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Abstract
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The criteria for diagnosing Alzheimer’s disease (AD) have recently been revised to include
the use of biomarkers for the in vivo presence of β-amyloid, one of the neuropathological
hallmarks of AD. Examples of such biomarkers are positron emission tomography (PET) β-
amyloid specific ligands, including [18F]flutemetamol. The aim of this thesis was to characterize
the binding properties of [18F]flutemetamol from a tracer kinetic perspective as well as by
validating binding measures through comparison with tissue pathology assessments. The
applicability of previously developed kinetic models of tracer binding for voxel-based analysis
was examined and compared to arterial input compartment modelling, the “gold standard”
for PET quantification. Several voxel-based methods were found to exhibit high correlations
with compartment modelling, including the semi-quantitative standardized uptake value ratio
(SUVR). The kinetic components of [18F]flutemetamol uptake were also investigated without
model assumptions using the data driven method spectral analysis, with binding to β-amyloid
shown to relate to a slow kinetic component. The same component was also found to
predominate in the uptake of white matter, known to be free of β-amyloid accumulation.
White matter uptake was however possible to separate from β-amyloid binding based on the
relative contribution of the slow component to the total volume of distribution. Uptake of
[18F]flutemetamol as quantified using SUVR or assessed visually was found to correlate well
with tissue pathology assessments. Classifying the brains of 68 deceased subjects who had
undergone [18F]flutemetamol PET scanning ante mortem, based on the spatial distribution
of β-amyloid according to pre-defined phases, revealed that abnormal uptake patterns of
[18F]flutemetamol were only certain to be found in the last phase of β-amyloid accumulation. In
the same cohort however, [18F]flutemetamol was also shown to accurately distinguish between
subjects with AD and non-AD dementia. While this supports the use of [18F]flutemetamol in
clinical settings for ruling out AD, the association of abnormal [18F]flutemetamol uptake to late
phases of β-amyloid accumulation may limit the detection of early accumulation and pre-clinical
stages of AD. It remains to be investigated whether application of voxel-based methods and
slow component filtering may increase sensitivity, particularly in the context of clinical trials.
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If we knew what it was we were doing, it 
wouldn’t be called research, would it? 
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Abbreviations 

1-TC 1-tissue compartment model 
2-TC 2-tissue compartment model 
3-TC 3-tissue compartment model 
AD Alzheimer's disease 
aMCI amnestic mild cognitive impairment 
BPND binding potential 
BSS modified Bielschowsky silver stain 
CAA cerebral amyloid angiopathy 
CERAD Consortium to Establish a Registry for Alzheimer’s disease 
CoV coefficient of variation 
CSF cerebrospinal fluid 
CT computed tomography 
DLB dementia with Lewy bodies 
DVR distribution volume ratio 
FN false negative 
FP false positive 
FTD frontotemporal dementia 
FTLD-tau frontotemporal lobar degeneration with tau inclusions 
HC histochemistry 
HV healthy volunteers 
ICP intracranial pressure 
IHC immunohistochemistry 
iNPH idiopathic normal pressure hydrocephalus 
MCI mild cognitive impairment 
MRI magnetic resonance imaging 
MRTM multilinear reference tissue model 
MS multiple sclerosis 
NFT neurofibrillary tangle 
NIA-AA National Institute of Aging and Alzheimer’s Association  
  
  



 

NINCDS-
ADRDA 

National Institute of Neurological and Communicative Dis-
orders and Stroke and the Alzheimer’s Disease and Related 
Disorders Association  

NPV negative predictive value 
pAD probable Alzheimer's disease (clinical diagnosis) 
PET positron emission tomography 
p.i. post injection 
PPV positive predictive value 
PVE partial volume effects 
ROC receiver operating characteristic 
RPM receptor parametric mapping 
RPM2 receptor parametric mapping, 2 parameters 
SA spectral analysis 
SOT standard of truth 
SRTM simplified reference tissue model 
SRTM2 simplified reference tissue model, 2 parameters 
SUV standardized uptake value 
SUVR standardized uptake value ratio 
SUVRCER standardized uptake value ratio using cerebellar cortex as 

reference region 
SUVRPONS standardized uptake value ratio using pons as reference  

region 
TAC time activity curve 
TN true negative 
TP true positive 
VOI volume of interest 
VT total volume of distribution 
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Introduction 

Alzheimer’s disease (AD) is the most common cause of dementia, account-
ing for approximately two-thirds of all cases. This incurable, degenerative, 
and terminal disease was first described by the German psychiatrist and neu-
ropathologist Alois Alzheimer in 1906 and was named after him. Although 
we know that AD and other neurodegenerative entities are distinct diseases, 
in their early stages they can prove difficult to differentiate. 

Traditionally, diagnostic imaging was restricted to the visualization of 
brain structures using computed tomography (CT) and magnetic resonance 
imaging (MRI). However, since proteinopathies can develop in the absence 
of macroscopic changes, methods better suited for imaging alterations in 
brain function had to be developed. Molecular imaging tracers for use with 
positron emission tomography (PET) provide the basis not only for a better 
understanding of molecular processes in the brain, but also for classification 
of patients for the development of individualized therapies. PET tracers tar-
geting neuropathological hallmarks of AD have been developed to aid in the 
diagnosis of AD, such as those binding to aggregated forms of β-amyloid. 
β-amyloid deposition is believed to begin in cognitively normal elderly 

subjects who may subsequently develop signs of mild cognitive impairment 
(MCI) and could then finally develop AD dementia, in whom post mortem 
analysis demonstrates the characteristic abundance of β-amyloid plaques in 
specific brain areas. The time course of β-amyloid deposition, and the tem-
poral offset in terms of subsequent cognitive decline suggests that β-amyloid 
imaging could help determine the appropriate time for intervention with 
drugs targeting β-amyloid. 

This thesis aims to summarize and discuss part of the process of charac-
terizing and validating a new PET tracer for use in the clinical evaluation of 
AD. 

Positron emission tomography 
Fundamentals 
PET is a functional imaging technique, providing insight into physiological, 
biochemical and pharmacological processes in vivo. Through administration 
of molecules in tracer amounts labelled with short-lived radioactive positron-
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emitting isotopes such as carbon-11, fluorine-18 and oxygen-15, the spatial 
and temporal distribution of these molecules in tissues of interest can be 
measured in the PET scanner without affecting the biological system. The 
administration of the radiolabelled tracer can be performed via several ad-
ministration routes, including inhalation or oral administration. This thesis, 
however, will only include the case of intravenous tracer injection into the 
blood stream. 

The PET scanner detects coincidences, i.e. simultaneous pairs of 511 keV 
photons, emitted in opposite directions when the positron released by the 
isotope within a labelled molecule is annihilated in the collision with an 
atomic electron a short distance from the decay of the nucleus, as illustrated 
in Figure 1 A. By means of computerized mathematical reconstruction 
methods, the detected counts can, after correction for a number of factors 
such as photon attenuation, scatter and random coincidences, be transformed 
into an image showing the spatial distribution of the radioactive decay, i.e. 
the distribution of tracer in the unit of radioactivity concentration in a tissue 
(Bq/mL) [1]. By collecting the data in a series of consecutive time windows, 
so called frames, the change of the distribution over time can be followed in 
a dynamic PET scan. Assessment of PET images often focuses on a specific 
region or a volume of interest (VOI), covering a number of voxels in the 
image and giving one estimate of the tracer uptake in the VOI given by the 
average radioactivity concentration of the included voxels. VOIs are defined 
on the PET data in dedicated software either manually, through thresholding 
or by means of pre-defined probabilistic anatomical atlases that enable 

 
Figure 1. A) Schematic drawing of the two-step emission of "-rays from the disinte-
gration of the unstable flourine-18 atom to stable oxygen-18 within a ring of detec-
tors. The distance between the fluorine atom and the annihilation is greatly exagger-
ated. B) The collection of data in frames during a dynamic PET scan from the start 
of injection and for 90 min. The graph shows the time-activity curve for the whole 
brain uptake, with higher standard deviations early in the scan due to shorter frames. 
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identical VOIs to be applied to multiple subjects. The latter approach is often 
used when studying the brain. The measured radioactivity in a voxel or VOI 
throughout the time course of the dynamic PET scan provides a time activity 
curve (TAC), showing the uptake, temporal distribution, retention and clear-
ance of the tracer over time, as illustrated in Figure 1 B. 

PET has a wide variety of applications. In clinical routine practice it is of-
ten used especially in the field of oncology and a number of different tracers 
have been developed targeting physiological processes in tumours. The most 
widely used tracer in oncology diagnostics is [18F]fluorodeoxyglucose [2]. 
The diagnostic use of PET is also increasing in neurological disorders such 
as Parkinsonian syndromes [3-5] and AD, which will be further discussed in 
this thesis. In addition, PET has become an important tool in drug develop-
ment, studying distribution of drug candidates, pharmacodynamic effects in 
the form of receptor occupancy and as a biomarker for physiological re-
sponse to drug candidates. Last but not least, PET is used extensively in 
basic research in order to provide an increased understanding of physiologi-
cal processes such as endogenous neurotransmission [6,7]. 

Quantification of PET 
Compartment modelling 
After injection, the tracer distributes throughout the body within the blood 
pool and tissues. The signal measured by the PET scanner is the sum of sev-
eral states of the PET tracer: tracer in the blood pool that has yet to enter the 
tissue, metabolites of the tracer that still carry the radioactive label, and trac-
er within the tissue bound to the intended target but also unbound or bound 
non-specifically within tissue, see Figure 2 A. The target, to which the tracer 
binds specifically, is often an endogenous protein such as a neuroreceptor or 
aggregates of proteins like β-amyloid indicative of a pathological process. In 
order to separate these signals to estimate the parameter of interest, i.e. bind-
ing to the intended target, kinetic modelling is applied, characterizing the 
rate at which the tracer distributes. 

The transition, accumulation and washout in the different states, called 
compartments, of the tracer can be described by first order differential equa-
tions [8,9]. The tissues of interest are exposed to the tracer from the plasma 
compartment supply, throughout the time course of the PET scan or as long 
as the tracer remains unmetabolized in the blood stream, with the rate of the 
delivery denoted K1. The aim is therefore to determine the time course of the 
compartments, based on the known input concentration in plasma, which 
varies over time and which can be measured by blood sampling.  

Depending on the characteristics of the tracer - whether it binds specifi-
cally to a molecule within the tissue, and if so if the binding is reversible or 
irreversible during the time course of the PET scan - a mathematical model  
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Figure 2. A) Tracer in the blood stream with the concentration Cp enters the brain 
through the blood brain barrier (BBB), described by the influx rate constant, K1 and 
then leaves the brain, described by the efflux rate constant, k2. Tracer within the 
brain equilibrates between being free (Cfree) and specifically bound to the target 
(Cbound) or non-specifically bound (Cnon-spec) with the association and dissociation 
rate constants k3 and k4, k5 and k6, respectively. B) The 2-tissue compartment model 
shown as a schematic box drawing used to illustrate the different states of the tracer, 
where C1 represents combined Cfree and Cnon-spec, and C2 represents Cbound. 

is chosen describing the compartment concentrations with the appropriate set 
of differential equations. Typically, although it is a simplification of the ac-
tual physiological process, three tissue compartments and one plasma com-
partment describe the fate of the tracer well. The model is called the 3-tissue 
compartment model (3-TC), with the three compartments representing the 
fraction of tracer free in tissue, bound specifically to the target and bound 
non-specifically. With the input concentration, the response in the tissue and 
the assumed model, the rate constants of transition between the different 
compartments can be estimated by fitting of the operational equation of the 
model to the experimental data. By collapsing the two compartments repre-
senting non-specific binding and free tracer, which is often so quickly transi-
tioning that they cannot be accurately quantified separately, and replacing 
them with one compartment representing the non-displaceable tracer, the 3-
TC is replaced by a 2-tissue compartment model (2-TC) [9], as shown in 
Figure 2B. 

Relating the rate constants of the compartment modelling to pharmaco-
logical parameters such as receptor concentration (Bmax) and association and 
dissociation rates (kon and koff, respectively), physiological parameters can be 
estimated. The ratio of k3/k4 is often referred to as the non-displaceable bind-
ing potential (BPND), which describes the targets available for tracer binding 
for reversibly binding tracers [8].  

In some cases BPND cannot be estimated reliably, and instead the total 
volume of distribution (VT) is estimated, representing a volume given by the 
relationship of concentrations in the plasma input and tissue studied which is 
equivalent to: 

BBB 
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 VT=K1 k2 1+ k3 k4    (1) 
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If there is a region that is devoid of target proteins available for specific 
binding of the tracer, its kinetics can be described by a 1-tissue compartment 
model (1-TC) where VT is instead described by: 

 
 VT=K1 k2   (2) 

The compartment modelling approach is often regarded the “gold standard” 
of PET quantification, as it uses the actual plasma concentration for input 
function and is widely used. There are however alternative methods for es-
timating the binding of tracer to target as well. 

Multiple-time graphical analysis 
The non-linear least squares curve fitting procedures of compartment model-
ling is a computationally demanding procedure, and may exhibit conver-
gence problems associated with the iterative approach. The compartment 
models are also dependent on the assumptions of the underlying compart-
ment model chosen. A graphical method for reversible tracers was thus de-
veloped, known as the Logan plot or arterial input Logan [10]. This method 
relates the radioactivity concentration within a VOI (CVOI) to the plasma 
concentration (Cp) by plotting ∫CVOI / CVOI against ∫Cp / CVOI in each frame, 
revealing a linear relationship as equilibrium is reached. The slope of the 
linear regression line provides an estimate of VT. Similar approach has also 
been applied to irreversibly binding tracers [11,12]. 

The graphical models have the benefit of being free of assumptions of 
tracer kinetics beyond whether the tracer binds reversibly or irreversibly, and 
is also less computationally demanding. Graphical models, however, tend to 
be sensitive to statistical noise, causing underestimation of VT [13] where the 
magnitude of the underestimation depends on the magnitude of VT itself. 

Using reference regions  
Due the sensitivity to noise in the direct determination of BPND, an indirect 
approach can be used. This works under the assumption that there is a refer-
ence tissue devoid of the tracer target, i.e. no specific binding occurs, and the 
kinetics should thus be best described by a 1-TC [14-17]. In addition, free 
tracer, non-specific binding and the influx and efflux are assumed to be the 
same in both target (K1 and k2) and reference tissue (K1’ and k2’). By com-
bining Eq. 1 and 2 the following is thus given: 

 
 VT,  target/VT,  reference  =1+ k3 k4 (3) 

This relationship leads to the conclusion that the ratio of total volumes of 
distribution (DVR) is related to BPND, such that DVR-1 is equal to BPND. 
Since quantification of the tracer binding to its intended target using com-
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partment modelling requires a metabolite corrected plasma input function, 
arterial blood sampling is needed. Due the invasive and labour intensive 
nature of arterial sampling, reference tissue models were developed where 
the target tissue TAC is instead described as a function of the TAC in a ref-
erence tissue following the same argumentation as stated above. Different 
models have been developed with different underlying assumptions includ-
ing simplified reference tissue models (SRTM and SRTM2) [14,18], refer-
ence input Logan [19] and multilinear reference tissue models (MRTM) 
[20,21].  

Spectral analysis 
As previously mentioned, the need for predefinition of the kinetic behaviour 
of a tracer in compartment modelling is a limitation of the methodology, 
which can cause significant errors leading to model failure. Circumventing 
the need for such assumptions, a data driven method called spectral analysis 
(SA) was created [22-24]. The method provides a spectrum of kinetic com-
ponents that relate the tissue radioactivity concentration to that measured in 
plasma. The components come from a set of pre-defined basis functions 
where the exponential functions are coupled with convolution integrals. The 
spectrum thus consists of a number of peaks, described by α (min-1) and β 
(min-1). 

 IRF t = α!

!

!!!

∙ e!!!! (4) 

The non-linear estimation problem of the differential equation describing the 
tissue radioactivity concentration as measured by the PET scanner is con-
verted into a linear optimization problem with a fixed number of β. SA uses 
the arterial plasma concentration of the tracer as input and provides an esti-
mate of VT as well as identifying the number of kinetic components, and the 
associated kinetic rates, α. However, SA also works under some assump-
tions; it applies only to data that can be expressed with positive coefficients 
α. While the number of basis functions defined is usually large, spanning 
over a wide kinetic range, most basis functions will have a solution with 
α=0.  

Unlike compartment modelling, SA does not require kinetically homoge-
nous tissues; instead it returns all detected kinetic components within a de-
fined region. 

Semi-quantitative measurements of tracer uptake 
The methods so far discussed all require dynamic scanning starting at the 
time of injection and a fairly long scanning duration. Semi-quantitative esti-
mates can however be acquired over shorter time-windows, frame-by-frame 
or using frame summation. The summation of frames results in a static im-
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age, with improved count statistics, and provides an average for the time-
window over which the frames have been summed. One approach is to nor-
malize the measured radioactivity concentration to patient body weight and 
administered radioactivity, resulting in a standardized uptake value (SUV) 
[25]. This is commonly used within oncology, and is a unitless estimate of 
the degree of tracer accumulation. SUV=1 in a VOI indicates that the con-
centration is what it would be with completely homogenous distribution 
throughout the body. SUV>1 indicates an accumulation of the tracer in the 
tissue and SUV<1 indicates a limited delivery in that particular tissue. 

More common in neurological studies is to relate the radioactivity con-
centration in a target region to that of a reference region under the same as-
sumptions as previously discussed, acquiring an SUV ratio (SUVR) which 
reflects the relative contribution of specific and non-specific binding as rep-
resented by the reference region. This is an attractive alternative to kinetic 
modelling for estimation of tracer uptake, especially in clinical settings, as it 
does not require arterial cannulation or long scanning durations, and removes 
variability in the measured signal from sources such as administered radioac-
tivity and body weight, similar to SUV, but also body composition [25]. This 
approach likewise requires a reference region unaffected by the physiologic 
process of interest, however SUVR may vary with time if the uptake of the 
target and reference regions do not exhibit the same rate of tracer washout. It 
is therefore crucial that the time window for estimation of the SUVR is vali-
dated. 

Parametric imaging 
The quantification mentioned thus far has focused on regional uptake in 
VOIs. This approach is limited in that the information within the PET data is 
reduced to a pre-defined set of anatomical regions, disregarding heterogenei-
ty within those regions. Instead, kinetic models can be applied on the highest 
level of detail, i.e. on the voxel level, providing a static image where the 
numerical value of each voxel represents a physiological parameter, such as 
BPND, instead of radioactivity concentration, at the same spatial resolution as 
the original PET images. These images are called parametric images. While 
eliminating the bias of pre-defining the studied regions, voxel-based analysis 
has a disadvantage in that TACs from voxels have a much higher noise level 
than those within VOIs, which may affect the accuracy of the quantification.  

Adaptions of previously established models for PET quantifications were 
made to decrease the sensitivity to noise in the voxel TACs. Basis function 
implementations of SRTM and SRTM2 were developed [18,26], transform-
ing the non-linear problem to a linear equation to be solved with linear least 
squares for each basis function, thereby decreasing sensitivity to noise and 
computational requirements. While essentially the same as SRTM and 
SRTM2, the basis function implementations of the models are often called 
receptor parametric mapping (RPM and RPM2, respectively). The number of 
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parameters estimated in RPM2 is reduced by fixing the reference tissue ef-
flux rate constant (k2’) based on RPM estimates in order to decrease the in-
troduction of quantification errors due to statistical noise. Similar to RPM2, 
the number of estimated parameters is reduced for MRTM2 by using a fixed 
value for k2’ based on the average k2’ from the MRTM model.  

Noise sensitivity is also an issue in the application of graphical lineariza-
tion methods on voxel-level [13] that has been addressed through a reduction 
of the numbers of parameters estimated [20] or by application of a noise 
reducing filter prior to the voxel-wise model application. 

Partial volume effects 
As a consequence of the low spatial resolution in PET, the measured radio-
activity concentration in a voxel reflects tracer uptake not only in that partic-
ular voxel but also in neighbouring voxels. This is known as partial volume 
effects (PVE) and is dependent on scanner characteristics as well as on the 
size and shape of the anatomical structures under study [27]. A schematic 
illustration of the impact of PVE on radioactivity measurements in a PET 
image is shown in Figure 3. A number of methods have been developed for 
correction of PVE, most utilizing more detailed anatomical information from 
MRI based segmentation of the brain into grey and white matter and cere-
brospinal fluid (CSF) (i.e. into brain and non-brain) [28-30]. The application 
of PVE correction has been proposed to increase the ability to detect small 
changes in tracer uptake and improve quantitative accuracy, but is sensitive 
to the accuracy in the segmentation and image registration procedures 
[31,32]. Dedicated software packages, such as PVElab [33] have been de-
veloped for the correction of PVE utilizing a number of methods. 

Alzheimer’s disease 
AD is the leading cause of dementia, accounting for 60-80% of the all de-
mentia cases [34]. Worldwide, dementia was estimated to affect 35.6 million 
people in 2010, a number expected to exceed 130 million by 2050 due to 
population growth and increased life expectancy [35]. 

AD is characterized by an insidious and progressive decline in cognition 
including early deficits in memory, attention and language, and by the pres-
ence of neuropathological hallmarks, including extracellular deposition of β-
amyloid and intracellular accumulation of tau. On clinical grounds alone, 
AD can be difficult to differentiate from certain focal cortical syndromes 
[36]. Further, in patients presenting with MCI, i.e. cognitive decline but no 
dementia, it can prove difficult to establish whether the impairment is due to 
AD pathology or to causes with alternate pathological substrates [37]. 
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Figure 3. Schematic illustration of the impact of PVE on pixel data. A) Two adja-
cent structures of different radioactivity concentrations in the true data. B) Due to 
PVE, the intensity of each of the two structures spills out into the surrounding, re-
sulting in a dilution of the intensity as shown in C). The impact of PVE results in a 
lower measured image intensity in the data subject to PVE than in the original data 
along the axes in A and B, but with a wider spread and an overlap between the two 
structures. 

Clinical diagnosis of AD 
Criteria for the clinical diagnosis of AD were first established in 1984 by the 
National Institute of Neurological and Communicative Disorders and Stroke 
and the Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA). It was then assumed that the clinical and neuropathological fea-
tures of AD were invariably related in a one-to-one manner, such that an 
individual with dementia due to AD was assumed to have the underlying 
pathology [38]. The original clinical criteria stratified the diagnosis into 
probable AD (pAD) and possible AD based on clinical assessments and neu-
ropsychological testing, with definite AD requiring histopathological con-
firmation from autopsy or biopsy together with a clinical diagnosis of pAD. 
Relative to autopsy neuropathology, the NINCDS-ADRDA criteria have 
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been shown to possess a sensitivity ranging from 70.9 to 87.3% and a speci-
ficity ranging from 44.3 to 70.8% [39]. 

In spite of being widely adopted and undeniably useful, the NINCDS-
ADRDA criteria were recently revised based on important progress made in 
the clinical and neuropathological characterization of AD, as well as in new 
methods for detection of AD pathophysiology in vivo using biomarkers in-
cluding, but not limited to, PET. These revisions, detailed by the National 
Institute of Aging and Alzheimer’s Association (NIA-AA) working groups, 
reflected a new understanding of AD, in which neuropathology and resulting 
clinical phenomenology were no longer considered synonymous. Specifical-
ly, AD has been reconceptualized as a dynamic clinicobiological entity in 
which β-amyloid toxicity is thought to set in motion a sequence of dynamic 
changes - including the accumulation of hyperphosphorylated tau species 
and synaptic depletion - with these changes thought to precede the onset of 
clinical symptoms by a decade or more [40], see Figure 4. As such, three 
novel sets of NIA-AA diagnostic criteria were proposed for the clinical con-
tinuum of AD, comprising asymptomatic “pre-clinical” [41], prodromal MCI 
[42] and dementia phases [43]. Similar criteria have been proposed by the 
International Working Group for New Research Criteria for the Diagnosis 
for Alzheimer’s Disease (IWG), in form of the IWG and IWG-2 criteria [44-
46]. 

 

 
Figure 4. A hypothetical model of the dynamic biomarkers of the AD pathological 
cascade in relation to clinical disease stage, indicating that the β-amyloid (Aβ) ac-
cumulation precedes, and reaches a plateau before, the first appearance of clinical 
symptoms. Reprinted from Jack et al. [47] with permission. 
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Pathophysiology of AD 
The neuropathology of AD is primarily manifested by two hallmarks: neuro-
fibrillary tangles (NFTs) and senile plaques, both present in the first reported 
case of AD, as described by Alois Alzheimer in the beginning of the 20th 
century [48]. NFTs consist of deposits of fibrils of hyperphosphorylated tau 
in the neuronal perikarya [49]. The senile plaques are extracellular accumu-
lations of β-amyloid, a cleavage product from the larger transmembrane 
protein amyloid precursor protein (APP) [50], which aggregates into insolu-
ble fibrils in β-pleated sheet conformation, and are observed in two types, 
neuritic and the less dense diffuse plaques. The temporal spread of NFTs and 
neuritic plaques has been shown to follow characteristic patterns of propaga-
tion as a function of disease stage [51,52].  

While the aetiology of the disease remains unclear, the identification of 
neuropathological hallmarks has been included in several sets of neuropatho-
logic criteria for AD. These have been updated several times over the last 
decades, describing the frequency of neuritic plaques, leading up to a defini-
tion of probabilistic statements of the likelihood that the dementia demon-
strated by a patient was caused by AD, rather than an absolute conclusion 
regarding the disease status [49,53-55]. 

For the neuropathological assessment of the presence and frequency of β-
amyloid, several dyes are available for staining of the β-amyloid neuritic 
plaques, including Congo red, or the flourochromes Thioflavin T or Thiofla-
vin S for use with fluorescence microscopic methods [56]. The silver stain 
known as modified Bielschowsky silver stain (BSS) has also been shown to 
stain diffuse plaques [57]. 

Unlike the methods previously described, immunohistochemistry (IHC) 
can be used to provide a more quantitative estimate of the β-amyloid content 
of a tissue, giving an estimate of the percentage of a sample area containing 
β-amyloid deposits. The monoclonal antibody 4G8 can be used for this pur-
pose and is specific for β-amyloid in contrast to BSS, which also stains 
NFTs [58]. 

AD and idiopathic normal pressure hydrocephalus 
Patients with idiopathic normal pressure hydrocephalus (iNPH) exhibit en-
larged ventricles due dysregulation of CSF. The clinical presentation is 
commonly described as a triad of clinical symptoms: cognitive impairment, 
gait abnormalities and urinary incontinence [59,60], with the main treatment 
ventriculoperitoneal shunt placement [61]. 

Patients with iNPH frequently exhibit comorbid AD pathology in the 
form of β-amyloid plaques [62,63], and patients where neuritic plaques are 
prevalent in brain biopsies taken during the shunt placement procedure also 
have more cognitive and gait impairment [64]. There are also indications 
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that the patient’s response to the ventriculoperitoneal shunt may relate to 
whether the patient has AD pathology present, or inversely - the presence of 
AD pathology may work as an indication of the expected improvement from 
this invasive procedure [63-65].  

β-amyloid PET imaging 
The role of biomarkers has been central to the redefinition of AD, in particu-
lar the in vivo detection of β-amyloid using PET. 

[11C]Pittsburgh Compound B 
About a decade ago, the first in vivo marker for β-amyloid deposition was 
developed, a PET tracer called [11C]Pittsburgh Compound B ([11C]PiB). It is 
a derivative of the histological dye Thioflavin T and binds to β-amyloid with 
high affinity. It was first studied with PET in 16 patients with AD and 9 
healthy volunteers (HV), and was shown to have a two-fold higher tracer 
retention in the cortical regions of AD subjects than in HV subjects [66]. The 
binding of the tracer can be quantified by means of arterial input function 
kinetic modelling, using a reversible 2-TC, indicating a specific binding of 
the tracer [67]. SA of the uptake of [11C]PiB indicated the presence of two 
main kinetic components, where the slower was related to VT [67]. In vitro 
studies using AD brain tissue revealed that [3H]PiB exhibits high and low 
affinity binding sites [68]. 

Simplified quantification can be done using the cerebellar cortex as a ref-
erence region due it being an area devoid of β-amyloid deposits until late in 
the course of AD. The reference tissue input can be used both for estimation 
of DVR based on dynamic data, as well as for estimation of SUVR in a static 
summation image over a shorter time window [69]. The optimal time win-
dow for such simplified scanning is 50-70 min post injection (p.i.) or 40-60 
min if the dose is limited [70].  

The characterization of [11C]PiB tracer kinetics have been extensive, in-
cluding validation of the use of parametric imaging from technical and clini-
cal perspectives, showing that the visual assessment of BPND images may 
result in higher inter-reader and inter-method reliability than the use of static 
summation or SUVR images [71-73]. The in vivo binding properties of 
[11C]PiB have been shown to correlate strongly with pathology measure-
ments both in subjects who went on to autopsy [74-77] or in iNPH subjects 
that had a cortical biopsy taken during the shunt placement procedure [78]. 
No formal studies determining the sensitivity and specificity of [11C]PiB in 
comparison with post mortem assessments of β-amyloid pathology have 
been conducted. 
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β-amyloid imaging in clinical research and practice 
As the accumulation of β-amyloid is hypothesized to occur several years 
before the clinical onset of AD [79], a β-amyloid PET scan likely cannot 
follow the progression of AD. However, a negative scan is an important tool 
for ruling out AD as the underlying cause of cognitive impairment in a pa-
tient, and as a predictor of disease progression in patients with MCI [80]. 
While β-amyloid imaging using [11C]PiB PET has been widely used and is 
considered a valid marker of β-amyloid deposition in vivo, its use as a diag-
nostic tool in clinical practice is limited by the short half-life of carbon-11 
(20 min), which requires on-site production facilities and complex radio-
chemistry infrastructure. Flourine-18, in contrast, has a half-life about 5.5 
times longer than carbon-11 (110 min). As such, fluorine-18 labelled β-
amyloid PET ligands allow for more centralized production and regional 
distribution and have therefore been developed and commercialized. To date, 
three such compounds have been approved for clinical use by U.S. and Eu-
ropean regulatory bodies: the stilbenes [18F]florbetapir ([18F]AV-45; 
AmyvidTM) [81,82] and [18F]florbetaben ([18F]-BAY94-9172; NeuraceqTM`) 
[83,84] and the Thioflavin T analogue [18F]flutemetamol ([18F]3’-F-PiB; 
VizamylTM) [85,86], which has recently also been approved in Japan and 
Korea. A fourth compound, [18F]NAV-4694, formerly known as [18F]AZD-
4694, is currently under development [87,88]. 

The importance of β-amyloid imaging as a biomarker for AD was under-
stood early on, leading to the formation of the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) in 2004 [89], a research initiative collecting 
biomarker data from a large number of subjects and making all collected 
data openly available to the scientific community. Over a ten year period this 
initiative has resulted in over 600 scientific publications and contributed to 
the formation of the new diagnostic criteria for AD [90]. 

The increased insight in the presence of β-amyloid, thanks to the use of β-
amyloid imaging, has revealed that the prevalence of β-amyloid pathology 
increases between 50 and 90 years of age from 10% to 44% in subjects 
without cognitive impairment [91]. A higher prevalence of β-amyloid accu-
mulation has been seen in subjects carrying the apolipoprotein E genotype 
APOE-ε4, representing the most important genetic risk factor for late-onset 
AD [92]. 

[18F]Flutemetamol 
[18F]Flutemetamol, a 3’-fluoro-analogue of [11C]PiB, was developed by GE 
Healthcare for commercialization together with the group that developed 
[11C]PiB, and has been shown to exhibit similar properties as its parent com-
pound, including a near identical inhibition constant Ki in human brain ho-
mogenate studies ([3H]PiB Ki=1.9 nM, [3H]flutemetamol Ki=2.4 nM) [93]. 
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Molecular structures are shown in Figure 5. Post mortem binding studies in 
AD brain homogenates also showed a linear correlation between binding of 
[3H]flutemetamol and [3H]PiB (r=0.99), and a close correlation between the 
amount of bound [3H]flutemetamol and β-amyloid content across 14 differ-
ent brain regions (r=0.92) [93]. The first reported use of [18F]flutemetamol in 
vivo was a dual tracer study, where two HV and one AD subject underwent 
[11C]PiB and [18F]flutemetamol scanning. The cortical retention characteris-
tics of the two ligands were confirmed to match each other closely [94]. 

The first clinical trial of [18F]flutemetamol, a Phase I study sponsored by 
GE Healthcare Ltd., was performed in Leuven, Belgium. This study was 
performed in two parts where the first aimed at investigating biodistribution 
and dosimetry in six HV. A good safety profile in terms of dosimetry was 
found, with a mean effective dose of 33.8±3.4 µSv/MBq, a level comparable 
to that of many other 18F-labeled radiopharmaceuticals, where effective dos-
es typically range from 20-35 µSv/MBq [95]. A similar dosimetry profile 
was also demonstrated in a Japanese cohort [96]. The second part of the 
Phase I study aimed at characterization of the binding properties in eight AD 
and eight HV, as well as validation of simplified methods for quantification 
[97]. The study showed that [18F]flutemetamol binding was best described 
using a reversible 2-TC, and that brain uptake could be quantified using sim-
plified methods and SUVR, using cerebellar cortex or pons as reference re-
gion, with high correlation to outcome parameters from compartment model-
ling (R2=0.95-0.98). The optimal time window for simplified scanning was 
shown to be from 80 min and onwards, providing good separation between 
AD and HV, and sufficient count statistics.  

 

 
 
Figure 5. Molecular structures of the histochemical dye Thioflavin-T and its ana-
logues carbon-11 labelled PiB and fluorine-18 labelled flutemetamol. 
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Quantification of [18F]flutemetamol by means of SUVR has been found to be 
sensitive to PVE, but caution should be taken when applying corrections for 
PVE as the choice of method and characteristics of different anatomical re-
gions could induce errors in the quantification [32].  

The discriminating ability of late summation [18F]flutemetamol scans (85-
115 min p.i.) was confirmed in a Phase II multi-centre study including 25 
HV, divided into 15 elderly (age > 55 years) and 10 young (age < 55 years), 
and 27 pAD subjects [98]. The PET images were assessed using both blind-
ed visual assessment, with a methodology developed as part of the study, as 
well as quantitatively using SUVR. Examples of typical [18F]flutemetamol 
negative (normal) and positive (abnormal) uptake patterns are shown in Fig-
ure 6. 

The estimated sensitivity and specificity of visual assessment were 93.1% 
and 96.0%, respectively, when compared to the clinical diagnosis [98]. Two 
of the pAD subjects were rated as normal, and one of the elderly HV as ab-
normal, likely reflecting lack of specificity in clinical diagnosis and a case of 
pre-clinical AD. The test-retest variability of SUVR was determined to range 
from 1% to 4% in different regions in five subjects receiving two 
[18F]flutemetamol scans. The efficacy of [18F]flutemetamol visual assess-
ments has also been investigated in 68 end-of-life patients using the post 
mortem diagnosis as standard of truth (SOT) [99]. The diagnosis was made  

 

 
Figure 6. A) A subject with typical normal (“negative”) uptake with no evidence of 
β-amyloid accumulation show a high [18F]flutemetamol uptake in the subcortical 
white matter and pons, but low uptake in the cortical regions. B) A subject with a 
typical abnormal (“positive”) uptake pattern, showing high uptake in the cortical 
regions. 
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based on the Consortium to Establish A Registry for Alzheimer’s Disease 
(CERAD) pathology criteria [54], and the sensitivity of the visual assess-
ment of five blinded readers ranged from 81% to 93%, with a median of 
88%. The range of the specificity was somewhat wider, ranging from 44% to 
92%, with a median of 88%. These numbers are comparable to those of the 
accuracy of the clinical diagnosis [39]. False outcomes were often associated 
with borderline neuritic plaque frequency according to the CERAD criteria, 
neuropathological evidence of DLB and severe brain atrophy [99]. 

[18F]flutemetamol in amnestic MCI 
In addition to the pAD and HV subjects used to assess [18F]flutemetamol 
efficacy, the Phase II study also included 20 patients with the amnestic vari-
ant of MCI (aMCI), with 9 out of 11 classified as [18F]flutemetamol positive 
based on visual reads. A clinical follow-up was made in 19 of the 20 aMCI 
patients two years after the scanning showing that nine had progressed to 
pAD while ten retained the diagnosis of aMCI. Of the nine aMCI patients 
who had progressed to pAD, [18F]flutemetamol positivity was noted in sev-
en, but in only one of the ten patients who had retained the diagnosis of 
aMCI at clinical follow up [100]. The use of [18F]flutemetamol to predict 
progression from aMCI to pAD using visual assessment has also been fur-
ther investigated in 232 aMCI patients in a Phase III study. The median haz-
ard ratio for progression among subjects with an abnormal visual rating was 
2.58 (range: 1.96-3.42, p=0.0001) after a three-year clinical follow-up, 
meaning that within a three year period, an aMCI patient with a positive scan 
is about 2.6 times more likely to progress to pAD than an aMCI patient with 
a negative [18F]flutemetamol scan [101]. 

Comparison between [18F]flutemetamol and other β-amyloid ligands 
Twenty pAD subjects and the 20 aMCI subjects underwent both a 
[18F]flutemetamol and a [11C]PiB scan as part of the Phase II study. Alt-
hough the two tracers differ in some aspects such as white matter retention, 
uptake values were found to correlate strongly across cortical regions 
(r=0.83-0.92) but not in pons and white matter (r=0.22 and r=0.36, respec-
tively) [98]. The correlation between [18F]flutemetamol and [11C]PiB was 
also investigated in a large dual tracer study performed in 166 Japanese sub-
jects, confirming a high correlation between the SUVR of the two tracers 
(r=0.96) in cortical regions [102]. While no direct comparison has been 
made between [18F]flutemetamol and other flourine-18 labelled β-amyloid 
ligands, comparisons with [11C]PiB have been made for both [18F]florbetapir 
and [18F]florbetaben [103,104]. Using [11C]PiB as a reference compound for 
all comparisons, [18F]flutemetamol was shown to have a comparable cortical 
uptake but higher white matter retention, whereas [18F]florbetapir had a low-
er cortical uptake than [11C]PiB but no significantly higher white matter up-
take [105]. [18F]Florbetaben has a lower cortical uptake and a higher white 
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matter uptake than [11C]PiB [104]. The fourth fluorine-18 labelled β-amyloid 
ligand, [18F]NAV-4694, has both a cortical and white matter uptake compa-
rable to [11C]PiB [106]. In spite of some differences in the regional uptake 
patterns of fluorine-18 labelled β-amyloid ligands, a review of the FDA Pre-
scribing Informations [81,83,85] and EMA Summary Product Characteristics 
(SPC) [82,84,86] for the three approved tracers show that they can be ex-
pected to perform similarly in clinical settings, see Table 1. 

Use of β-amyloid PET imaging ligands beyond AD 
While the value of β-amyloid PET imaging may be greatest in the context of 
AD, findings from studies using [11C]PiB suggest that [18F]flutemetamol 
may also have value as marker of white matter pathology. As previously 
mentioned, the fluorine-18 labelled β-amyloid imaging tracers typically have 
a higher uptake in the subcortical white matter of the brain compared to 
[11C]PiB in both HV and AD subjects, in spite of this tissue not being affect-
ed by β-amyloid pathology [52]. For [11C]PiB, the uptake in white matter has 
been shown to be non-specific in vitro and in vivo [107]. The uptake has 
however also been hypothesized to be due to binding to the myelin basic 
protein, the major protein component of myelin, which assumes a β-pleated 
sheet conformation, similar to that of β-amyloid in senile plaques, in the 
presence of lipids [108,109]. 

 

Table 1. Clinical efficacy parameters of fluorine-18 β-amyloid PET tracers as stated 
in product labels by U.S. and EU regulatory authorities 
Regulatory authority and  
statistical measure 

[18F]flutemetamol 
(VizamylTM) 

[18F]florbetapir 
(AmyvidTM) 

[18F]florbetaben 
(NeuraceqTM) 

FDA  Sensitivity (%); 
Median (range) 93 (86-93) 82 (69-92) 96 (90-100) 

FDA  Specificity (%); 
Median (range) 84 (60-92) 95 (90-95) 77 (47-80) 

FDA  Fleiss’ kappa; 
Overall (95% CI) 0.83 (0.79-0.86) 0.83 (0.78-0.88) 0.79 (0.77-0.83) 

FDA  Intra-reader 
reproducibility (%)* 93-100 91-100 91-98 

EMA  Sensitivity (%); 
Majority (95% CI) 93 (81-99) 92 (78-98) 100 (80.5-100) 

EMA Specificity (%); 
Majority (95% CI) 84 (64-96) 100 (80-100) 85.7 (67.4-100) 

EMA Fleiss’ kappa; 
Range - 0.75-0.85 0.68-0.87 

Abbreviations: FDA, U.S. Food and Drug Administration; EMA, European Medicines 
Agency; CI, Confidence Interval; * Intra-reader reproducibility was not included in the EMA 
SPC; - Fleiss’ Kappa statistic (between-reader agreement) was not listed in the EMA SPC for 
[18F]flutemetamol. 
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Recently, it was shown that the uptake of [11C]PiB in white matter correlated 
with the mRNA expression of myelin proteins, as demonstrated when com-
paring voxel-wise DVR in an average image based on ten healthy subjects, 
with mRNA expression maps [110]. Changes in the uptake of [11C]PiB in 
white matter lesions of patients with multiple sclerosis (MS), where the β-
pleated sheet conformation is thought to be lost, has been demonstrated 
[108,111,112]. Further, studies have shown that β-amyloid imaging has a 
potential role in studying amyloidopathic disorders such as cerebral amyloid 
angiopathy (CAA) [113], cardiac amyloidosis [114,115], DLB [116] and 
Down’s syndrome [117]. Deposition of β-amyloid has also been demonstrat-
ed in patients suffering from traumatic brain injury using [11C]PiB [118], and 
may be useful in the prediction of clinical outcomes in iNPH patients under-
going shunt placement [65]. 

Summary 
While the different approaches to quantification of PET studies all have their 
benefits and limitations, the multiple alternatives show the need for careful 
investigations as a new tracer is developed to validate that the indented pa-
rameter is correctly measured with the appropriate method. Though the use 
of [18F]flutemetamol PET has gained an important role in AD, its application 
may extend to other diseases. The need for appropriate validation of the trac-
er binding is, regardless of its applied use, essential in order to realize the 
full potential of the ligand. 
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Aims of the thesis 

The overarching aim of this thesis was to investigate the binding properties 
and quantification of [18F]flutemetamol. This was done from two perspec-
tives: the kinetic binding characteristics and the comparison and validation 
of [18F]flutemetamol binding through neuropathology assessments. 

Paper I 
To investigate the performance of various methods for the creation of 
[18F]flutemetamol parametric images representing the specific uptake of the 
tracer, using clinical data as well as testing the applicability of different ki-
netic models through simulation studies. 

Paper II 
To identify the kinetic components of [18F]flutemetamol through SA, to in-
vestigate the impact of PVE on the kinetic modelling of [18F]flutemetamol 
by means of simulations, and to develop methods for separation of tracer 
uptake due to binding to β-amyloid deposits and to binding in white matter. 

Paper III 
To investigate [18F]flutemetamol brain uptake in Japanese elderly HV and 
clinically diagnosed pAD patients and to compare uptake in Japanese and 
Caucasian subjects. 

Paper IV 
To investigate the efficacy of [18F]flutemetamol for in vivo detection of β-
amyloid in the brain via the level of association between [18F]flutemetamol 
and [11C]PiB uptake and the degree of β-amyloid deposition in biopsy sam-
ples obtained from patients with iNPH. 

Paper V 
To investigate which estimates of [18F]flutemetamol uptake and neuropatho-
logical SOT assessments correlate best, as determined in biopsy samples 
from iNPH patients, and whether quantitative [18F]flutemetamol assessments 
are better at predicting pathology outcome than visual image assessments. 
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Paper VI 
To compare [18F]flutemetamol visual and quantitative assessments with the 
β-amyloid phase, neuritic plaque density and clinicopathologic status in 68 
autopsy cases. 
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Materials and methods 

Research participants 
All studies were conducted in accordance with the Declaration of Helsinki, 
and approved by regional ethics committees whereby all participating sub-
jects, or where applicable, their legal representatives, gave an informed con-
sent for their participation. 

Papers I and II were based on six Caucasian subjects recruited as part of 
the previously published Phase I study [97]. Three were elderly HV and 
three were clinically diagnosed as pAD. Paper III included eight elderly HV 
subjects and eight pAD of Japanese ethnicity, divided into two cohorts with 
different scanning protocols. Paper III also included a comparison with the 
subjects from the Caucasian Phase I study, including the six subjects from 
Papers I and II and an additional five elderly HV and five pAD, examined 
using a simplified scanning protocol as further detailed in the Study design 
section. The inclusion criteria for the HV subjects stated a Mini Mental State 
Examination (MMSE) score above 27 out of 30. The pAD subjects were 
required to fulfil the NINCDS-ADRDA criteria for pAD as well as the 
DSM-IV criteria for dementia of the Alzheimer’s type. The inclusion criteria 
for pAD also stipulated an MMSE between 18 and 26, a Clinical Dementia 
Rating of 0.5, 1 or 2 and a Modified Hachinski Ischemia score ≤ 4. 

Paper IV included fifteen patients having previously undergone a 24 h in-
tracranial pressure (ICP) monitoring and a brain biopsy due to suspected 
iNPH. The final clinical diagnosis of iNPH was based on all available clini-
cal data and the 24 h ICP monitoring and AD or MCI diagnoses were based 
on the NIA-AA criteria. 

Paper V is a pooled analysis of the study in Paper IV, and three additional 
studies of [18F]flutemetamol in iNPH subjects, for a total of 50 patients. All 
patients in Papers IV and V were above the age of 50. In two of the studies 
included in the pooled analysis, [18F]flutemetamol scanning was performed 
in subjects having already undergone the biopsy sample collection, for a 
total of 22 subjects. In the remaining two studies, including 28 subjects, 
[18F]flutemetamol scanning was performed in patients with suspected iNPH 
before the shunt placement procedure and biopsy sample collection. 

Paper VI included 68 subjects included in the previously published end-
of-life clinical Phase III trial [99]. Dementia, defined according to the DSM-
IV criteria, was noted as present or absent. Subjects were above the age of 
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55, terminally ill, and with a life expectancy of less than one year at the time 
of inclusion in the study. 

Study design 
Scanning procedures 
Papers I, II and III focused on the kinetic characteristics and quantification 
of [18F]flutemetamol, and studies performed in these subjects validated the 
use of a simplified scanning protocol and methods of quantification used in 
Papers IV, V and VI. Details of the scanning protocols are summarized in 
Figure 7. Subjects in Papers I and II underwent a dynamic PET scan together 
with arterial blood sampling used as input function in the kinetic modelling. 
The PET scans were acquired in list mode, and data were reconstructed into 
25 frames with an increasing frame length (4×30, 3×60, 4×180, 8×300 s). 
Arterial blood samples for radioactivity measurements in whole blood and 
plasma were collected every 10 s during the first minute, every 15 s up until 
3 min after injection and at 4, 8, 15, 30, 45, 60 and 90 min. In addition, arte-
rial blood samples were collected at 2, 5, 20, 60, 180 and 240 min for deter-
mining the percentage of radioactive parent compound and metabolites.  

In Paper III, Step A included three of the elderly HV and three pAD, who 
were scanned from the time of injection up to 150 min p.i. of 
[18F]flutemetamol, with a break between 30 and 60 min p.i. when the partic-
ipants were allowed to leave the scanner. The remaining five HV and five 
pAD were scanned from 80 min p.i., ending at 130 min p.i. (Step B). Data 
from the Japanese cohort was compared with that from the previously per-
formed Caucasian Phase I study, however, the only shared scanning window 
for all 32 subjects was between 80-90 min p.i. 

In Papers IV and V, [18F]flutemetamol PET scans were performed over 30 
min starting approximately 90 min p.i. Seven of the 15 subjects in Paper IV 
also underwent a dynamic [11C]PiB scan with a duration of 90 min, starting 
at the time of injection. Static summation images for estimation of [11C]PiB 
SUVR were limited to the time window between 40 and 70 min p.i.  

The target dose of [18F]flutemetamol was 185 MBq in all subjects in Pa-
pers I-V. In Paper VI, the scanning duration was limited to 10 min due to the 
condition of the end-of-life patients, and the target dose was increased to 370 
MBq in order to increase count statistics to maintain image quality in spite of 
shorter scan duration. The maximum total amount of injected cold 
flutemetamol was 10 µg for the 185 MBq target dose, administered in the 
antecubital vein over approximately 40 s. The mean injected dose of 
[11C]PiB in Paper IV was 473 MBq. 
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Figure 7. Overview of scanning protocols throughout the included papers.  
* Scanning in Papers I and II were performed with increasing frame length: 4'30, 
3'60, 4'180, 8'300 s. 

Subjects in Papers I-V also underwent a structural T1 MRI used for VOI 
definition and to exclude subjects with anatomical abnormalities. Most end-
of-life patients included in Paper VI were not able to undertake an MRI, but 
all subjects were scanned on PET/CT scanners, providing a high-quality CT 
for VOI definition. Those iNPH subjects in Paper V that had their shunt 
placement procedure after [18F]flutemetamol scanning also underwent a 
post-surgery CT in order to enable correct positioning of VOIs correspond-
ing to the biopsy sample location. 

Papers I-IV were single centre studies while Paper V was a pooled analy-
sis of four single centre studies. Paper VI was a multi-centre study with im-
aging performed at 12 imaging sites. All scanners were qualified prior to 
study start, and optimal reconstruction settings for each imaging site, includ-
ing corrections for attenuation, random counts and scatter, were determined 
using phantom scanning. Most sites used iterative 2D reconstruction with a 
Gaussian post-reconstruction filter, resulting in a uniform spatial resolution 
of 5-7 mm FWHM. 

Radiochemistry 
The investigational product [18F]flutemetamol was manufactured according 
to both good manufacturing practice and GE Healthcare procedures at Trac-
erLab-FX (Papers I and II) or FASTlab chemistry platforms (Papers III-VI) 
and tested for chemical and radiochemical purity using high-performance 
liquid chromatography. The [11C]PiB injections used in Paper IV were man-
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ufactured according to local procedures and good manufacturing practice at 
Turku PET Centre, Turku, Finland. 

Tissue analysis 
Biopsy procedures 
The biopsy samples used in Papers IV and V were taken using a biopsy for-
ceps or a 14-gauge biopsy needle from the site of insertion of the intra-
ventricular catheter. The site of biopsy sampling was either the right pre-
frontal or parietal cortex, in keeping with local neurosurgical procedures.  

The biopsy samples were fixed in formalin and embedded in paraffin and 
divided into up to 50 serial sections, 5 or 6 µm thick, depending on the sam-
ple size. Tissue sections were assessed using three staining techniques: 4G8 
IHC (Prod No. SIG-39220, Covance, USA) for the automated determination 
of the percentage area of β-amyloid in grey matter, and semi-quantitative 
histochemical (HC) assessment using Thioflavin S and BSS. Using the latter 
two assessments, plaques were counted and scored by independent neuropa-
thologists blinded to all other data, using a modification of the CERAD crite-
ria 4-point scale with the scoring of 0 = no plaques, 1 = sparse plaques (1 to 
5 plaques), 2 = moderate plaques (6 to 19) and 3 = frequent plaques (≥20). 
Thioflavin S and BSS were dichotomized into normal and abnormal, where a 
score of 2 and 3 were considered abnormal. In Paper V, 4G8 assessments 
were also dichotomized using a cut-off of 2.5%. In one of the studies includ-
ed in the pooled analysis in Paper V, Thioflavin S and BSS were assessed 
using a different scale, and the samples of the 7 subjects included in this 
study were therefore not part of the pooled analysis. The time between biop-
sy and PET procedure in the studies where biopsy had been performed prior 
to [18F]flutemetamol scanning ranged from 3 to 45 months, and approxi-
mately 3-8 weeks in the studies where the [18F]flutemetamol scan was per-
formed before the biopsy.  

Autopsy procedures 
Brains were collected post mortem, fixed in formalin and cut in coronal slic-
es. Paraffin sections 5 µm in thickness were then taken from frontal, parietal, 
temporal, and occipital cortices, as well as the entorhinal cortex, hippocam-
pus, basal ganglia, thalamus, amygdala, midbrain, pons, medulla oblongata 
and cerebellar tissue blocks, and assessed using 4G8 IHC (Prod No. SIG-
39220; Covance, USA) and BSS. The sections were also assessed for other 
pathological hallmarks, including hematoxylin and eosin staining for general 
neuropathological assessment, abnormal phosphorylated tau using AT8 IHC 
(Prod No. MN1020, Thermo Scientific, UK), α-synuclein IHC (Prod No. 
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NCL-L_ASYN, Leica Biosystems, UK) and ubiquitin IHC (Prod No. Z0458, 
DakoCytomation, UK). This enabled the classification of subjects into diag-
noses such as DLB, CAA, and tauopathies e.g. frontotemporal lobar degen-
eration with tau inclusions (FTLD-tau) including progressive supranuclear 
palsy and Pick’s disease, in addition to AD. 

Staging of β-amyloid pathology was determined as follows: phase 0 = 
none, phase 1 = deposition of β-amyloid exclusively in the neocortex, phase 
2 = deposition additionally in the allocortex, phase 3 = deposition additional-
ly in diencephalon, phase 4 = deposition additionally in the brainstem and 
phase 5 = deposition additionally in the cerebellum [52,119]. In 32 subjects, 
the percentage area of β-amyloid in grey matter was determined using 4G8.  

Subjects were also assessed based on the stage of NFT pathology [51], 
with a neuropathological diagnosis of AD performed according to the NIA-
AA guidelines [120]. The scan to death interval ranged between 0 and 397 
days, with a median of 78 days. 

Efficacy analysis 
Using pathology assessment as SOT, each subject in Papers IV and V was 
classified into one of the following: true positive (TP), false negative (FN), 
true negative (TN) or false positive (FN) as described in Table 2. The diag-
nostic efficacy parameters sensitivity, specificity, accuracy, positive predic-
tive value (PPV) and negative predictive value (NPV) for [18F]flutemetamol 
were then estimated using these classifications, as described in Table 3.  

 

Table 2. Classification scheme of subjects using pathology as standard of truth 

[18F]flutemetamol PET outcome Pathology standard of truth 

 Abnormal Normal 
Abnormal True positive (TP) False positive (FP) 
Normal False negative (FN) True negative (TN) 

 

Table 3. Definitions of diagnostic efficacy parameters 

Metric Definition 

Sensitivity TP / (TP + FN) 
Specificity TN / (TN + FP) 
Accuracy (TP + TN) / (TP + FN + TN + FP) 
Positive predictive value (PPV) TP / (TP + FP) 
Negative predictive value (NPV) TN / (TN + FN) 
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Clinicopathologic classification of end-of-life patients 
As part of Paper VI, end-of-life patients were classified according to their 
cognitive status at the time of inclusion combined with the neuropathological 
assessment: 

 
• Symptomatic AD: demented patients with at least intermediate AD pa-

thology according to the NIA-AA criteria 
• AD-type mixed dementia: patients with dementia where other dementia-

related pathology were apparent together with intermediate or high de-
grees of AD pathology according to the NIA-AA criteria 

• Non-AD dementia: patients with dementia but without intermediate or 
high degrees of AD pathology according to the NIA-AA criteria, includ-
ing patients with vascular dementia, DLB and FTLD-tau  

• p-pre-AD: non-demented patients with AD pathology 
• Non-AD controls: no AD pathology and non-demented 

Image data analysis 
Image processing 
The first step of the image processing, consistent throughout all included 
papers, was to correct for subject movement during the scan using a rigid 
frame-to-frame realignment procedure [121] performed in VOIager, version 
2.0.5 (Papers IV, V and VI) or version 4 (Papers I, II and III) (GE Healthcare 
Ltd., Uppsala, Sweden). 

In Papers I and II, PET and MRI were co-registered by means of an early 
summation image of frames 2-10 using Statistical Parametric Mapping 
(SPM5; Wellcome Trust Center for Neuroimaging, University College of 
London, London, UK).  

The MRI data in Papers III, IV and V were manually realigned in order to 
resample the data to have the transverse planes parallel with the line con-
necting the anterior and posterior commissure. Dynamic data of Paper III 
and summation PET images, for all [18F]flutemetamol frames and 40-70 min 
for [11C]PiB, in Papers IV and V were then co-registered to the realigned 
MRI. The purpose of the manual realignment was to achieve a uniform ori-
entation of all images for the blinded visual image assessment of images in 
Papers IV and V, further described below, and to achieve an optimized start-
ing point for spatial normalization. Anatomical images in Papers III-VI were 
spatially normalized to the Montreal Neurological Institute (MNI) MRI T1 
template using a polynomial non-linear registration, and transformation pa-
rameters were also applied to the co-registered PET data, to allow for appli-
cation of a predefined VOI template in standard space [122].  
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For quantification purposes the previously described steps were per-
formed also for data in Paper VI. However, realignment of image data for 
the visual assessment was performed as part of the assessment. 

Blinded visual image assessments 
Visual assessments of the summation data included in Papers IV and V were 
performed by three experienced nuclear physicians blinded to clinical and 
pathological information, after having undergone training of the read meth-
odology with an instructor.  

In Paper VI, involving end-of-life patients, five nuclear medicine physi-
cians or radiologists with no previous experience of β-amyloid PET imaging 
underwent training for visual assessments by means of an electronic training 
program. The readers were blinded to all clinical and pathological infor-
mation and rated the images as normal or abnormal with respect to 
[18F]flutemetamol uptake, as a proxy for β-amyloid status, together with the 
CT of each subject. Prior to the read, the PET and CT images were realigned 
into a plane where the transversal slices were approximately parallel to the 
line connecting the anterior and posterior commissure by external nuclear 
medicine technicians, also trained with the electronic training program on 
how to identify the correct orientation. 

All visual assessments were performed centrally on Xeleris workstations 
(GE Healthcare Medical Systems, Milwaukee, USA). All images were rated 
as normal or abnormal with respect to [18F]flutemetamol grey matter uptake 
pattern. 

VOI definitions 
Probabilistic grey matter segmented VOIs 
In Papers I and II, VOIs were defined based on a segmentation of grey and 
white matter using a dedicated software, PVElab [33]. This software trans-
forms a VOI template into patient space through a non-rigid transformation 
and uses MRI information to segment the VOIs into grey and white matter. 
Cerebellar cortex was included for validation as reference region in both 
Papers I and II as well as sixteen grey matter regions averaged across the 
two hemispheres: superior frontal cortex, medial inferior frontal cortex, or-
bitofrontal cortex, dorsolateral prefrontal cortex, ventrolateral prefrontal 
cortex, superior temporal cortex, medial inferior temporal cortex, insula, 
parietal cortex, thalamus, sensory motor cortex, putamen, caudate, anterior 
cingulate and posterior cingulate. Examples of PVElab MRI-segmented 
VOIs are shown in Figure 8 A. In Paper II, all grey matter regions of the 
template were combined into one large VOI, and compared to the total white 
matter as defined by the segmentation. 



 38 

VOIs could then be applied to the dynamic PET data for extraction of 
TACs used in the regional kinetic modelling, or to parametric images 
providing an average parameter estimate of the voxels included. 

MNI template space VOIs 
In Papers III-VI, a pre-defined template of VOIs in MNI space was used, 
including five cortical VOIs covering anatomical regions known to be af-
fected by β-amyloid accumulation in AD: prefrontal cortex, anterior cingu-
late, lateral temporal cortex, parietal cortex and precuneus plus posterior 
cingulate, shown in Figure 8 B.  

 
Figure 8. A) MRI segmented grey matter VOIs from PVElab. B) MNI template 
space VOIs, fr = frontal cortex, ac = anterior cingulate, pa = parietal cortex, poc = 
posterior cingulate and precuneus, tp = lateral temporal cortex. C) Left: Post-surgery 
CT and pre-surgery PET/MRI overlay with biopsy VOIs as outlined in patients hav-
ing [18F]flutemetamol scan performed before the shunt placement procedure. Right: 
Post-surgery MRI and PET/MRI overlay with biopsy VOIs as outlined in patients 
having [18F]flutemetamol scan performed after the shunt placement procedure. 
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Paper III also included analysis of medial temporal cortex, sensory motor 
cortex, occipital cortex, striatum and the subcortical white matter. Cerebellar 
cortex was used as reference region, but pons was also included as an alter-
native reference region. In biopsy and end-of-life patients, VOIs were manu-
ally adjusted for atrophy and, in the case of iNPH subjects that had an insert-
ed intraventricular shunt at the time of PET scanning, for the shunt itself. In 
addition to the separate anatomical VOIs, a global estimate was achieved by 
combining prefrontal cortex, anterior cingulate, lateral temporal cortex, pari-
etal cortex, precuneus and posterior cingulate into one VOI, called the com-
posite VOI. 

VOIs were applied to the dynamic data part of Paper III, for extraction of 
TACs used in kinetic modelling, or to summation images in Papers IV-VI 
for estimation of SUVR.  

Biopsy VOIs 
For definition of VOIs corresponding to the biopsy sample collected in Pa-
pers IV and V, the image data were reoriented so that the VOIs could be 
defined in plane with the shunt. In those subjects where [18F]flutemetamol 
and MRI were performed after the shunt placement, a VOI was defined sur-
rounding the sampled area, i.e. surrounding the shunt. In subjects undergoing 
[18F]flutemetamol scanning and MRI prior to shunt placement, the post-
surgery CT was used to locate the biopsy sampling area and the VOI defined 
on the exact location. In addition to the ipsilateral VOI corresponding to the 
sampling location, a VOI in the matching location on the contralateral side 
was defined in all subjects. Illustrations of the outlining of biopsy VOIs are 
shown in Figure 8 C. 

Partial volume effects correction 
In addition to VOI definition, PVElab was also used for correction of PVE in 
Paper II, where the effect of PVE on the quantification of tracer uptake was 
investigated. TAC data was corrected using the modified Müller-Gärtner 
method [28]. 

Kinetic modelling 
In Papers I and II where arterial blood sampling had been performed, a 2-TC 
[9] was used for estimation of the tracer binding through non-linear least 
squares curve fitting, using a metabolite-corrected plasma input function. 
The appropriateness of this model in describing the tracer uptake had previ-
ously been demonstrated [97]. BPND for each region was estimated both di-
rectly and indirectly as DVR-1 [14]. The compartment model-based binding 
estimates were considered the gold standard and the other models were com-
pared against them. Clearance rates estimated from 2-TC were used to con-
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firm the validity of the basis functions used in the parametric models. VOI-
based analysis was also performed using SRTM [14]. In Paper III, the appli-
cation of SUVR in Japanese subjects was investigated and validated against 
reference Logan DVR-1, fitting over 60-150 min [19]. All kinetic modelling 
was performed using in-house developed MATLAB (The Mathworks Inc., 
Natick, USA) implementations of published and referenced methods. 

Spectral analysis 
The kinetic components of [18F]flutemetamol uptake in grey matter, white 
matter and cerebellar cortex were identified using SA with and without cor-
rection for PVE. Fifty basis functions were used with predetermined β, loga-
rithmically distributed between 0.0111 and 2 min-1, returning the peak height 
αi. The lower boundary is equal to 1/T where T is the scanning duration of 90 
min [24]. The basis functions were divided into kinetic components based on 
clusters in the peak distribution across all subjects. The volume of distribu-
tion for each component was estimated as Vj=Σ αi/βi, i.e. the sum of each of 
the i basis functions within the component, as well as the percentage contri-
bution of each Vj to the total VT (%Vj). Differences in grey and white matter 
properties were identified in the six subjects divided based on uptake pattern, 
and used as a method for potential discrimination of uptake type in the crea-
tion of parametric images.  

Parametric images 
Parametric maps studied in Paper I were generated using in-house developed 
MATLAB based implementations of the following models: three multilinear 
reference tissue models (MRTMo, MRTM and MRTM2) [20,21], RPM 
[14,26] and RPM2 [18], as well as voxel-based reference Logan over 50-90 
min [19]. A voxel-based representation of SUVR was also created for the 
summation image over 70-90 minutes. Cerebellar grey matter was used as 
reference region in all models. 

For RPM and RPM2, 50 basis functions with logarithmically spaced 
clearance rates ranging between 0.012 and 0.6 min-1 were used. These 
boundaries were compared to the clearance rates estimated during the VOI-
based 2-TC analysis of all subjects. 

As the target-to-reference region ratio could not be assumed to be con-
stant during the time window studied, the k2’ for the cerebellar cortex VOI 
was determined graphically using plasma input Logan. Parametric reference 
Logan images were created with and without inclusion of the k2’ to assess 
the impact of this correction [19]. The included k2’ was either individually 
determined or based on the cohort mean. 

Due to the sensitivity of parametric methods to noise, in graphical anal-
yses especially [13], an isotropic Gaussian filter of 5 mm was applied to the 
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dynamic reconstructed data before estimation of parametric images and 
compared to no additional smoothing [123]. No additional pre-filter was 
applied to SUVR, as it does not suffer from noise impact on model fitting in 
the same way as the parametric models. VOIs were applied to the parametric 
images and the results compared with 2-TC estimates. 

As part of Paper II, parametric images were created using voxel-based SA 
with five basis functions, with β logarithmically distributed between 0.0111 
and 2 min-1. VOIs were applied to the parametric SA images and the results 
compared with VOI SA estimates. Following the definition of the unique 
properties of grey matter and white matter as identified by the VOI-based 
SA, voxels were classified as typical grey matter or white matter and two 
parametric images for each subject were created, one including only the 
voxels classified as grey matter and one including only voxels classified as 
white matter. For each unique voxel, VT was estimated in each respective 
parametric image. In addition, parametric images were created containing 
only the component hypothesized to be specific for the binding to β-amyloid 
in grey matter: one parametric image containing all voxels, and one contain-
ing only voxels classified as grey matter. 

Simulation studies 
The validity of different kinetic models in the estimation of 
[18F]flutemetamol was tested through simulations, where TACs were gener-
ated for target and reference regions representing typical [18F]flutemetamol 
kinetics using a typical plasma input curve and the plasma input reversible 2-
TC [9]. Parameter values were based on the clinical data. A noise level of 
2% or 10%, corresponding to noise levels present in VOI TACs or single 
voxel TACs, was added to the simulated target signal, whereas a noise level 
of 2% was added to the simulated reference region TAC. The models tested 
were the 2-TC estimation of BPND, directly and as DVR-1, a curve fitting 
model (SRTM), a graphical model (reference Logan) and a basis function 
model (RPM). One hundred TACs with added noise were generated, and the 
bias and coefficient of variation (CoV), representing the accuracy and preci-
sion of BPND and/or DVR-1, were used for evaluation. In addition to this, 
simulated SUVR was estimated for the time interval 70-90 min. To test the 
correlation between true BPND or DVR-1 and the different simplifications, 
100 different BPND and DVR-1 levels randomly chosen between 0.38 and 
1.14 were simulated and the coefficient of determination (R2) and slope be-
tween the different binding estimates were computed. 

The impact of PVE on the quantification of [18F]flutemetamol uptake by 
means of SA was investigated through simulations. Digital phantom scans 
were created by using grey/white matter segmented MR images from one 
representative [18F]flutemetamol negative and one positive subject, assuming 
homogenous tracer uptake within grey matter, white matter and cerebellar 
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cortex. Characteristics of tracer uptake were based on plasma input functions 
and kinetic parameters of the three tissue types from SA as performed in the 
two subjects. PVE were simulated by applying smoothing using a Gaussian 
point spread function of 7 mm FWHM on the digital phantom, achieving a 
similar level of spatial resolution as the experimental data. TACs were gen-
erated for the original and smoothed digital phantom and quantified using 
SA as previously described. The recovery was estimated through comparison 
of the radioactivity concentration in each tissue type before and after 
smoothing and the effects of PVE on the digital phantoms were assessed by 
comparison of the original and smoothed data. 

Statistical analyses 

Paper I 
Performance of the various parametric methods was determined based on 
comparisons with VOI-based 2-TC estimates as the gold standard, providing 
an estimate of the strength of the relationship between the two using the 
coefficient of determination (R2), slope and intercept. Accuracy and preci-
sion of different models were estimated through simulations with CoV and 
bias as outcome, compared to 2-TC as gold standard. 

Paper II 
The validity of the application of SA to [18F]flutemetamol data was assessed 
through comparisons with VOI-based 2-TC as gold standard. The applica-
tion of a voxel-based SA was then correlated to VOI-based SA. Both anal-
yses were done using Pearson’s correlation coefficient (r) as an estimate of 
the associational strength. Effects of PVE correction were assessed using 
Student’s t-test, with a p-value < 0.05 considered statistically significant. 

Paper III 
The relationship between reference Logan estimated DVR and SUVR were 
evaluated using Pearson’s correlation coefficient (r) as an indicator of the 
strength of the association. Differences in regional SUVR between HV and 
pAD, and between populations, were evaluated using a Student’s t test, with 
a p-value < 0.05 considered statistically significant. 

Paper IV 
Pearson’s correlation coefficient (r) was used as an estimate of the strength 
of the correlation between [18F]flutemetamol SUVR in the ipsilateral, contra-
lateral and composite VOI vs. 4G8 estimated β-amyloid percentage area and 
for the correlation between [18F]flutemetamol and [11C]PiB (p < 0.05 consid-
ered statistically significant). A regression model analysis including time 
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between biopsy and PET scan was also performed. Visual assessment of 
[18F]flutemetamol data was compared to dichotomized pathology assess-
ments (BSS, Thioflavin S and overall pathology assessment) for the majority 
outcome of the visual read, and efficacy parameters were calculated. 

Paper V 
Four different SOTs were defined (4G8 percentage area, BSS, Thioflavin S 
and overall pathology) and compared to six types of quantitative estimates of 
[18F]flutemetamol uptake (ipsilateral, contralateral and composite SUVR 
using cerebellar cortex (SUVRCER) or pons (SUVRPONS)  as reference re-
gion), resulting in 24 pairs of SOT vs. [18F]flutemetamol uptake. Receiver 
operating characteristic (ROC) analyses were performed for each pair. Based 
on the Youden index, the optimal threshold for SUVR dichotomization was 
determined and using that threshold, the efficacy parameters were estimated 
for each pair.  

The performance of visual assessments vs. quantitative assessments of 
[18F]flutemetamol was investigated using the McNemar test and the sum of 
sensitivity and specificity as a measurement of overall performance.  

Paper VI 
A logistic regression model, controlling for age, sex and scan-death interval 
was used to investigate the influence of β-amyloid phase and NFT stage on 
[18F]flutemetamol visual assessment outcome. The correlation between the 
4G8 estimated β-amyloid percentage area and composite SUVR was as-
sessed using Pearson’s correlation coefficient (r) as outcome. A binary lo-
gistic regression model, also controlling for age, sex and scan-death interval, 
was used to investigate the relationship between visual assessments and the 
clinicopathologic classification. Analysis of variance (ANOVA) was used to 
study the impact of β-amyloid phase and clinicopathologic classification on 
[18F]flutemetamol SUVR, corrected for multiple testing using Games-
Howell post hoc test. Ability to distinguish p-pre-AD from non-demented 
control subjects based on visual assessments was investigated using Fisch-
er’s exact test, and based on SUVR using ANOVA. 
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Results 

Kinetic properties of [18F]flutemetamol 
Basic quantification of [18F]flutemetamol uptake 
The kinetics of [18F]flutemetamol were well described by the 2-TC, using 
both direct and indirect estimation (DVR-1) of BPND. Summation images 
and the estimated BPND in the orbitofrontal cortex for the six subjects includ-
ed in Papers I and II are shown in Figure 9. According to the Akaike infor-
mation criterion, SRTM resulted in the best fits to experimental data. The 
correlation with the 2-TC estimates, however, was low.  

In Step A of Paper III, SUVR over 85-115 min showed a high correlation 
with DVR estimated using cerebellar reference-based Logan applied to the 
60-150 minute time window (Pearson’s r = 0.97). 

Group comparisons 
The discriminating abilities of [18F]flutemetamol PET were investigated by 
pooling all Japanese subjects from Step A and Step B in Paper III. Visually, 
the images showed an increased level of intensity in cortical regions for the 
pAD subjects compared to the HV subjects, except in three pAD subjects 
from the Step B cohort, which had a typical negative uptake pattern. SUVR 
for the time window 85-115 min was significantly raised in nearly all of the 
cortical areas in the pAD subjects compared with HV subjects, except in the 
medial temporal cortex (p = 0.426). The striatal and composite SUVR were 
also significantly raised in pAD (p = 0.001 and p = 0.002, respectively) 
whereas pons and subcortical white matter SUVR were not (p = 0.392 and p 
= 0.167, respectively). 

Population based analysis 
There were no significant differences comparing SUVR over 80-90 min 
between Japanese and Caucasian HV or Japanese and Caucasian pAD, (p-
value range: 0.07 - 0.88), after exclusion of pAD subjects with negative up-
take pattern and one Caucasian HV with a positive uptake pattern. 
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Figure 9. Summation images of the six subjects included in Papers I and II. Subjects 
P1-P3 had a clinical diagnosis of pAD, whereas subjects P4, N1 and N2 were cogni-
tively normal HV subjects. The graph in the lower right corner shows the BPND of 
the orbitofrontal cortex for all subjects, estimated with 2-TC. Diamonds (◇) indicate 
subjects with [18F]flutemetamol positive uptake pattern and triangles (△) subjects 
with a [18F]flutemetamol negative uptake pattern. 

Comparison between [18F]flutemetamol and [11C]PiB 
Seven patients in Paper IV underwent both a [18F]flutemetamol and a 
[11C]PiB scan. A significant correlation was found between [18F]flute-
metamol and [11C]PiB SUVR in the composite VOI as well as in VOIs ipsi-
lateral and contralateral to the biopsy site (Pearson’s r = 0.97, r = 0.83 and r 
= 0.92, respectively). 

Spectral analysis for characterization of tracer binding 
SA estimates of DVR-1 in 16 grey matter VOIs, using cerebellar cortex as 
reference region without correction for PVE, correlated well with 2-TC 
DVR-1 estimates (Pearson’s r = 0.98, slope = 1.04). 

Three main categories of kinetic components were identified in the uptake 
of [18F]flutemetamol using SA, both in negative (n = 2) and positive subjects 
(n = 4). The categories were defined, ranging from slow to fast, as A: β ≤ 
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0.0111 min-1, B: β ranging from 0.0124 to 0.1748 min-1 and C: β ranging 
from 0.267 to 2 min-1, with VA, VB and VC being the volume of distribution 
of each component. 

The contribution of the components to VT in the data corrected for PVE 
did not differ between the negative and positive subjects in cerebellar cortex 
or white matter. In the cerebellum, component A was not detected while 
component B was dominant (%VB = 97.7% ± 1.1). In contrast, component A 
was dominant in white matter (%VA = 90.0% ± 4.4), followed by component 
B (%VB = 9.6% ± 4.2). 

Component A was absent in the grey matter of the two [18F]flutemetamol 
negative subjects, and approximately 100% of VT was from component B, 
similar to cerebellar cortex. In three of the four [18F]flutemetamol positive 
subjects, however, %VA in grey matter varied between 21 and 42%, whereas 
component A was absent in the fourth positive subject. The contribution of 
component C was negligible in all tissue types. 

Impact of partial volume effects 
Correction of [18F]flutemetamol uptake for PVE resulted in an increase of VT 
in cerebellar cortex by 14% ± 0.4 (p < 0.001), but did not affect the relative 
contribution of the different components; also without PVE correction com-
ponent B represented the entire VT. PVE correction had no significant effect 
on VT in white matter, however %VA increased (p < 0.001) and %VB de-
creased (p < 0.001) compared to uncorrected data. No significant change in 
VT was observed in grey matter either, however %VA decreased (and was 
removed completely in two subjects, p = 0.03) while %VB increased (p = 
0.03), opposite to the effect in white matter.  

Discrimination of tissue types 
A threshold for discrimination of grey and white matter was defined as the 
midpoint between white matter and grey matter average contribution of 
component A. This was expressed as the number of standard deviations of 
%VA in data uncorrected for PVE in grey and white matter: 

 
 

Threshold = %V!  
!"   −     

%V!!" −%V!!"

SD!" + SD!"
∙ SD!" (5) 

The threshold estimated was 0.69, i.e. a %VA higher than 69% classifies data 
as white matter. 

Parametric images of [18F]flutemetamol uptake 
The grey matter VOI averages from each parametric image were compared 
to 2-TC DVR-1. Arterial input Logan was used to estimate the k2’ in cerebel-
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lar cortex, with a cohort mean of 0.049 ± 0.010 min-1 (range 0.036 - 0.074 
min-1). The inclusion of k2’ in the generation of reference Logan parametric 
images had no major effect on slope and intercept, although the highest R2 
was achieved when including each subject’s individual k2’, compared to 
approximating the k2’ with the cohort mean or without correction for k2’. 
Clearance rates determined with 2-TC ranged between 0.033 and 0.13 min-1, 
thus covered well by the definition of basis functions in the RPM methods. 

Pre-filtering of the dynamic data improved the correlation with 2-TC for 
all multilinear reference models, as well as for the reference Logan where k2’ 
was based on the cohort mean. Correlation of basis function methods RPM 
and RPM2 with 2-TC decreased slightly after pre-filtering was applied. 

High correlations were found between 2-TC and the parametric methods 
for pre-filtered MRTM2, reference Logan with individual k2’ (with and 
without pre-filter), pre-filtered reference Logan with cohort mean k2’, fol-
lowed by RPM and SUVR without pre-filter, with R2 ranging from 0.95 to 
0.98. Slopes of the regression line for these models ranged from 0.89-1.08, 
with the exception of SUVR, which had a slope of 1.22. This supports the 
use of SUVR as a simplified means for quantification of [18F]flutemetamol, 
validated previously by Nelissen et al. [97], also in a voxel-wise approach. 
The parametric images of the different models from a subject with pAD are 
shown in Figure 10, selecting either the unfiltered or pre-filtered version of 
each model that had the highest correlation to 2-TC quantification.  

VT extracted from the 16 grey matter regions and cerebellar cortex ap-
plied to the SA parametric images using 5 basis functions correlated well 
with VT from VOI-based SA using 50 basis functions without correction for 
PVE (Pearson’s r = 0.97, slope = 0.99). There was a significant correlation 
between the voxel-based estimation of DVR-1 using cerebellar cortex as 
reference region and VA across subjects and regions (Pearson’s r = 0.68, p < 
0.0001). The voxel-based DVR-1 also correlated well across all subjects 
with voxel-based BPND using RPM (Pearson’s r = 0.93, slope = 0.85). 

For adaptation of the VOI-based threshold to voxel-based analysis, itera-
tions were made starting with the VOI-based threshold, with the aim of find-
ing a threshold that did not over-classify grey matter voxels as white matter 
and vice versa, as compared to MRI segmentation. %VA = 60% was chosen 
as a threshold for generation of parametric images. Five parametric images 
were created: 
• VT – SA estimated VT in all voxels 
• VA – VT of component A in all voxels 
• VT

GM – SA estimated VT in voxels with %VA < 60% (grey matter voxels) 
• VT

WM – SA estimated VT in voxels with %VA ≥ 60% (all voxels) 
• VA

GM – VT of component A in voxels with %VA < 60% (grey matter 
voxels) 

Examples of VT, VA, VT
GM, VT

WM and VA
GM are shown in Figure 11 for rep-

resentative [18F]flutemetamol negative and positive subjects.  
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Figure 10. Examples of parametric images from a pAD subject using methods stud-
ied in Paper I. Images are either pre-filtered or without applied pre-filter based on 
which of the two correlated best with 2-TC quantification as indicated in the figure. 
Top row: multilinear reference tissue model images (from left to right): MRTMo, 
MRTM and MRTM2. Middle row: reference Logan images (from left to right): with 
correction for k2’ using individually estimated values, using cohort mean of k2’ and 
without correction for k2’. Bottom row (from left to right): RPM, RPM2 and SUVR 
over 70-90 min. 

Simulation studies 
The estimated parameters from the 2-TC modelling were used as input for 
the simulation studies. When noise was added corresponding to the noise in 
VOI TACs, strong correlations were seen between the true values and the 
model estimates for RPM, SUVR and reference Logan as well as the 2-TC  
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Figure 11. Examples of SA parametric images showing (from left to right): VT, VT 
from only the slow component A (VA), VT in voxels classified as grey matter, VT in 
voxels classified as white matter and VT from only the slow component A in voxels 
classified as grey matter in A) a [18F]flutemetamol negative subject without apparent 
β-amyloid accumulation and B) in a [18F]flutemetamol positive subject. 

BPND and DVR-1 (RPM R2 = 0.99, SUVR R2 = 0.97, reference Logan R2 = 
0.96, 2-TC BPND R2 = 0.94 and 2-TC DVR-1 R2 = 0.91). SRTM, however, 
performed poorly (R2 = 0.18), failing to find an appropriate fit of the model 
to the data in approximately 50% of the simulations. The highest accuracy 
was found for the target-to-reference-ratio (SUVR-1) and reference Logan, 
compared to SUVR-1 and DVR-1, respectively. 

With a higher noise level added, reflecting the noise of a voxel TAC, the 
correlation was lower across all models demonstrating the main challenge 
with parametric imaging. RPM showed the highest correlation, followed by 
SUVR and reference Logan.  

The simulations of PVE in Paper II using Gaussian smoothing had similar 
effects on the positive and negative phantom image, resulting in a recovery 
of 64% and 68% in grey matter, 68% and 71% in white matter and 79% and 
77% in cerebellar cortex in the positive and negative phantom, respectively. 

PVE resulted in a 21% decrease of VT, estimated using SA in grey matter 
in the positive phantom, but only 6% decrease in the grey matter of the nega-
tive phantom. VT of white matter decreased with 7% in the positive phantom 
and 12% in the negative phantom due to simulated PVE. VT in cerebellar 
cortex decreased with 5% in the positive phantom and 9% in the negative 
phantom. The %VA increased from 38 to 44% in grey matter of the positive 
phantom, and from 0 to 32% in the negative phantom. In white matter the 
%VA decreased from 82 to 71% in the positive phantom, and from 92 to 81% 
in the negative phantom. 
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Validation of [18F]flutemetamol with neuropathology  
In vivo cortical biopsies  
[18F]Flutemetamol quantitative assessment vs. histopathology 
The contralateral, ipsilateral and composite SUVR was significantly associ-
ated with the biopsy sample β-amyloid level, determined as the percentage 
of brain tissue section staining positive for β-amyloid with 4G8 (Pearson’s r 
= 0.86, r = 0.82 and r = 0.85, respectively) in the 15 patients with iNPH in-
cluded in Paper IV. Time between biopsy and PET imaging did not signifi-
cantly affect β-amyloid levels. 

In Paper V, all data from four pooled studies were included. The SUVR 
type with the largest area under the ROC curve (ROC AUC) was the compo-
site SUVRCER for three of the four SOTs (overall pathology ROC AUC = 
1.00, BSS ROC AUC = 0.98, and Thioflavin S ROC AUC = 0.95). For the 
fourth pathology SOT, the 4G8 percentage area, the ipsilateral SUVRCER had 
the largest ROC AUC (0.85). All ROC curves are shown in Figure 12. 

The composite SUVRCER vs. overall pathology also had the largest 
Youden index (1.00). For the other three pathology SOTs, the SUVR types 
with the largest Youden index were the contralateral SUVRPONS vs. BSS 
(0.93), the composite SUVRCER vs. Thioflavin S (0.84), and contralateral 
SUVRCER vs. 4G8 (0.68). 

The maximum Youden indices were used to define the optimal SUVR 
cut-off for estimation of sensitivity and specificity of each SUVR/SOT pair. 
The numbers of FN and FP results were lowest using the overall pathology 
SOT, and 100% PPV were only found using the overall pathology SOT (in 
ipsilateral and composite SUVRCER, and composite SUVRPONS). The propor-
tions of FP were substantially greater than the proportions of FN for each of 
the 3 stains individually. 

The SUVR type with the highest sum of sensitivity and specificity for 
each SOT was composite SUVRCER vs. overall pathology (2.00), contrala-
teral SUVRPONS vs. BSS (1.93), composite SUVRCER vs. Thioflavin S (1.84), 
and contralateral SUVRCER vs. 4G8 (1.68). Using 4G8 as SOT, 
[18F]flutemetamol had a high sensitivity with all SUVR types (> 88.9%), 
similar to that for the other pathology SOTs, but specificity was low (50.0 - 
86.5%) as were accuracy and PPV. All SUVR types had a 100% NPV com-
pared to BSS SOT, with composite SUVRCER showing 100% accuracy for all 
SOTs, except 4G8. 

[18F]Flutemetamol visual assessment vs. histopathology 
Four of the 15 patients in Paper IV had abnormal levels of β-amyloid accord-
ing to the overall pathology assessment and visual assessment of 
[18F]flutemetamol images. Using the overall pathology assessment as SOT, 
the visual assessment demonstrated 100% sensitivity and 100% specificity. 
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The tissue sections of one of the subjects could not be evaluated using 
BSS. In the remaining 14 subjects, the sensitivity was 100% and the speci-
ficity was 91% by visual assessment when BSS sections were used as SOT. 
With Thioflavin S used as SOT, the visual assessment had 67% sensitivity, 
and a specificity of 100%. 
In the pooled analysis in Paper V, comparison of the performance of visual 
and quantitative assessment of [18F]flutemetamol was shown to be dependent 
on the choice of SOT. The sum of sensitivity and specificity was greater for 
visual assessment than for all of the six SUVR types when using BSS as the 
SOT. However, with 4G8 or Thioflavin S used as SOT, the sum of sensitivi-
ty and specificity was greater for SUVR than visual assessment for all or the 
majority of the SUVR types (6/6 for 4G8, 5/6 for Thioflavin S). The visual 
assessment had significantly better specificity than four SUVR types com-
pared to 4G8 SOT, and one compared to Thioflavin S. However, higher sen-
sitivity using SUVR resulted in a higher sum of sensitivity and specificity 
for the quantitative assessments. Using overall pathology as the SOT, per-
formance of visual and quantitative assessments were similar, with the sum 
of sensitivity and specificity of the visual assessment higher than two, lower 
than two, and equal to two of the six SUVR types. 

 

 
Figure 12. Receiver operating characteristics curves for each of the four pathology 
SOTs and six SUVR types, A) 4G8 IHC, B) BSS, C) Thioflavin S and D) overall 
pathology assessment. Purple: ipsilateral, black: contralateral and red: composite 
SUVRCER. Green: ipsilateral, orange: contralateral and blue: composite SUVRPONS. 
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Post mortem tissue sampling 
[18F]Flutemetamol visual assessments 
Positive [18F]flutemetamol visual assessments were associated with high 
Braak-NFT stages, high CERAD neuritic plaques scores and intermediate to 
high degrees of AD pathology according to the NIA-AA criteria. Subjects 
with a negative [18F]flutemetamol visual assessment showed no or low de-
grees of NFT and neuritic plaque pathology as well as no or low degrees of 
AD pathology according to the NIA-AA criteria. All β-amyloid phase 5 cas-
es and most phase 4 were rated as positive in the visual assessment of 
[18F]flutemetamol images, whereas all subjects with β-amyloid phase 0, 1, 
and 2 were rated as negative. A third of the subjects with β-amyloid phase 3 
were rated as positive. The total number of subjects, as well as the number of 
positive and negative reads, within β-amyloid phases and according to clini-
copathologic status are summarized in Table 4. 

Positive [18F]flutemetamol visual assessments were obtained in all cases 
with AD-type mixed dementia, i.e. cases with intermediate to high AD pa-
thology according to the NIA-AA criteria and significant signs of a second 
dementing disorder, and in 96.2% of the pure AD cases. One subject classi-
fied as AD according to the NIA-AA criteria was rated as [18F]flutemetamol 
negative in the visual assessment, however this case was shown only to ex-
hibit β-amyloid phase 3.  

One of four p-pre-AD cases exhibited a positive [18F]flutemetamol PET 
scan, and this was the only p-pre-AD with a β-amyloid phase above 3. Five 
of 23 subjects classified as non-AD dementia according to the NIA-AA cri-
teria were rated as positive in the visual assessment, all with β-amyloid 
phase 3 or 4.  
β-amyloid phases had a significant influence on the [18F]flutemetamol up-

take pattern as determined in the visual assessment, according to the logistic 
regression model controlling for age, sex, and scan-death interval, whereas 
NFT stages did not show a significant effect on the uptake (β-amyloid phas-
es: p = 0.006; Braak-NFT stages: p = 0.092).  

Table 4. Summary of the subject classification according to clinicopathologic status, 
β-amyloid phase and visual [18F]flutemetamol PET assessment 
Clinicopathologic 
classification  β-amyloid phase 

Total N (N positive PET / N negative PET) 
 N 5 4 3 2 1 0 
Symptomatic AD 26 (25/1) 16 (16/0) 9 (9/0) 1(0/1) 0 0 0 
AD-type mixed 
dementia 12 (12/0) 7 (7/0) 4 (4/0) 1(1/0) 0 0 0 

Non-AD dementia 23 (5/18) 0 5 (3/2) 5(2/3) 5 (0/5) 4 (0/4) 4 (0/4) 
p-pre-AD 4 (1/3) 0 1 (1/0) 2(0/2) 0 1 (0/1) 0 
Non-AD controls 3 (0/3) 0 0 0 0 0 3 (0/3) 
Total 68 (43/25) 23 (23/0) 19 (17/2) 9 (3/6) 5 (0/5) 5 (0/5) 7 (0/7) 
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[18F]Flutemetamol uptake patterns identified symptomatic AD cases includ-
ing those with AD-type mixed pathology rather than p-pre-AD and non-AD 
controls (p = 0.008). Likewise, AD and AD-type mixed dementia combined 
were distinguished from pure non-AD dementias (p = 0.002). Subjects with 
p-pre-AD were not statistically different from the non-AD control subjects in 
[18F]flutemetamol visual assessment outcome (p = 1.0, Fisher’s exact test). 

[18F]Flutemetamol quantitative assessments 
In the 32 subjects where β-amyloid percentage area was determined using 
4G8, there was a significant correlation between SUVRCER and β-amyloid 
deposition (Pearson’s r = 0.66). 

Overall, cases with β-amyloid phases 4 and 5 had significantly higher 
composite SUVR than those in lower phases (p ≤ 0.006) and differences in 
the SUVRCER levels confirmed the distinction of AD cases from non-AD 
control subjects and non-AD dementia cases (p ≤ 0.001). Composite SU-
VRCER did not show differences among individual β-amyloid phase 0–2 sub-
jects and subjects with p-pre-AD were not distinguished from non-AD con-
trol subjects based on SUVRCER (p = 0.655). The average SUVR and stand-
ard deviations within groups based on clinicopathologic classification and β-
amyloid phases are shown in Figure 13. 

An SUVRCER cut-off of 1.6 was defined, based on the agreement with the 
visual assessments. Based on this cut-off, three of the 43 subjects rated as 
positive were below and three of the 25 subjects rated as negative were 
above, 88.1% of phase 4-5 subjects had SUVRCER > 1.6, while 44.4% of 
phase 3 subjects and only 11.8% of phase 0-2 subjects had SUVRCER > 1.6. 

 
Figure 13. Average composite SUVRCER, with standard deviations, based on β-
amyloid phase and clinicopathological classification. Data points without error-bars 
represent the value of a single subject. 
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Discussion 

The work included in this thesis highlights that the use of [18F]flutemetamol 
goes beyond that of the visual assessment specified for the clinical setting. 
Several quantitative approaches have been validated, both on a regional and 
voxel-based level, confirming the applicability of different methods with a 
range of complexity from static SUVR to SA. Among the parametric models 
investigated in Paper I, the model correlating best with compartment model-
ling was the voxel-wise reference Logan graphical analysis, after applied 
pre-filtering and using an individually determined correction for reference 
region k2’. In spite of this, the benefits of this particular parametric method 
are limited compared to others showing slightly lower correlation with 2-TC, 
as it requires arterial blood sampling for estimation of k2’ which complicates 
the scanning procedure and reduces patient comfort considerably. MRTM 
suffered especially from extreme value artefacts, but these decreased when 
the data was filtered before application of the model, through the addition of 
a Gaussian filter to the dynamic data resulting in a spatial resolution of ap-
proximately 7 mm FWHM. This increased the correlation with 2-TC esti-
mates for the majority of the graphical models, where sensitivity to noise has 
been previously indicated [13]. It should be noted however, that with the 
addition of such a pre-filter, the spatial resolution of the image data is de-
creased. In image data with the original spatial resolution of 5 mm, the addi-
tion of a 5 mm filter results in a lower spatial resolution of approximately 7 
mm, which subsequently increases the PVE. 

It has been shown here, both through comparisons with 2-TC estimates 
and using simulations, that SRTM is not appropriate for quantification of 
[18F]flutemetamol uptake in spite of apparent good fitting of the model to the 
experimental data. This may be due to the fact that one of the assumptions of 
SRTM is that the kinetics both in target and reference region should be best 
described by a 1-TC [14], which is not the case for [18F]flutemetamol. It has 
previously been demonstrated that the bias introduced by deviations from 
this assumption is dependent on the magnitude of the true BPND [124]. 

While SUVR has been demonstrated in this thesis to correlate well with 
2-TC estimates, it is important to note that in spite of high correlations for 
the studied time window 70-90 min, the slope is notably higher than 1. When 
the conditions of a true equilibrium are not fulfilled, a terminal washout rate 
and blood flow dependent bias is introduced in the estimated uptake com-
pared to BPND [125]. Estimation of SUVR at the time point of the transient 
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equilibrium, i.e. at the peak point of specific binding which occurs earlier 
than the time window studied here, could result in a lower bias with SUVR-
1=BPND, but is in turn more sensitive to capturing the correct time window 
during scanning and is as such less appropriate for a simplified scanning 
protocol in the clinical setting [126,127]. 

The analyses included in this thesis focusing on the kinetic properties of 
[18F]flutemetamol, are based on a limited sample size of six individuals. To 
our knowledge, these are the only subjects on which [18F]flutemetamol dy-
namic scanning has been performed together with arterial blood sampling. 
The fact that one of the HV subjects showed an abnormal uptake pattern, 
typical of AD patients, further complicates the possibility to draw conclu-
sions as it results in only two subjects without apparent β-amyloid accumula-
tion for comparison of the properties in different uptake profiles. As such the 
results, particularity from Paper II, are of an exploratory nature and larger 
cohorts would be needed for confirmation of findings. Paper I does not suf-
fer as much from this limitation, as it focuses on the range of uptake from 
low to high, rather than group comparisons. 

In Paper II, one of the objectives was to investigate the kinetic properties 
of [18F]flutemetamol uptake in white matter. In spite of the absence of β-
amyloid accumulation in the white matter, it often exhibits a high uptake of 
flourine-18 labelled β-amyloid ligands. This has been hypothesized to be due 
to the higher lipophilicity of flourine-18 labelled compounds compared to 
carbon-11 labelled compounds [128], but may also be due to binding to mye-
lin proteins in β-sheet conformations [108,110]. SA of [18F]flutemetamol in 
Paper II indicated that the uptake in white matter is represented by the same 
kinetic component as binding to β-amyloid. While this does not prove that 
the white matter uptake is related to specific binding to myelin proteins, the 
finding suggests the need to further characterize this binding process in vitro, 
as well as in larger study groups in order to investigate the ability to detect 
demyelination processes using [18F]flutemetamol. 

The component detection of SA has been indicated to be sensitive to 
noise in the data. For low clearance rate basis functions, this would result in 
the shifting of components as well as detection of false components in the 
system. Bias-correction utilizing bootstrapping has been shown to lower the 
bias, but at the cost of increased variance [24]. Another approach is to apply 
numerical filtering [22] where coefficients below a certain cut-off frequency 
βcut-off are summed, to compensate for noise in the data. Our analyses focused 
on total grey matter, total white matter and the cerebellar cortex. The size of 
the VOIs used to study the total grey and white matter results in data with 
low noise, especially for the high uptake in the grey matter of subjects with 
apparent β-amyloid accumulation and the white matter of all subjects. In the 
VOIs with lower count rates and consequently higher noise, i.e. the cerebel-
lar cortex and grey matter of subjects without apparent β-amyloid accumula-
tion, the slow component was not detected at all. Nor were any peaks detect-
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ed near the limit that could indicate a shift of the components. The basis 
function with the lowest rate was defined as β≤0.0111 min-1 which is equal 
to 1/T where T is the end time of the scanning interval [23]. This corre-
sponds in effect to the numerical filtering proposed by Cunningham et al. 
[22]. This definition of the lowest rate basis function does not allow for any 
separation of reversible and irreversible kinetics, but instead combines all 
kinetics with slower rates than β=0.0111 min-1

. However, analyses using 
compartment modelling here and previously published [97] have shown that 
the kinetics are best described by reversible models, thus indicating that 
while very slow, the nature of the binding is reversible during the studied 
time window.  

The complexity of β-amyloid pathology in AD, with respect to the vari-
ous plaque types and varying distribution and density, further complicates 
the establishment of a simple relationship between β-amyloid neuropatholo-
gy assessments and [18F]flutemetamol binding. The β-amyloid phase, de-
scribing distribution, were shown to have a significant association with the 
uptake pattern of [18F]flutemetamol in Paper VI. The association with the 
CERAD classification, describing the density, was however not investigated 
due to collinearity with β-amyloid phases. 

While the progression of β-amyloid accumulation in phases as described 
by Thal et al. [52] also describes an increasing regional density, the analyses 
of Paper VI were limited to the global uptake of [18F]flutemetamol as as-
sessed visually or by means of the composite SUVR. As such, no analysis of 
the correlation between increasing regional density of β-amyloid in the dif-
ferent phases of β-amyloid accumulation with regional SUVR was included 
in Paper VI.  

The impact of the variety of different β-amyloid plaque types is also 
demonstrated by the range in sensitivity and specificity estimates, which are 
dependent on the choice of neuropathological SOT due to different affinity 
of these to the various β-amyloid plaque types. This contradicts the concept 
of an SOT as an absolute truth to test the hypothesis against. In standard 
practice, a combination of staining techniques is typically used over a single 
method as they differ in their ability to detect different types of β-amyloid 
formations. As a result, there is no clear-cut answer to whether visual or 
quantitative assessments perform best in Paper V; this depends on the choice 
of SOT. It was shown in Paper V, however, that the best agreement between 
the neuropathological SOT and [18F]flutemetamol classification was 
achieved with the most general assessments: overall pathology combining 
the three staining techniques and the composite SUVR providing a global 
estimate of the [18F]flutemetamol uptake.  

In Paper VI, it was concluded that only subjects with β-amyloid phase 4 
and 5 can be expected to be visually assessed as [18F]flutemetamol positive 
in the majority of cases. This makes [18F]flutemetamol well suited to detect 
pathology in patients with AD, dementia with mixed pathology including β-
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amyloid, as well as cognitively normal subjects with advanced stages of β-
amyloid accumulation. In the context of identifying β-amyloid positive cog-
nitively normal subjects for inclusion in the early stages of β-amyloid accu-
mulation in clinical trials of anti-β-amyloid agents this however represents a 
limitation. In a similar study, investigating the correlation of neuropathologi-
cal assessments with quantitative assessments of [11C]PiB in 35 subjects, the 
SUVR cut-off for positivity was found to correspond approximately to β-
amyloid phase 1 and 2 [77]. This contrasts the findings in our study. Howev-
er, when dividing the 68 subjects into groups of phase 0-2 and phase 3-5 
cases, the located optimal threshold, defined as the midpoint between these 
groups, was 1.57 – only slightly lower than the threshold based on the visual 
assessments and close to the threshold of 1.56 estimated in the Phase II study 
[98]. As such, quantitative assessments may provide guidance to visual as-
sessments in borderline cases and enable the identification of earlier stages 
of β-amyloid accumulation.  

While cerebellar cortex and pons only exhibit β-amyloid accumulation in 
phase 5 [52,119], this may result in underestimation of the [18F]flutemetamol 
binding using reference regions in late stages of AD. This could contribute to 
the lack of difference in SUVR between subjects classified as phase 4 and 5 
in Paper VI. It has been shown however, that the cerebellar β-amyloid load is 
characterized mainly by diffuse plaques in the molecular layer and denser 
plaques in the Purkinje and granular cell layers, with diffuse plaques only 
weakly detected by 6-CN-PiB histofluorescence, [74,129]. Whether this 
applies also to [18F]flutemetamol has not been investigated to date, but two 
of the false positive subjects reported by Curtis et al. [99] in the 
[18F]flutemetamol Phase III end-of-life study were subjects with the neuro-
pathologic diagnosis of DLB with co-pathology of diffuse plaques and 
sparse to moderate neuritic plaques below the threshold for abnormality. 
This could be an indication that [18F]flutemetamol has a higher affinity for 
the diffuse plaques than [11C]PiB. Possible binding of [18F]flutemetamol in 
the reference regions also complicates the use of SUVR as a method for 
evaluating changes in β-amyloid density longitudinally, such as effects of 
disease progression or treatment effects. The dentate nucleus remains free of 
β-amyloid accumulation also in phase 5, but would due to its location and 
size be difficult to use as a reference region in SUVR quantification. A more 
feasible alternative was suggested after investigating the effect of different 
reference regions on measuring longitudinal changes in [18F]florbetapir 
SUVR in the ADNI study, recommending the use of subcortical cerebral 
white matter as reference region [130-132]. These studies, however, implied 
that the benefits of using white matter instead of a cerebellar reference re-
gion were due to lower sensitivity to subject positioning within the scanner, 
or possibly larger size, and hence better count statistics, of the reference 
region, rather than due the accumulation of β-amyloid in cerebellar cortex. 
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Future perspectives 
The future use of [18F]flutemetamol has two main applications: in clinical 
settings and in research. For clinical evaluations, the importance of β-
amyloid PET imaging in general is still under debate, and Appropriate Use 
Criteria have been proposed by the Amyloid Imaging Taskforce. These rec-
ommend use of β-amyloid imaging when the cause of cognitive impairment 
in a patient is uncertain and could be explained on the basis of AD pathology 
and when knowledge of β-amyloid status in a patient would increase diag-
nostic certainty and alter clinical management [133]. While there are current-
ly no disease-modifying treatment options, an accurate diagnosis is still cru-
cial for the medical doctor to identify the appropriate symptom-treating med-
ications available and to avoid inappropriate interventions and investiga-
tions. The National Health Service of the United Kingdom announced at the 
G8 summit in 2013 that coverage for β-amyloid for use in the ruling out of 
AD should be provided, and the question of Medicare coverage in the U.S. is 
still being debated. In Sweden, the biggest challenge to the introduction of β-
amyloid imaging in the clinical setting has been the availability of tracers, 
but since 2014 [18F]flutemetamol has been used at Karolinska University 
Hospital in Huddinge, Stockholm, in the clinical work-up of patients with 
uncertain diagnosis, similar to the recommendations by the Amyloid Imag-
ing Taskforce. A financial interest in correctly excluding AD has also been 
indicated, as the cost of patient management decreases substantially in pa-
tients where the diagnosis has been correctly revised to Parkinson’s disease 
or vascular dementia after an initial diagnosis of AD [134]. The clinical ben-
efits of parametric imaging suggested in studies with [11C]PiB have yet to be 
investigated for [18F]flutemetamol [73]. Clinical use of [18F]flutemetamol is 
thus far limited to the visual assessments of images, but as the experience 
and use of PET in the clinical setting increases, so will surely the off-label 
use of quantification. 

Secondly, [18F]flutemetamol may have a central role in research contexts. 
Clinical trials using anti-β-amyloid drugs have in the past been disappoint-
ing, possibly due the inclusion of subjects based on dementia status. These 
patients may be too far advanced with respect to the burden of β-amyloid 
pathology as the start of β-amyloid accumulation is thought to begin more 
than a decade before the cognitive decline has reached the dementia stage 
[135]. Recently, however, β-amyloid antibodies like aducanumab (Biogen) 
and solanezumab (Eli Lilly) [136-138], have shown positive results in clini-
cal trials, slowing the cognitive decline and rate of β-amyloid accumulation. 
The studies focused on inclusion of subjects with prodromal and mild AD 
using a positive β-amyloid PET scans as part of the inclusion criteria. While 
visual assessments may suffice to identify β-amyloid positive subjects for 
inclusion in clinical trials in more advanced stages of β-amyloid accumula-
tion, quantitative assessments are more appropriate in the longitudinal analy-
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sis of disease progression and treatment effects. With the indication that 
positive β-amyloid PET scans are more likely in the late stages of β-amyloid 
accumulation, however, the need for more sensitive quantitative assessments 
will grow. While SA requires arterial cannulation and as such is inappropri-
ate for clinical use, this method could be of value in the identification of 
early β-amyloid accumulators in clinical trial settings due to its potentially 
higher sensitivity owing to the possibility to filter the signal specific for β-
amyloid binding in grey matter and thus potentially measure treatment ef-
fects more accurately. 

Extrapolating findings from studies using other β-amyloid ligands beyond 
the field of AD, [18F]flutemetamol may play a role in amyloidopathic disor-
ders such as systemic amyloidosis [114,115,139] and in neurological disor-
ders such as DLB [140]. The potential of [18F]flutemetamol as a marker for 
white matter injuries remains to be investigated, but findings within this 
thesis taken into consideration together with evidence from studies using 
[11C]PiB suggest that due to the high uptake in white matter, alterations in 
white matter binding may able to serve as a proxy for white matter integrity 
[107,108,110,111]. 

The use of quantitative β-amyloid PET imaging in multi-centre research 
collaborations and clinical trials has become more common, and the need for 
standardization to account for sources of variability has been emphasized. 
These sources include which β-amyloid tracer is used, the scanning protocol, 
method of analysis, and selection of target and reference regions. A stand-
ardization approach has recently been proposed which scales results from 
any β-amyloid PET imaging agent to a common 100-point scale, where the 
unit is called Centiloid [141]. In addition to enabling the comparison of data 
obtained at different centres and using different tracers, this approach may 
allow for the subdivision of β-amyloid positivity into two ranges based on 
the magnitude of tracer uptake, allowing for a better stratification between 
the early and late phases of β-amyloid accumulation. For the application of 
the Centiloid scale to [18F]flutemetamol data, i.e. establishing a conversion 
algorithm of uptake measurements to Centiloids, collection of data is need-
ed, as defined by The Centiloid Project working group. This will enable 
cross-tracer comparisons and pooling of data sets providing the scientific 
community with larger bodies of data and potentially contributing to a great-
er understanding of the role of β-amyloid in the pathogenesis of AD.  
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Concluding remarks 

The focus of this thesis has been to investigate the characteristics of 
[18F]flutemetamol binding and quantification. The following were the main 
findings: 

 
• Several parametric methods using reference regions, including SUVR, 

were appropriate for the quantification of [18F]flutemetamol, enabling 
analysis without pre-definition of cortical regions of interest and with-
out arterial blood sampling.  

• SA allowed the quantification to be performed with minimal assump-
tions of the kinetic properties of [18F]flutemetamol, both on the VOI- 
and voxel-level. SA of [18F]flutemetamol indicated that the specific 
binding to β-amyloid in grey matter was characterized by a slow bind-
ing component. White matter uptake was characterized by the same 
slow binding component, but could be distinguished from β-amyloid 
binding based on the higher relative contribution to VT.  

• No significant differences were found in the behaviour of 
[18F]flutemetamol in Japanese compared to Caucasian subjects, and as 
such results from studies performed in Caucasian subjects can be as-
sumed to be equally applicable in the Japanese population. 

• Visual and quantitative assessments showed good agreement with 
cortical biopsy histopathology. The best diagnostic effectiveness was 
achieved when estimating SUVR for the global uptake using a compo-
site VOI and cerebellar cortex as reference region and using the over-
all pathology as SOT, combining outcomes of Thioflavin S, BSS and 
4G8 IHC. A high agreement was found between [11C]PiB and 
[18F]flutemetamol. 

• Autopsy pathology as classified according to the phase of β-amyloid 
distribution, indicated that [18F]flutemetamol is able to detect phase 4 
and 5 with high reliability, but that phase 3 only results in positive im-
age assessments in approximately one-third of cases. Quantifying the 
uptake of [18F]flutemetamol using SUVR showed a significantly high-
er uptake in AD cases compared to non-AD dementia and non-AD 
controls. Using an SUVR cut-off of 1.6, 88% of phase 4 and 5 sub-
jects, but only 12% of phase 0-2 subjects, were above the threshold.  
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Summary in Swedish 

Alzheimers sjukdom (AS) är den vanligast förekommande demenssjukdo-
men och utgör mellan 60-80% av alla diagnostiserade fall av demens och 
kännetecknas av gradvis försämrad kognitiv förmåga, vilket påverkar bl.a. 
närminne och språk. Det uppskattas att 35 miljoner människor levde med AS 
2010, men i takt med ökande befolkning och livslängd, stiger antalet drab-
bade och man förutspår att det kommer att vara mer än 130 miljoner som 
lider av AS 2050. En absolut diagnos av sjukdomen kan endast ställas efter 
att en patient som uppvisat de typiska kognitiva symptomen avlidit, då man i 
hjärnvävnaden kan påvisa förekomsten av två patologier: ansamlingar av 
restproteinet β-amyloid utanför cellerna i β-amyloida plack och aggregat av 
proteinet tau inuti nervcellerna. Tidigare har läkare bara kunnat använda sig 
av klinisk diagnos baserad på minnestester och sjukdomshistoria för att ställa 
diagnos. Detta är problematiskt eftersom det kan vara svårt att skilja på 
symptomen från olika typer av demenssjukdomar, 70-90% av de patienter 
som fått den kliniska diagnosen AS har faktiskt också haft det då man tittat 
på patienternas hjärnvävnad efter att de avlidit. Många får även den kliniska 
diagnosen trots att de sedan inte uppvisar de patologier som är typiska för 
AS; endast 40-70% av de patienter som inte uppvisat patologin hade också 
fått den kliniska diagnosen utesluten.  

Med den medicinska avbildningstekniken positronemissionstomografi 
(PET) kan man studera fysiologiska processer med hjälp av radioaktiva iso-
toper med kort halveringstid, t.ex. med kol-11 eller fluor-18 som har halve-
ringstid på ungefär 20 respektive 110 min. Metodens känslighet gör att end-
ast mycket små mängder märkta molekyler behöver administreras, och de 
kallas därför spårämnen eller tracers. För drygt ett decennium sedan utveck-
lades [11C]Pittsburgh Compound B ([11C]PiB) som binder till just β-amyloid 
och påvisar närvaron av β-amyloida plack i levande patienter med hög sä-
kerhet. Den korta halveringstiden hos kol-11 gör att det måste finnas både en 
cyklotron för produktion av kol-11 och avancerade kemilaboratorium för 
märkningen av molekylen på samma plats som undersökningen ska göras. 
Den något längre halveringstiden hos fluor-18 möjliggör produktion på en 
plats, följt av distribution till omkringliggande sjukhus. I den här avhand-
lingen studerades [18F]flutemetamol, en fluor-18 analog av [11C]PiB, vilken 
nyligen godkändes av regulatoriska myndigheter i USA, EU, Japan och Ko-
rea under produktnamnet Vizamyl, som ett hjälpmedel vid utvärderingen av 
patienter med misstänkt AS. 
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Syftet med avhandlingen var att studera bindningsegenskaperna hos 
[18F]flutemetamol. Metoder där den uppmätta radioaktivitets-
koncentrationen omvandlas till en fysiologiskt relevant parameter i varje 
pixel med hjälp av matematiska modeller, baserade på antaganden kring 
tracerns egenskaper, så kallade parametriska metoder, utvärderades. Den 
uppmätta radioaktivitets-koncentrationen består förutom den mängd 
[18F]flutemetamol som bundit till β-amyloid, även av radioaktivitet i blodet 
samt obunden fri tracer och tracer som via ospecifik bindning tillfälligt bun-
dit till något annat i hjärnvävnaden. Därför är det önskvärt att kunna visuali-
sera enbart den andel som bundit till β-amyloid. Flera parametriska metoder 
överensstämde väl med kompartment-modellering som anses vara den ”gyl-
lene standarden” för PET kvantifiering. Detta gällde också en förenklad me-
tod där radioaktivitets-koncentrationen normaliseras via ett ratio med kon-
centrationen i en referensregion i hjärnan där β-amyloid inte ansamlas, eller 
inte ansamlas förrän mycket sent i sjukdomsprocessen, t.ex cerebellum, kal-
lat standardiserat upptagsvärdesratio (SUVR). 

Med metoden spektralanalys beskrivs upptaget utifrån de detekterade ki-
netiska komponenterna. Till skillnad från de parametriska modellerna görs 
spektralanalys utan antaganden om tracerns egenskaper. Bindningen till β-
amyloid i hjärnans grå substans konstaterades utgöras av en långsam kom-
ponent. Spektralanalys av [18F]flutemetamols upptag i vit substans, som är 
högt trots avsaknad av ackumulerat β-amyloid, utgjordes även detta av 
samma långsamma komponent som bindningen till β-amyloid, men med ett 
mycket lägre inslag av snabba komponenter. I denna avhandling gjordes 
även en jämförelse mellan en japansk och en kaukasisk population, med 
slutsatsen att inga signifikanta skillnader finns mellan populationerna. 

Upptaget av [18F]flutemetamol jämfördes med uppmätt β-amyloid i väv-
nadsprover, dels i biopsier från patienter med normaltrycks-hydrocephalus, 
vilka har en ökad risk för AS, och dels från patienter med begränsad förvän-
tad livslängd på grund av sjukdom. Dessa patienter undersöktes med 
[18F]flutemetamol, och efter att de avlidit undersöktes hjärnan och klassifice-
rades utifrån distributionen av β-amyloid, samt diagnosticerades baserat på 
demensstatus och patologi enligt etablerade metoder. Upptaget av 
[18F]flutemetamol utvärderades både kvantitativt med SUVR, och visuellt 
som normalt eller onormalt av oberoende experter som inte hade någon kän-
nedom om övrig patientinformation. Hög överenstämmelse observerades 
mellan både kvantitativ och visuell bedömning jämfört med det patologiska 
utlåtandet. Överlag uppvisade endast patienter i sena faser av spridningen av 
β-amyloid förhöjt upptag av [18F]flutemetamol. 

Sammanfattningsvis har de ingående arbetena i den här avhandlingen bi-
dragit till att öka kunskapen om [18F]flutemetamol, för dess användning vid 
utvärdering av β-amyloid. 
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