the majority of the cases. Many of the high-agreement-

cases presented rather advanced AD-typical hypometabolic patterns, which resulted in high 

intra-rater congruency despite the observed inter-scanner discrepancies.  

There exist 4 cases (out of 18) of high intra-observer agreement (congruency within each 

observer), where high inter-observer agreement (congruency between the observers) for all 

4 readers was also present. In fact, this was not only the case for statements on the 

"presence of neurodegenerative disorder yes/no", but also for the "subjective rating of degree 

of abnormality". We would like to single out two of these patients as examples: 

On exploration of the provided image material for patient 20 (male, age 64), only minimal 

cortical signal underestimations with PET/MR are detectable in the SSP image set when 

compared to PET/CT, whereas in patient 10 (female, age 53) these differences appear 

comparably more accentuated (see figure 14, red arrows). This inter-scanner discrepancy, 

e.g. in the right frontal region (see RT.LAT) of patient 20 may be quantified with a 21.3% 

deviation (from values in the identical region in the normal controls) in PET/MR and a 17.1% 
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deviation in PET/CT. In the right occipital cortex (see POST) it amounts to a 34.2% deviation 

with PET/MR, respectively a 30.1% deviation with PET/CT.  

As for patient 10, inter-scanner differences reveal a 36.6% deviation in PET/MR and only a 

15.1% deviation in PET/CT in the right parietal cortex (see RT.LAT). In the right occipital 

cortex (see POST) differences were calculated with 31.1% (PET/MR) as well as 15.7% 

(PET/CT). In fact, these intermodal differences are visually as well as quantitatively more 

dominant in patient 10 than in patient 20. Furthermore, in both cases, PET/MR z-score 

displays show a slightly more extended pattern of moderate (z-score approx. 1.5-3) deviation 

(see Figs. 14/15, blue arrows). Interestingly, the patches of z-score maxima (z-score approx. 

6-7) are slightly more prominent in the corresponding PET/CT image, especially accentuated 

in patient 10 (see figures 15/16, purple arrows). In both examples, visual and quantitative 

systematic differences are present, but obviously did not influence the rating decision of the 4 

observers. In fact, the findings were classified as high-grade abnormalities and the overall 

configuration of hypometabolic alterations represented an almost entirely AD typical pattern 

in both modalities. Closely reviewing additional clinical data as well as the final PET/CT 

reports in the cases of patient 10 (early onset AD Type 2 [F00.0], MMST 14, APOE 33) and 

20 (early onset AD Type 2 [F00.0], MMST 16, APOE 41), the high rating agreement may be 

comprehensibly ascribed to the clarity of the findings.  

 

 



 85 

 

 

 

FIG. 15a 
Patient 10 - PET/MR  

3DSSPs from different 
views (upper row) and 
z-score displays after 
normalization to one of 
the 4 reference regions 
global (GLB), thalamus 
(THL), cerebellum 
(CBL) and pons (PNS) 
as obtained in a group 
of healthy controls 
(lower row).  
Colored arrows 
highlighting inter-
scanner differences 
  
 

FIG. 15b 
Patient 10 - PET/CT  
 

FIG. 16a 
Patient 20 - PET/MR  
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In 12 cases (out of 18) of high intra-observer agreement, comparisons between the 4 

observers revealed congruent statements on the "presence of neurodegenerative disorder 

yes/no", but an incongruent "subjective rating of degree of abnormality". Rating decision 

between "unsuspicious" and "subtle abnormality" appears particularly difficult (8 out of 12 

cases), independently of the modality (see table 7). Less rating uncertainty was observed for 

the decision between "subtle abnormalities" and "moderate abnormalities" (2 out of 12 

cases) as well as for the decision between "moderate abnormalities" and "distinct 

abnormalities" (2 out of 12 cases).  Only in 2 remaining cases (out of 18) of high intra-

observer agreement comparisons between the 4 observers revealed incongruency in the 

decision on "presence of neurodegenerative disorder yes/no" as well as "subjective rating of 

degree of abnormality". As opposed to the completely congruent 4 cases (intra- and inter 

observer comparison) from above, findings in all other cases were classified as "medium" 

and "low-grade abnormalities", suggesting particularly high rating congruency in cases of 

"high-grade abnormalities".  

 

 

 

FIG. 16b 
Patient 20 - PET/CT  
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Positive 

occurence 

Negative 

occurence 
Total 

Experienced 

readers 
8 50 58 

Unexperienced 

readers 
20 38 58 

Total 28 88 116 

 
Positive 

occurence 

Negative 

occurence 
Total 

 Experienced 

readers 
5 53 58 

Unexperienced 

readers 
7 51 58 

Total 12 104 116 

 
Positive 

occurence 

Negative 

occurence 
Total 

Experienced 

readers 
7 51 58 

Unexperienced 

readers 
8 50 58 

Total 15 101 116 

TAB. 7a 
 
Chi-square test on rating decision between 
"unsuspicious" and "subtle abnormalities" 
for experienced and unexperienced readers  
 
significance level: bilateral  
degree of freedom: 1 
qui-square value: 9.603 
p-value: 0.002  
 
 
 
 

TAB. 7c 
 
Chi-square test on rating decision between 
"moderate abnormalities" and "distinct 
abnormalities" for experienced and 
unexperienced readers  
 
significance level: bilateral  
degree of freedom: 1 
qui-square value: 0.077 
p-value: 0.782  
 
 
 
 

TAB. 7b 
 
Chi-square test on rating decision between 
"subtle abnormalities" and "moderate 
abnormalities" for experienced and 
unexperienced readers  
 
significance level: bilateral  
degree of freedom: 1 
qui-square value: 0.372 
p-value: 0.542  
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III. 3. 5  Individual Case Review – "Low Intra-Observer Agreement" 

The case group of low intra-observer agreement consists of 11 (out of 29) cases in which at 

least one observer rated the two image sets (of the same patient) discrepantly (37.9%, error 

rate: 62.1%). In 6 out of these data sets deviant intra-observer rating was observed for more 

than one (out of the four observers), which is why further details of selected cases will be 

highlighted in the following paragraph.   

General characteristics of the low-agreement group were a medium age of 59 years and a 

count of 8 females and 3 males. 9 cases were classified as "low-grade" alterations ("no 

sufficient evidence for neurodegeneration") and 2 subjects showed "moderate abnormalities" 

("early stage of neurodegeneration"). No subjects with "high-grade" pathological findings 

were rated discrepantly (regarding the "presence of neurodegeneration yes/no"), generally 

showing high diagnostic consistency in cases of distinct pathology. Also in the low-

agreement group, affiliation to either group of the two examination sequences was quite 

even, with 6 subjects having undergone "PET/MR first" and 5 having undergone "PET/CT 

first", respectively. The average time interval between tracer injection and the first scan was 

34.09 and the inter-scan interval was 34.36 minutes.   

T-test-based inter-group comparison (of the high- vs. low-agreement group) shows that there 

is no significant difference regarding age (p=0.37), gender distribution (p=0.53), sequence of 

examination (p=0.62) as well as time intervals between injection and first scan (p=0.06) or 

the inter-scan intervals (p=0.24).  

Corresponding to our review of the cases in the high-agreement group, cortical signal 

underestimations, resulting in z-score overestimations in PET/MR, could also be observed in 

the low-agreement group. Several cases exist where these z-score overestimations resulted 

in overrating of the pathology in PET/MR, especially in unexperienced readers.  

As expected, intra-observer agreement on the presence/absence of neurodegeneration was 

less congruent in the unexperienced as opposed to the experienced readers in the low intra-

observer agreement group. In 3 cases (patients 22, 15, 19), rating by observers 3 and 4 was 
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deviant from the rating by observers 1 and 2, but internally consistent. For example, the 

PET/MR image of Patient 22 (female, age 45, according to goldstandard diagnosis with no 

signs of neurodegeneratation, clinically cognitive impairment assigned to an unspecified 

psychosis [F29]) was rated with "other neurodegenerative disorder (2)", whereas the 

corresponding PET/CT image was classified with "no evidence of neurodegeneration (0)" 

(unexperienced readers). When closely reviewing this patient`s images, the relative cortical 

underestimations in the PET/MR surface projections are visually rather remarkable (see 

figure 17, red arrows). In the surface projections (first row), red-colored areas of highly 

normal tracer uptake are less intense and considerably less homogenous, when compared to 

the corresponding PET/CT image.  

Additionally, the pattern of the PET/MR z-score displays is again quite different from the one 

in PET/CT (see blue arrows). The height of z-scores is greater in PET/MR, especially when 

normalized to cerebellum and pons (see CBL and PNS). The underestimated cortical uptake 

in the PET/MR SSPs, resulting in overestimated hypometabolic patterns in the z-score 

display could explain why, at least in the unexperienced observers, the PET/MR findings 

might have been considered compatible with neurodegeneration. The rating of the 

experienced observers (of both images), that a slightly abnormal glucose metabolism was 

evident, but did not suffice for the diagnosis of a neurodegenerative disorder, is again well 

reflected by the final clinical diagnosis (see above). Interestingly, it also corresponds well to 

the final expert report of the Nuclear Medicine department ("at most minimally deviant tracer 

signal intensity […]), no sufficient evidence for a systemic neurodegenerative disorder").  
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However, the general discrepancies between corresponding PET/CT and PET/MR SSP and 

z-score displays of the same individual do not only cause poor intra-observer agreement in 

the unexperienced readers. A few cases illustrate that experienced clinicians are also 

affected in their visual assessment by intermodal and scanner-specific differences. The case 

of patient 21 (female, age 71, late onset AD Type1, [F00.1], MMST 24) is especially 

interesting in this context, since intra-observer agreement was low for both experienced and 

both unexperienced observers. Consistently, none of them found evidence of 

FIG. 17a 
Patient 22 - PET/MR  
 

FIG. 17b 
Patient 22 - PET/CT  
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neurodegeneration (0) in the provided PET/MR image set, whereas all agreed on 

"neurodegenerative alterations corresponding to AD pathology (1)" in the PET/CT set. Here 

again, PET/CT provided a more conclusive impression of the underlying pathology, since 

areas of normal and abnormal glucose metabolism are well contrasted in the individual SSP 

as well as in the z-score display (see figure 18). The fact that experienced readers also did 

not decide on neurodegenerative pathology, even though considerable z-score deviations 

are present in the PET/MR image set, can be ascribed to the particularly low degree of visual 

discriminatory power in this display with less explicit demarcations of abnormal metabolic 

areas (when compared to reference). Reviewing the final PET/CT report indicates that the 

PET/CT data showed a "low-grade hypometabolic pattern […], findings corresponding to an 

early stage of neurodegenerative disorder of the AD type".  

 

 

FIG. 18a 
Patient 21 - PET/MR  
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In the case of patient 7 (female, age 75, late onset AD Type1 [F00.1], MMST 25, APOE 34) 

both experienced observers did not conclude the PET/MR findings being sufficient for the 

diagnosis of neurodegenerative disorder (0), but found the hypometabolic patterns in the 

PET/CT image consistent with AD pathology (1). Even though PET/MR again reveals overall 

higher z-scores and a rather diffuse and decreased uptake distribution in the SSP, these 

factors obviously did not mislead to the assumption of the presence of a pathology (as it has 

several times been the case in the unexperienced readers). Again, hypometabolic areas in 

the left temporoparietal cortex (moderate deviations, z-scores approx. 2-2.5) are in good 

contrast to a background of a close to normal uptake situation with PET/CT (see figure 19, 

LT.LAT views, blue arrows). Cortical signal underestimations in the PET/MR SSPs are 

prominent (PET/MR: deviations of 23.4% in the left occipital and of 20.2% in the left frontal 

lobe; PET/CT: deviations of only 7.1% in the left occipital and of 4.4% in the left frontal lobe), 

creating the impression of a generally reduced glucose metabolism in the entire brain (see 

red arrows). Probably due to the better contrast situation and less noise with PET/CT, image 

sets were associated with early AD pathology.  

 

FIG. 18b 
Patient 21 - PET/CT  
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FIG. 19a 
Patient 7 - PET/CT  
 

FIG. 19b 
Patient 7 - PET/MR  
 



 94 

 

 

 

Patient Region PET/MR PET/CT Inter-scanner 
difference 

10 R-PRT 36.6% 15.1% 21.5% 
 R-OCT 31.1% 15.7% 15.4% 
20 R-FRT 21.3% 17.1% 4.2% 
 R-OCT 34.2% 30.1% 4.1% 
6 R-TMP 46.0% 33.4% 12.6% 
 R-PRT 15.6% 0.29% 15.3% 
2 L-FRT 18.2% 5.2% 13.0% 
 OCT 25.6% 5.8% 19.8% 

 

 
 
 
 
 
 
 

Patient Region PET/MR PET/CT Inter-scanner 
difference 

15 R-FRT 22.3% 3.3% 19.0% 
 L-FRT 20.5% 0.09% 20.4% 
19 L-FRT 8.2% 3.6% 4.6% 
 L-TMP 30.8% 26.6% 4.2% 
21 L-TMP 24.6% 20.9% 3.7% 
 L-PRT 28.1% 19.4% 8.7% 
7 L-OCT 23.4% 7.1% 16.3% 
 L-FRT 20.2% 4.4% 15.8% 

             

 

  

t-test (unpaired) on inter-scanner differences high vs. low agreement group 
p= 0.63 (significance level p<0.05) 

 

TAB. 8a – Inter-scanner differences "high agreement group"  

(case examples) 

TAB. 8b – Inter-scanner differences "low agreement group"  

(case examples) 
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IV. DISCUSSION 

Our study, investigating methodological differences in PET data derived from PET/MR and 

PET/CT and their influence on clinical assessment, may allow the following statements: 

1) In experienced readers, a high degree of intra-observer agreement in the rating of 

corresponding PET/MR and PET/CT data of the same individual was observed. They 

showed consistent ratings in 89.7% (mean value) of the cases, concerning the decision on 

"presence of neurodegenerative disorder yes/no", resulting in a high intra-observer reliability 

of κ=0.786.  

2) In less experienced readers, intra-observer agreement was less with 79.3% (mean value) 

consistent ratings, producing a lower degree of intra-observer reliability (κ=0.576) in the 

same category.  

3) With regard to "subjective rating of degree of abnormality", agreement was low for both, 

experienced  (62.1% of the cases, mean value) as well as unexperienced readers (39.7% of 

the cases, mean value), resulting in poor intra-observer reliability for both groups (κ=0.436 

and κ=0.141, respectively).  

 

IV. 1 PET/MR Imaging in Clinical Assessment of Individual Subjects 

The leading focus of this study was to investigate comparability between PET data acquired 

on an integrated PET/MR system and those obtained with a conventional PET/CT device, as 

part of the realistic clinical routine. A previous study by our research team was able to 

demonstrate systematic inter-scanner differences in a group-based approach. In what way 

these methodological discrepancies might take effect on assessment of the individual, was 

the leading focus of our continuative single-patient-based study presented here.  

For this purpose, image analysis with 3DSSP/Neurostat, representing an established tool for 

individual patient assessment with reduced observer-dependency, was performed for both, 

PET/MR as well as conventional PET/CT scans obtained in each patient. The generated 
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SSP and z-score displays were visually evaluated on a single-subject base. For further 

objectivization, the data set was also presented to four blinded observers for clinical rating. 

Cases of especially high as well as of poor intra-observer agreement were then explored for 

possible systematic image features. Also, additional clinical information was reviewed for 

these cases in order to reveal any irregularities. 

In the single-subject side-by-side review, PET/MR images consistently showed a slightly 

lower PET signal in upper cortical regions, including frontoparietal portions of the neocortex 

with maxima in the sensorimotor cortex (along the longitudinal fissure) as well as in 

dorsolateral association cortices, when compared to the corresponding PET/CT scan (of the 

same individual). In areas typically affected by hypometabolic alterations in dementia (e.g. 

AD), such as the temporoparietal cortex, PET/MR exhibited a more extended pattern of 

abnormality with a slightly more pronounced hypometabolism than the PET/CT scan. These 

differences could also be objectified in the z-score images, showing the statistical deviation 

of the individual subject from an independent population of healthy controls.  

However, despite of the observed discrepancies in the measured PET signal, interpretation 

of the SSP and z-score displays of both modalities corresponded well to the independently 

obtained conclusions in the final Nuclear Medicine report (of the PET/CT scan) serving as 

the diagnostic gold standard, at least in a large proportion of the cases. 

Nevertheless, in some cases (37%), clinical evaluation of the SSP’s by four blinded 

observers revealed considerable disagreement between the rating of PET/CT and PET/MR 

data by the same observers in the same subjects, despite the known quality of the Neurostat 

program to reduce the observer-dependency in rating (Bartenstein et al. 1997, Drzezga et al. 

1999, Ishii et al. 2001). This disagreement was less obvious concerning the statement about 

the general presence of a neurodegenerative disorder ("presence of neurodegenerative 

disorder yes/no"), at least in experienced observers (consistency in 89.7% of the cases). 

Unsurprisingly, less experienced observers showed more distinct deviations in their ratings 

regarding general presence of a neurodegenerative disorder, which might be partially 

attributed to their less experienced approach to read PET-data in general (consistency in 
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79.3% of the cases). However, with regard to "subjective rating of the degree of abnormality", 

intra-observer agreement was low for both, experienced (consistency in 62.1% of the cases) 

and less experienced observers (consistency in 39.7% of the cases). This suggests that the 

presence of discrepancies between the PET/MR and PET/CT image data, as already 

observed in the group-based approach as well as in our first side-by-side review, might 

interfere with accurate clinical assessment. Also, we assumed that objective quantitative 

differences rather than only differences in image quality or clarity of the findings are 

responsible for this disagreement.  

For the purpose of investigating to what extent systematic differences would interfere with 

reliable visual assessment of individual dementia patients, cases of high as well as of poor 

rating congruency were reviewed and analyzed for specific image features.  

As demonstrated in the individual case review, the abovementioned inter-scanner differences 

do in fact influence clinical evaluation and sometimes do lead to misinterpretation in both,  

unexperienced and experienced readers. Additionally, quantification of these differences 

objectifes the visual impression comprehensibly (see percentual values for single cases in 

the Results section).  

However, it must be noted that the extent of average inter-scanner discrepancies has not 

been found to be significantly different between cases of low and high intra-observer 

agreement. In both groups, systematic cortical underestimations were observed in the 

PET/MR SSPs without a significant difference (p=0.63). Between the two systems, the 

differences in underestimations range from values as low as 4.1% up to 21.5% in the cases 

of high intra-observer reliability (mean value: 13.2%) and from 4.2% up to 23.1% in the cases 

of poor intra-observer reliability (mean value: 12.7%). Also, with regard to the z-score 

displays, there is no significant difference between the high and low-agreement group 

(p=0.41).  Both include cases where PET/MR reveals overall higher z-scores than PET/CT, 

particularly misleading unexperienced readers into incorrect assessment of the findings and 

into attributing them to a pathology, where according to the goldstandard, there is none (e.g. 

patient 6 and 22). Also, with generally higher z-scores in the entire brain, hypometabolic 
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patterns are more difficult to detect (against a background of decreased glucose 

metabolism). This is especially relevant in the cases of "low-grade pathologies", where 

hypometabolic patterns are more difficult to detect a priori.  

Beside that, both groups comprise cases where PET/MR z-score displays indeed show a 

more extended hypometabolic pattern (of low to moderate deviations from controls), but 

where patches of deviation maxima are larger in PET/CT, leading to a subjectively higher 

perception of contrast in PET/CT (e.g. in patient cases 7 and 21). This might demonstrate 

that, at least in single cases, diagnostic evaluation based on PET/MR SSPs and z-score 

displays might be more prone to errors (as compared to PET/CT) due to lower visual image 

contrast and higher noise levels.  

Moreover, there exists a tendency that incongruent ratings preferably occur in subjects with 

"low-grade abnormalities", whereas "moderate" and "high-grade" pathologies are frequently 

rated congruently (p=0.04). In this context, all cases of "high-grade abnormalities" (100%), 

but only 60% of "moderate abnormalities" and only 55% of "low-grade abnormalities" showed 

congruent intra-observer ratings.  

We consider it a legitimate assumption that this might be due to minor pathologic alterations 

impeding visual assessment in general, leading to a higher degree of rating uncertainty. 

Unexperienced observers are more subject to misinterpretation of "low-grade" findings in this 

context, especially in cases of less contrasted demarcation of pathology with PET/MR z-

score displays (due to the overall higher z-scores in this modality). In cases of "high-grade 

abnormalities" and rather "typical" hypometabolic patterns (e.g. in patients 10 and 20), intra- 

as well as inter-observer agreement was high (for experienced and unexperienced readers). 

This is an important fact to keep in mind, as it is misinterpretation of "low-grade" pathologies 

in particular that might interfere with early (differential) diagnosis, hence, delay early 

treatment and deteriorate medical outcome as a consequence thereof. Therefore, PET/MR 

(using Dixon-MR based AC) in its actual version should be applied with caution, especially in 

constellations of inexperienced readers assessing scans of clinical MCI patients.  

Whereas the decision on the general presence of pathology was consistent in a large 



 99 

proportion of the cases, the "subjective rating of the degree of abnormalities" issued 

challenges to the experienced as well as to the less experienced readers, producing a high 

degree of intra- as well as inter-observer incongruency. In this context, rating decision 

between "unsuspicious" and "subtle abnormalities" was observed to be particularly difficult, 

independently of the modality. Unexperienced readers show a significantly higher degree of 

rating uncertainty in this context than experienced readers (p=0.002), frequently in cases of 

poorly contrasted hypometabolic areas in PET/MR z-score displays. The frequency of rating 

uncertainties between "subtle" and "moderate abnormalities" (p=0.542) as well as between 

"moderate" and "distinct abnormalities" was considerably less (p=0.782) with no significant 

difference between experienced and unexperienced readers.  It is positive to note that there 

has not been a single case in which one observer rated one scan with "distinct abnormalities" 

and the corresponding scan with "unsuspicious". 

In addition, no group affiliation concerning sequence of examinations (p= 0.62) and none of 

the patient-related parameters, such as the patient`s age (p= 0.37) and sex (p= 0.53), was 

significantly predominant, neither in the cases of low intra-observer agreement nor in the 

group of high intra-observer agreement, so that no direct relevance of these factors for the 

rating performance must be assumed. Also, the time intervals between injection and first 

scan (p= 0.06) as well as the inter-scan intervals (p= 0.24) were not significantly different 

between the groups of high and low intra-observer reliability, and therefore no pivotal factor. 

However, patient example 6 demonstrates how an unusually long inter-scan time period 

(between first and second scan in the same individual) of 70 minutes (compared to an 

average of 36 minutes in the entire group) can contribute to and enhance the already existing 

discrepancies between PET/MR and PET/CT z-score displays (due to the progress in 

radioactive decay leading to higher deviation from normal controls in the second scan, 

producing higher z-scores). Hence, injection times and inter-scan intervals should be within a 

predefined time-frame in order to ensure reliable PET reading in general, especially in future 

studies following dual-imaging protocols.  

Our observations in the individual case review are also supported by the fact that the 
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abovementioned signal discrepancies were reproducible by voxel-based group comparison 

as well as semi-quantitative ROI-based analysis with SPM5 (Statistical Parametric Mapping 

Version 5 by Wellcome Trust Centre for Neuroimaging, UCL, London, UK, December 2005)  

as further elaborated on in the next paragraph. Several explanation attempts, such as MRI-

based AC, scanner-specific differences regarding technology, geometry and scatter-

characteristics have been anticipated for this matter and will be discussed subsequently. 

The limited intra-rater reliability as observed in this study sub-set is not consistent with earlier 

results of our group, concerning the performance of PET/MR imaging in oncological 

diagnosis. Generally, these previous studies described very high agreement between 

findings in PET/CT and PET/MR scans of the same patient and concluded good feasibility of 

PET/MR imaging for these indications (Drzezga et al. 2012). However, the patient population 

in the study by Drzezga et al. consisted of patients with various oncologic diagnoses, which 

did not include cerebral lesions. Consequently, main focus was put on regions outside the 

brain, which may be less susceptible to the abovementioned differences in AC algorithms 

due to several reasons (see below). Moreover, the reading of PET-scans (derived from 

PET/CT or PET/MR) for oncologic staging or follow-up exams mainly relies on the detection 

of lesions with a focally increased tracer uptake, usually clearly surpassing the background 

signal by several magnitudes. In contrast, the assessment of PET scans in a 

neurodegenerative implication is based on the definition of patchy signal reductions following 

specific anatomical distribution patterns (reflecting cerebral hypometabolism and neuronal 

dysfunction) within a background of very high measured PET signal (healthy cerebral 

glucose uptake). Thus, image inhomogeneity might have a greater impact on reliable 

evaluation of PET/MR scans in neurodegenerative diseases than on the assessment of other 

conditions.  

For the purpose of avoiding selective effects of region-dependent discrepancies between 

PET/CT and PET/MR, normalization to 4 different reference regions (including global mean, 

pons, cerebellum and thalamus) was selected for the statistical comparison of individual 

patients to an independent population of healthy controls. However, this PET/CT-derived 
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reference database was neither acquired on the exact PET/CT nor the PET/MR scanner 

evaluated in the current study. Comparing data, reconstructed on the basis of an AC 

algorithm that ignores the specific contribution of bone to photon attenuation to PET/CT data, 

including optimal coefficients for bone attenuation, will create a systematic difference a priori, 

especially important in neuroimaging studies (where the tissue of interest is completely 

surrounded by bone). This fact may have affected image quality to some extent and could be 

a contributing factor to the abovementioned intermodal differences, such as the relative 

overestimation of abnormalities in areas commonly affected by AD pathology (e.g. 

temporoparietal cortex). Hence, the found inconsistencies in the clinical rating of 

neurodegenerative processes may not be surprising. Obviously, it is deemed worthy and a 

prevailing necessity to recommend the collection of a PET/MR-specific healthy control 

database in order to support reliable and consistent application of PET/MR in future clinical 

neuroimaging. This healthy control database would be the most reliable way of differentiating 

pathologic from physiologic metabolic activity in PET/MR data. Nevertheless, using the 

preexisting PET/CT-based norm collective appeared to us as a legitimate attempt to 

compare two rather different methods to one common ground as long as no PET/MR 

reference group is available.  

In this context, caution is also advised when switching between the two modalities in the 

clinical routine. This is particularly true in the situation of follow-up examinations where the 

identification of low-grade changes in pathology may be crucial for therapeutic decisions (e.g. 

follow-up scans to monitor progress of neurodegeneration). Even though we cannot know 

which imaging procedure might reflect alterations more realistically, the choice of either 

modality should be consistent in these situations in order to eventually create consistent 

systematic errors.   

 

IV. 2 Further Statistical Approaches 

Also, previous analyses of our research group, based on the identical patient collective as 

used in this sub-set, had revealed similarly discrepant results. First, voxel-based group 
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comparison between PET/MR and PET/CT-data of the same patients was performed with 

SPM5, using the global mean values in the patients PET-data as an internal reference for 

normalization of the data (Dukart et al. 2010, Yakushev et al. 2008). This analysis revealed 

"significantly lower tracer signal in frontoparietal portions of the neocortex in AC PET/MR 

images as compared to AC PET/CT images, including prefrontal, sensorimotor and parietal 

cortices as well as medial frontal gyri" (Hitz/Habekost et al. 2014). Largely, these findings 

correspond well to the discrepancies observed in the single-subject evaluation of SSP’s. 

Interestingly, in the group comparison between non-attenuation- and non-scatter-corrected 

PET/CT and PET/MR images, the signal deviations in upper cortical regions and the bilateral 

dorsolateral association cortices were diminished (Hitz/Habekost et al. 2014). This could 

indicate that they were, at least partially, due to correction procedures. However, the relative 

overestimation (inter-scanner deviations up to 8.66%) of the measured PET signal in 

subcortical regions (including basal ganglia, pons, cerebellum and central cortices), as 

observed in PET/MR images of the group analysis, persisted also in the uncorrected data 

(Hitz/Habekost et al. 2014). Therefore, these discrepancies cannot be attributed to the 

applied AC methods alone.   

Moreover, for quantification and validation of the differences shown by group comparison, a 

ROI-based analysis was performed additionally. In good correspondence with both, group 

comparison as well as single-subject evaluation of 3DSSPs, this approach showed lower 

PET signal intensities (with a difference of 6.33% as compared to PET/CT AC data) in the 

sensorimotor cortical regions in PET/MR AC data, even after global mean scaling. Again, this 

difference was less obvious in uncorrected data (Hitz/Habekost et al. 2014). Also, the 

subcortical overestimations of PET/MR were quantitatively replicable in corrected as well as 

in uncorrected data when determined by ROIs. However, the discrepancies between cortical 

and subcortical areas were more distinct in AC than in NAC data (Hitz/Habekost et al. 2014).  

 

As to investigate whether these inter-scanner discrepancies (as found in the SPM group 

analysis) were specially striking in cases of high and low intra-observer agreement (based on 
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PET reads of SSPs), we compared the measured ROI-values (of a sample region) for these 

subjects. Interestingly, the range of inter-scanner differences (for the right and left 

temporoparietal regions, commonly affected by AD pathology) in the ROI-based approach is 

comparable for all cases, with no significant difference between the two groups (p=0.30). In 

cases of low intra-observer agreement, inter-scanner differences range from 0.5% to 9.4%, 

in cases of high intra-observer agreement they range from 1.5% up to 8.7% in the 

temporoparietal cortices. Nevertheless, visual differences are present between image data 

derived from the two scanning systems, leading to considerable incongruent ratings in some 

cases that obviously cannot sufficiently be explained by quantitative analyses.   

Potentially in these cases, pathologic patterns were especially difficult to distinguish from 

healthy metabolism due to differences in their extent, their configuration and in their 

homogeneity. Also, the rendering of the image background and the background noise might 

influence the results to a greater extent than expected. However, these parameters are 

rather descriptive in nature for they are difficult to measure or to precisely quantify.  

Since 3DSSP/Neurostat uses subcortical structures, such as pons, thalamus and cerebellum 

as reference regions for the calculation of z-scores, we deemed it worthy to explore whether 

these regions would be especially affected by inter-scanner differences, generating a 

systematic error in the process of normalization, especially in cases of incongruent observer 

ratings. Inter-scanner comparison was based on individual ROI-values in the regions pons, 

cerebellum and thalamus in each subject (after normalization to the individual patient's global 

mean) as collected by our group (Hitz/Habekost et al. 2014). We then investigated whether 

the extent of inter-scanner differences was especially large in cases of low intra-observer 

agreement (as opposed to the cases of high intra-observer agreement). Our analysis 

revealed no significantly higher inter-scanner differences (given in percent, for exact 

calculatory procedures see above) in cases of low intra-observer agreement than in cases of 

high intra-observer agreement for these regions [(mean value pons: 6.4% (for cases with 

high intra-observer reliability) vs. 7.8% (for cases with low intra-observer reliability) with 

p=0.24; mean value cerebellum: 2.7% (for cases with high intra-observer reliability) vs. 3.1% 



 104 

(for cases with low intra-observer reliability) with p=0.77; mean value thalamus: 8.1% (for 

cases with high intra-observer reliability) vs. 8.2% (for cases with low intra-observer 

reliability) with p= 0.96].  

Again, SPM-based ROI quantification does not provide a sufficient explanation why 3DSSP 

PET reading (based on sequential PET/MR and PET/CT scans of the same patient) resulted 

in discrepant diagnostic evaluation in some cases but not in others. However, it should be 

kept in mind that PET reading based on 3DSSPs, with comparison of individual patient 

values to an external reference data base of healthy controls (acquired on a PET/CT 

system), and ROI analysis, based on a group comparison with normalization to an internal 

reference value (based on patient collective), are approaches of rather different 

methodological background in general and may not allow direct comparison of their results.  

 

IV. 3 Influence of the AC Algorithm 

As demonstrated in our group-based analysis with SPM5, the detected inter-modal 

discrepancies may at least in part be assigned to the different attenuation correction 

approaches used in PET/MR and PET/CT imaging. This is obviously problematic when 

focussing on assessment of the individual (based on 3DSSP's as well as other forms of 

image data) since in a clinical setting attenuation- and scatter- corrected image data serve as 

diagnostic foundation for the Nuclear Medicine physician. Therefore, eventual systematic 

effects induced by AC procedures used for PET/MR imaging (Dixon-MR based AC) might 

influence dementia assessment and might interfere with reliable diagnosis in single patients.  

Due to the apparent limitations of Dixon-MR based AC as elaborated on in the introductory 

section, several alternatives, including the combination of pattern recognition and atlas 

registration (Hofmann et al. 2011, Hofmann et al. 2008, Malone et al. 2011) accounting for 

more tissue classes (e.g. bone) as well as maximum-likelihood methods for simultaneous 

estimation of activity and attenuation in time-of-flight PET data (Rezaei et al. 2011), have 

already been suggested and evaluated in experimental setups. Furthermore, employment of 

a dual-echo ultrashort echo time (DUTE) MRI sequence (Catana et al. 2010, Johansson et 
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al. 2011, Keereman et al. 2010) has shown promising potential in direct depiction of osseous 

structures. However, this method is still error-prone and rather time consuming in its current 

version, particularly in large FOVs (as it is the case for the Biograph mMR) (Keereman et al. 

2010). 

In this context, Izquierdo-Garcia et al. have just recently suggested the combination of 

segmentation- and atlas-based features to provide attenuation maps (µ maps) from a single 

magnetization-prepared 180 degrees radio-frequency pulses and rapid gradient-echo 

(MPRAGE) sequence in integrated PET/MR scanners (Izquierdo-Garcia et al. 2014). Their 

proposal was tested on 12 glioblastoma cases and 4 cases of MCI. When compared to the 

"gold standard" currently available for the Biograph mMR scanner (segmented Dixon 

sequence), PET quantification was improved by 70% on average, with the highest 

improvement in upper cortical brain regions. Obviously, this straightforward method might 

represent a more robust and accurate approach to application of integrated PET/MR in 

neuroimaging. However, it should be used with caution since the majority of the included 

subjects in this study were diagnosed with brain tumors (focally increased metabolic activity 

against a background of normally high metabolism), potentially not allowing direct 

conclusions on the application of this AC method for dementia diagnostics (widespread 

reductions in metabolic activity against a background of normally high metabolism).  

As an alternative approach to avoid problematic AC algorithms, Veit-Haibach et al. discussed 

the potential of a sequential tri-modality PET/CT-MR system (consisting of a 3T-MRI 

Discovery 750w3T, GE Healthcare, Waukesha, WI, USA and a state-of-the-art TOF PET/CT, 

Time of flight, Discovery 690, GE Healthcare, Waukesha, WI, USA) (Veit-Haibach et al. 

2013). They especially highlighted the difficulties of PET quantification based on MRI and 

argued that a sequential tri-modality PET/CT-MR system would offer the pivotal benefit of the 

up-to-date more robust and accurate CT-based AC as well selective application of RF coils 

during the two subsequent examinations. However, they acknowledged that current MRI-

protocols as performed for the sequential system are not suited for relevant application in 

neuroimaging and would have to be revised as to ensure higher practicability (e.g. 
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concerning total scanning time, optimized co-registration) and patient comfort. 

In our opinion, integrated PET/MR systems should be considered a more realistical approach 

to advance today's imaging procedures since practicability in clinical settings is considerably 

higher than a tri-modality system. Even though it may still be applied carefully, considering its 

pitfalls, PET/MR is the more patient-friendly solution and will probably be the more popular 

option due to the financial scope, space logistics and time restrictions in daily clinical routine 

in most hospitals. 

 

IV. 4 AC-independent Effects  

Whereas some of the detected discrepancies between PET/MR and PET/CT might be 

induced by the application of different AC algorithms, others may not. This becomes 

particularly evident by the persistence of abnormalities in the analysis of non-corrected 

image data with SPM5. Despite of them being less pronounced in non-corrected data (as 

compared to the corrected data), they still systematically exist and are regionally 

heterogeneous. The presence of attenuating factors, such as the head coil and the different 

properties of the examination table in the integrated PET/MR scanner, introduces variance in 

the PET-data when no attenuation correction is performed. In this context, Catana et al. 

could demonstrate that the bulky RF head coils could induce considerable artifacts in the 

intrinsic count rate when ignored during attenuation correction processes (using DUTE) 

(Catana et al. 2010). This was also evident in our uncorrected data, where certain 

attenuation effects in PET/MR were observed, not existing in PET/CT data. After accounting 

for coil attenuation, these effects should be diminished. In this matter, DUTE manages a 

comparably accurate correction, whereas the Dixon-MR-based algorithm still tends to 

overcorrect coil attenuation (as demonstrated in our analyses).  

Moreover, some of the detected effects may represent a consequence of other general 

differences in scanner geometry, in detector technology, in scatter-characteristics or of the 

patient position in the scanner. 

Technological properties of the PET/MR device, including its larger field of view (axial 
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FOV=25.8 cm versus 21.8 cm in PET/CT) and its higher detector sensitivity (15.0 kcps/MBq 

at the center of the FOV as compared to 8.1 kcps/MBq in PET/CT) may possibly enhance 

the susceptibility of the PET/MR for cross-contamination of activity from body parts below the 

brain. For the purpose of investigating to what extent this property might apply to our data, 

our group had performed an additional experimental study (see Supplementary Data Section 

of our publication), using a three-dimensional phantom (Hoffmann 3D Brain PhantomTM, 

Data Spectrum Corporation, Hillsborough, NC, USA) (Hoffman E. J. et al. 1990). This model 

test followed the same single-injection, dual-imaging protocol as in the patients study, 

including sequential PET/CT and PET/MR scans (only corrected for decay). However, 

analysis of the NAC data (SSP's and ROI quantification) did not reproduce the intermodal 

differences found in the patient-based study. Therefore, the effects may appear specifically in 

the human brain in a clinical setting where cortical bone is present, non-exsisting in the 

phantom model. This observation corresponds well to the results presented in a study by 

Andersen and colleagues who also reported region-dependent inaccurate estimation of 

[18F]FDG brain PET data acquired on the integrated PET/MR-scanner as compared to 

conventional PET/CT in a phantom- and patient-based study (Andersen et al. 2013). In their 

work, they state a substantial radial dependency, with underestimation of 25% in cortical and 

10% in central regions of the brain. After adding information of more or less exact osseous 

tissue distribution to the MR AC algorithm (in the form of gypsum plaster to mimic skull 

bone), this difference was abolished. Their argumentation was based on the consideration 

that photons emitted by peripheral (close to the skull) regions in part travel a relatively longer 

tangential path through bone (due to a diagonal passage angle) as compared to photons 

emitted by more central regions of the brain (crossing the bone in an orthogonal passage 

angle). Thus, central regions of the brain may be less subject to bone-induced attenuation 

(than upper cortical regions). In our opinion, this effect may very well serve as a potential 

explanation for some of the effects observed in the different sub-sets of our study.  
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IV. 5 Limitations and Perspectives 

Certainly, it is beyond the scope of this study to provide a definite explanation for our 

observations. Above all, the principal claim of this trial was not so much to conclude which of 

the methods, PET/MR or PET/CT, are actually reflecting the true tracer distribution more 

accurately or if one of the methods was diagnostically superior to the other, as to evaluate a 

potential impact of methodological differences on clinical diagnosis of the individual. The 

limited observer agreement in the current study shows that obviously existing inter-scanner 

discrepancies need to be carefully taken into account for its routine application in 

neuroimaging and for clinical trials, when 2-point Dixon-MR based attenuation correction is 

employed. Nevertheless, the decisions on "presence of a neurodegenerative disorder 

yes/no" and on "subjective rating of the degree of abnormalities" do not build upon medical 

imaging alone, but they rather evolve from a synopsis of various diagnostic factors 

interpreted in a context-sensitive manner. In this regard, the significance of the observer-

based clinical rating is partly limited by the fact that only basic patient-related information 

(age and sex) was provided and that the readers did not know which of the PET image sets 

was PET/MR- and which was PET/CT-derived, all of which does not reflect the reality of a 

clinical setting.  

Furthermore, the image format produced by 3DSSP/Neurostat should be critically 

commented on. Performance of this analyzing method has been evaluated numerous times 

within different settings and its general practicability as well as its reliability has been proven 

(Bartenstein et al. 1997, Heiss et al. 1991, Messa et al. 1994, Minoshima et al. 1995). When 

compared to an observer-dependent visual evaluation, the statistical analysis of SSPs comes 

with certain advantages. The comparison of the individual patient to a predefined reference 

database by z-scores has shown a significantly higher sensitivity and higher accuracy as 

opposed to a subjective rating by observers. A clinical application of 3DSSP/Neurostat helps 

in reducing observer variability and serves to improve the evaluation quality, especially of 

inexperienced readers (Bartenstein et al. 1997). 

Other approaches for quantitative analysis of [18F]FDG, such as visual placement of regions 
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of interest (ROIs), show a number of disadvantages when compared to the three-

dimensional SSPs. The definition of ROIs is highly subjective and only poorly reproducible. 

Thus, intraindividual comparabilty is reduced. Furthermore, as to ensure a full coverage of 

the brain, a rather high number of ROIs needs to be drawn by an experienced physician, 

which is a highly time-consuming procedure, thus not implementable in clinical routine 

(Drzezga et al. 1999).  

Due to anatomic variabilities, such as pathologically widened sulci (e.g. due to tissue 

atrophy), 3DSSP/Neurostat may have difficulties in the correct stereotactic normalization 

process, which may result in inaccurate calculation of z-score values in certain cerebral 

regions (Bartenstein et al. 1997). Another pitfall might be positional differences in brain 

images of the same individual when sequentially acquired on two different scanning devices. 

Generally, the realignment function of the software repositions input brain images according 

to the template. However, there might be cases in which residual positioning differences 

might be present even after the realignment processes. This was the case for one of our 

subjects (in the original study patient pool), which we decided to exclude from the final study 

group. In this case, head position between the two sequential scans varied to such extent 

that realignment failed and further analysis could not be accomplished even after manual 

correction using VINCI 4.12.0 (by Max-Planck-Institute with Klaus-Joachim-Zülch-

Laboratories and the University of Cologne, Cologne, Germany). Thus, for analyzing 

procedures of image data of the same individual acquired sequentially, a preferably similar 

head position should be maintained in order to allow reliable processing.  

Moreover, reliable dementia assessment is rather challenging and requires a high degree of 

experience in reading of PET data. In this context, doctoral research fellows with basic prior 

instruction (unexperienced observers 3 and 4) obviously cannot serve as a representative 

group for they do not reflect the realistic situation of an expert clinical read in general.  

Also, with n=29 the size of the patient collective was relatively small (e.g. drop-outs due to 

Siemens software updates) and featured an imbalanced gender distribution (higher 

proportion of females n=19 vs. males n=10) which should also be considered a statistically 
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limitating factor. Also, only incomplete clinical work-up (neuropsychological test scores, 

laboratory test results, etc.) and no definite information of the presence/type/stage of 

neurodegenerative disorder (e.g. based on histopathological assessment) was available for 

the assessed collective. Thus, only restricted presumptions concerning qualitative accuracy 

of PET/MR as opposed to PET/CT or its potential in differential diagnosis (based on Nuclear 

Medicine reports) can be drawn. In this context, it is important to point out that our defined 

diagnostic gold standard bears an undeniable limitation. Observer ratings based on both 

modalities were validated by means of the final Nuclear Medicine report of the PET/CT scans 

only, a priori resulting in a higher degree of rating congruency between the PET/CT images 

and the final PET/CT report. This setup has created a methodological bias favoring PET/CT.  

Again, this was not the main focus of our trial, but these questions should be included in 

future studies. Finally, future research projects should put focus on the identification of further 

sources of error when approaching PET/MR imaging and on potential methods for their 

elimination (e.g. improved AC algorithms). However, this should be pursued on the 

understanding that new or optimized attenuation correction algorithms may not necessarily 

lead to complete elimination of discrepancies between the two different imaging 

technologies. 
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V. CONCLUSION 

Previous observations by our working group revealed that significant discrepancies (cortical 

underestimations and subcortical overestimations of PET signal intensities in PET/MR) are 

present in group-wise comparison between PET data sequentially acquired on a 

conventional PET/CT and on an integrated PET/MR device (in the same individual evaluated 

for cognitive impairment).  This has led us to the assumption that full clinical comparability 

between data from the two systems may not be guaranteed. We aimed to evaluate whether 

methodological effects revealed by our group-comparison (using SPM5 voxel-based 

analysis) would also apply to the diagnostic assessment of single patients. For this purpose, 

we employed blinded reads of 3DSSP PET data pairs (PET/MR and PET/CT scan for each 

subject) and a single subject review.  

As a result, experienced readers showed consistent ratings in 89.7% of the cases, 

concerning the decision on "presence of neurodegenerative disorder yes/no" (intra-observer 

reliability κ=0.786). As expected, intra-observer agreement was less in inexperienced 

readers (consistency in 79.3% of cases,  intra-observer reliability κ=0.576). Considerable 

disagreement was observed for "subjective rating of degree of abnormality" for both, 

experienced  (consistency in 62.1% of the cases, intra-observer reliability κ=0.436) as well 

less experienced readers (consistency in 39.7%, of the cases, intra-observer reliability 

κ=0.141), suggesting the presence of objective qualitative and quantitative differences 

between the two modalities.   

The review of single cases with high and low intra-observer reliability demonstrated that 

intermodal discrepancies were comparably present in both of these groups and influenced 

rating performance in less experienced and experienced readers to a different degree. As 

expected, especially in cases of fairly subtle hypometabolic alterations or cases of atypical 

pathology, unexperienced observers had difficulties in classifying the PET findings derived 

from PET/MR due to general cortical underestimations (and z-score overestimations). Also, 

they frequently overrated PET/MR due to the relatively more extensive z-score patterns in 
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this modality, resulting in the impression of a higher degree of abnormaliy. However, several 

cases demonstrate that the general overestimation of the z-score height in PET/MR data was 

challenging for both, unexperienced as well as experienced readers.  The discrimination 

between regions of normal and pathologic glucose uptake is hampered in PET/MR images 

by this phenomenon, especially in cases with low-grade pathology. In these situations, 

PET/MR has been frequently underrated due to lower image contrast (when compared to 

PET/CT).   

Several previous studies suggest that the observed intermodal differences may partially 

result from the different AC algorithms used and that some may be due to scanner-specific 

properties (scanner geometry, etc.). Finally and most importantly, 3DSSP-based clinical 

reading of PET/MR and PET/CT scans, using a PET/CT-derived reference database, is 

prone to a systematic difference a priori. Hence, collection of a PET/MR-specific collective of 

healthy controls may represent a most important first step in trying to improve the quality of 

the PET/MR data by elimination of systematic scanner-specific differences.  
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