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Cover illustration: 11C-PIB PET images of an elderly individual with an AD-like cognitive 
impairment (left above) and his/her cognitively healthy same-sexed monozygotic co-
twin (right above) compared with another elderly individual with an AD-like cognitive 
impairment (left below) and his/her cognitively healthy same-sexed dizygotic co-twin 
(right below). Note the similarly increased 11C-PIB uptake within the monozygotic twin 
pair as opposed to the dizygotic pair with increased 11C-PIB uptake seen only in the 
cognitively impaired co-twin.
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ABSTRACT

Noora M. Scheinin
EARLY DETECTION OF ALZHEIMER’S DISEASE β-AMYLOID PATHOLOGY
Applicability of positron emission tomography with the amyloid radioligand 11C-PIB

From Turku PET Centre and Department of Clinical Physiology and Nuclear Medicine, 
University of Turku, Turku, Finland
Annales Universitatis Turkuensis Ser. D
Painosalama Oy, Turku, Finland 2010

Accumulation of beta amyloid (Aβ) in the brain is characteristic for Alzheimer’s disease 
(AD). Carbon-11 labeled 2-(4’-methylaminophenyl)-6-hydroxybenzothiazole (11C-PIB) 
is a novel positron emission tomography (PET) amyloid imaging agent that appears to be 
applicable for in vivo Aβ plaque detection and quantitation. 

The biodistribution and radiation dosimetry of 11C-PIB were investigated in 16 healthy 
subjects. The reproducibility of a simplified 11C-PIB quantitation method was evaluated with 
a test-retest study on 6 AD patients and 4 healthy control subjects. Brain 11C-PIB uptake and 
its possible association with brain atrophy rates were studied over a two-year follow-up in 14 
AD patients and 13 healthy controls. Nine monozygotic and 8 dizygotic twin pairs discordant 
for cognitive impairment and 9 unrelated controls were examined to determine whether brain 
Aβ accumulation could be detected with 11C-PIB PET in cognitively intact persons who are 
at increased genetic risk for AD.

The highest absorbed radiation dose was received by the gallbladder wall (41.5 μGy/MBq). 
About 20 % of the injected radioactivity was excreted into urine, and the effective whole-
body radiation dose was 4.7 μSv/MBq. Such a dose allows repeated scans of individual 
subjects. The reproducibility of the simplified 11C-PIB quantitation was good or excellent 
both at the regional level (VAR 0.9-5.5 %) and at the voxel level (VAR 4.2-6.4 %). 11C-PIB 
uptake did not increase during 24 months’ follow-up of subjects with mild or moderate 
AD, even though brain atrophy and cognitive decline progressed. Baseline neocortical 
11C-PIB uptake predicted subsequent volumetric brain changes in healthy control subjects 
(r = 0.725, p = 0.005). Cognitively intact monozygotic co-twins – but not dizygotic co-
twins – of memory-impaired subjects exhibited increased 11C-PIB uptake (117-121 % of 
control mean) in their temporal and parietal cortices and the posterior cingulate (p<0.05), 
when compared with unrelated controls. This increased uptake may be representative of an 
early AD process, and genetic factors seem to play an important role in the development of 
AD-like Aβ plaque pathology. 11C-PIB PET may be a useful method for patient selection 
and follow-up for early-phase intervention trials of novel therapeutic agents. AD might 
be detectable in high-risk individuals in its presymptomatic stage with 11C-PIB PET, 
which would have important consequences both for future diagnostics and for research on 
disease-modifying treatments.

Key words: 11C-PIB, PET, Alzheimer’s disease, radiation dosimetry, reproducibility, early 
disease detection, twin study, follow-up. 
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TIIVISTELMÄ

Noora M. Scheinin
ALZHEIMERIN TAUDIN β-AMYLOIDIPATOLOGIAN
VARHAINEN TOTEAMINEN
11C-PIB-amyloidimerkkiaineella tehtävän positroniemissiotomografian soveltuvuus

Valtakunnallinen PET-keskus, Kliinisen fysiologian ja isotooppilääketieteen oppiaine, 
Kliininen laitos, Turun yliopisto
Annales Universitatis Turkuensis Ser. D
Painosalama Oy, Turku, 2010

Beeta-amyloidin (Aβ) kertyminen aivoihin on tyypillistä Alzheimerin taudille (AT). Hiili-
11-isotoopilla leimattu 2-(4’-metyyliaminofenyyli)-6-hydroksibentsotiatsoli (11C-PIB) on 
uusi positroniemissiotomografiassa (PET) käytettävä merkkiaine, joka vaikuttaa soveltuvan 
amyloidiplakkien toteamiseen ja niiden määrän arvioimiseen.

11C-PIB:n jakautumista kehossa ja sen aiheuttamaa säderasitusta tutkittiin 16 terveellä 
henkilöllä. Yksinkertaistettujen 11C-PIB-analyysimenetelmien toistettavuutta selvitettiin 
toistomittausasetelmalla 6 AT-potilaalla ja 4 terveellä verrokilla. 11C-PIB-kertymän muutosta 
sekä 11C-PIB-kertymän ja aivojen kutistumisnopeuden välistä suhdetta mitattiin kahden 
vuoden seurantatutkimuksella, jossa oli 14 AT-potilasta ja 13 tervettä verrokkia. Tutkimalla 
9 samanmunaista ja 8 erimunaista muistihäiriön suhteen toisistaan poikkeavaa kaksosparia 
sekä 9 iäkästä verrokkihenkilöä 11C-PIB PET:lla selvitettiin, voisiko aivoamyloidia olla 
havaittavissa sellaisilla kognitiivisesti terveillä henkilöillä, joilla on suurentunut riski 
sairastua AT:iin.

Sappirakon seinämä sai elimistä suurimman määrän säteilyä, 41.5 μGy/MBq. Noin 20 % 
annetusta radioaktiivisuusannoksesta erittyi virtsaan. Efektiivinen sädeannos oli 4.7 μSv/
MBq. Tämä annos mahdollistaa toistetut tutkimukset samoilla henkilöillä. Yksinkertaistettujen 
11C-PIB PET –analyysimenetelmien toistettavuus oli hyvää tai erinomaista sekä alueittain 
(VAR 0.9-5.5%) että kuva-alkioittain (VAR 4.2-6.4%) tarkasteltuna. 11C-PIB-kertymä ei 
lisääntynyt AT-potilailla seuranta-ajan kuluessa, vaikka aivojen kutistuminen ja kognitiivinen 
heikentyminen etenivät. Alkutilanteen 11C-PIB-kertymä vaikutti ennustavan terveiden 
verrokkien aivojen tilavuusmuutoksia seuranta-aikana (r = 0.725, p = 0.005). Kognitiivisesti 
terveillä muistihäiriöisten samanmunaisilla kaksosilla – mutta ei erimunaisilla kaksosilla 
- oli suurentuneita 11C-PIB-kertymiä (117-121% verrokkien keskiarvosta) ohimo- ja 
päälakialueen aivokuorella sekä posteriorisessa cingulumissa (p<0.05), kun heitä verrattiin 
verrokkeihin. Tämä suurentunut kertymä voisi viitata varhaiseen AT-sairausprosessiin; 
perinnöllisillä tekijöillä on ilmeisesti merkitystä amyloidipatologian kehittymiselle aivoissa. 
11C-PIB PET voi olla käypä menetelmä tutkittavien valinnassa ja seurannassa, kun tehdään 
varhaisen sairausvaiheen tutkimuksia uusilla lääkkeillä. AT saatetaan voida todeta 11C-PIB 
PET:n avulla täysin oireettomassa vaiheessa sellaisilla henkilöillä, joilla on suurentunut riski 
sairastua. Tällä voisi olla merkittäviä vaikutuksia taudinmääritykselle ja sellaisten hoitojen 
tutkimiselle, jotka tähtäävät taudin kulun muuttamiseen.

Avainsanat: 11C-PIB, PET, Alzheimerin tauti, säderasitus, toistettavuus, varhainen taudin 
havaitseminen, kaksostutkimus, seurantatutkimus.
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11C-PIB	 carbon-11 labeled 2-(4’-methylaminophenyl)-6-hydroxybenzothiazole 
11C-PK-11195	carbon-11 labeled 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-

isoquinole carboxamide
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AD	 Alzheimer’s disease
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BACE1	 β-secretase
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CDR-SOB 	 Clinical Dementia Rating Sum of Boxes
CERAD	 Consortium to Establish a Registry for Alzheimer’s Disease
CJD	 Creutzfeldt-Jakob disease
CRST	 Clinical Research Services Turku
CSF	 cerebrospinal fluid
CT	 computed tomography
DLB	 dementia with Lewy bodies
DSM-IV	 Diagnostic and Statistical Manual of Mental Disorders version IV
DV(R)	 distribution volume (ratio)
DZ	 dizygotic
ED	 effective dose
18F-FDG	 fluorine-18 labeled fluoro-2-deoxy-D-glucose
fMRI	 functional magnetic resonance imaging
FTLD	 frontotemporal lobe dementia
ICC	 intra-class correlation coefficient
ICRP	 International Commission on Radiological Protection
MCI	 mild cognitive impairment
MMSE	 Mini-Mental State Examination
MNI	 Montreal Neurological Institute
MRI	 magnetic resonance imaging
MTL	 medial temporal lobe
MZ	 monozygotic
NFT	 neurofibrillary tangle
NINCDS-	 The National Institute of Neurological and Communicative Disorders and
ADRDA	 Stroke and the Alzheimer’s Disease and Related Disorders Association
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NMDA	 N-methyl-D-aspartate
PBBR 	 peripheral benzodiazepine binding receptor
PCA	 posterior cortical atrophy OR
PCA	 principal component analysis
PDD	 Parkinson’s disease dementia
PET	 positron emission tomography
PPA	 primary progressive aphasia
PS or PSEN	 presenilin
rCMRgluc	 regional cerebral glucose metabolism
rmANOVA	 repeated measurements analysis of variance
ROC	 receiver operating characteristics
ROI	 region-of-interest
SPET	 single photon emission tomography
SPM	 Statistical Parametric Mapping
SUV(R)	 standardized uptake value (ratio)
T1	 longitudinal relaxation
T2	 transverse relaxation
TAC	 time-activity curve
TELE	 cognitive screen by telephone
TICS	 telephone screen for cognitive status
TRT	 test-retest
VAR	 absolute variability
VBM	 voxel-based morphometry
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1.	 INTRODUCTION

Deposits of beta-amyloid (Aß) in the brain are characteristic for Alzheimer’s disease 
(AD). The amyloid cascade hypothesis suggests that Aß deposits are the actual main 
underlying cause for functional brain loss in AD (Hardy and Selkoe 2002). Positron 
emission tomography (PET) ligands have been developed so that Aß plaques and brain 
amyloid pathology can be studied in vivo in living humans, not only post mortem in brain 
samples [for a review, see e.g. (Nordberg 2004)]. 

Carbon-11 labeled 2-(4’-methylaminophenyl)-6-hydroxybenzothiazole (11C-Pittsburgh 
Compound B or 11C-PIB) is an amyloid imaging agent which has been shown to be 
applicable for in vivo Aβ plaque detection. The compound crosses the blood-brain 
barrier readily and has high selectivity for Aß (Klunk et al. 2001, Bacskai et al. 2003). 
Several 11C-PIB PET studies have confirmed that patients with AD consistently show 
significantly greater, up to two-fold, 11C-PIB uptake compared with age-matched 
healthy control subjects in the neocortical brain regions that are typically affected by 
Aβ accumulation (Buckner et al. 2005, Price et al. 2005, Archer et al. 2006, Engler et 
al. 2006, Kemppainen et al. 2006, Edison et al. 2007a, Edison et al. 2007b, Rowe et al. 
2007). 

Currently 11C-PIB PET is being evaluated to determine whether it has value in differential 
diagnostics, early disease detection, monitoring of AD progression, and testing the efficacy 
of anti-amyloid therapies. Since amyloid accumulation in the brain is characteristic for 
AD and possibly also a very early event in AD (Braak and Braak 1991, Price and Morris 
1999), the quantity and distribution pattern of Aβ is of great interest also in studies 
exploring genetic factors and the ultimate molecular pathophysiology of AD.

The present work assessed the radiation safety and reproducibility of practical 11C-PIB 
PET imaging methods (studies I and II) in order to evaluate the applicability of and 
to validate repeated studies with 11C-PIB PET. It was also examined whether 11C-PIB 
PET would be useful in monitoring disease progression relative to other changes in AD 
with a follow-up design (study III) and monozygotic and dizygotic twins discordant for 
cognitive impairment were investigated in order to gain insight into the impact of genetic 
factors behind Aβ accumulation (study IV). The assessment of early AD detection value 
of in vivo amyloid imaging and an improved understanding of AD pathophysiology were 
more distant goals of this work throughout the practical investigations, and represented 
the ultimate motivation behind this thesis project. 
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2.	 REVIEW OF THE LITERATURE

2.1	 ALZHEIMER’S DISEASE AND APPROACHES TO ITS EARLY 
DETECTION

2.1.1	 Epidemiology, clinical features, diagnosis and treatment of AD

AD epidemiology
Alzheimer’s disease is the most common neurodegenerative disorder and the most 
common cause of cognitive decline in the elderly – it accounts for 60-75 % of all cases of 
dementia. With increasing longevity, the number of persons with AD is likely to increase 
quite dramatically – the incidence of both dementia and AD has been shown to increase 
rather sharply up to the age of 90 years, with no sign of levelling off (Jorm and Jolley 
1998). It has been estimated that 24 million people worldwide had dementia in 2005, and 
that 4.6 million new cases of dementia develop every year. The same study estimated 
that the number of affected people will double every 20 years, to reach 81 million by the 
year 2040. The rate of increase of dementia has also been predicted to be three or four 
times higher in developing than in developed regions of the world (Ferri et al. 2005). 

The clinical course and diagnosis of AD
AD causes a progressive decline in cognitive functions. The first sign is most often 
an impairment of episodic memory, presenting as problems in learning, storing, and 
recalling new information. Later in the disease course, other cognitive domains are also 
involved. These symptoms then include deficits in executive functioning, failures in 
concentration, inability to recognize familiar things, disorientation both temporally and 
visuo-spatially, as well as problems with language and perception. Most AD patients 
also experience behavioural symptoms, such as depression, agitation and irritability. In 
later phases of the disease, delusions, wandering, paranoia and sleep disturbances are 
common. Sensory and motor functions are relatively well preserved until the later stages 
of the disease, although also these domains are ultimately affected in severe AD. Patients 
with severe AD are most often institutionalized for a long duration, and at some point 
become bedridden and completely dependent on others for basic daily activities, such as 
dressing and feeding. The most common immediate cause of death in AD is pneumonia, 
because swallowing and coughing become increasingly impaired in very severe AD. The 
time from AD diagnosis to death varies greatly, but based on available knowledge, the 
clinical disease duration is considered to be approximately 10 years on the average.

Currently, AD is diagnosed by evaluating marked episodic memory impairment 
characterized by a gradual, progressive decline over more than 6 months (as reported 
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by the patient or an informant). Structural brain imaging can support the diagnosis of 
AD by revealing hippocampal and other medial temporal lobe brain atrophy (see section 
2.1.6 Magnetic resonance imaging in AD and its potential in predicting AD). Other 
supporting features might include biochemical or imaging biomarkers (Dubois et al. 
2007). Laboratory testing and brain imaging can be used to rule out other or concomitant 
causes of cognitive impairment. These include vitamin B12 deficiency, hypothyroidism, 
infection, normal pressure hydrocephalus, brain tumours and vascular dementia. 
However, currently no test has been found, whether be it a laboratory test (from blood 
or cerebrospinal fluid samples) or an imaging procedure, which can give a definite AD 
diagnosis, let alone predict that the disease will develop before the appearance of any 
symptoms. 

Treatment of AD
To date, no treatment has been shown to halt or reverse the underlying pathological 
process of AD. Therapies are confined to symptomatic, palliative interventions (Barrow 
2002). The present treatments target the cholinergic neurotransmitter system of the brain, 
because it is progressively disturbed in AD – concentrations of acetylcholine are decreased 
in synaptic clefts of the neuronal connections important for memory and other cognitive 
functions. Acetylcholinesterases are natural enzymes that break down acetylcholine, and 
most of the current AD drugs inhibit these enzymes, thus prolonging the biological half-
life of the acetylcholine content in the synaptic cleft and therefore improving cholinergic 
neurotransmission. Drugs of this class are currently used to help especially patients with 
mild-to-moderate AD, but their effects are confined to the alleviation of symptoms, and 
none of the treatments has a major therapeutic impact. Furthermore, it is not possible to 
identify those patients who will respond favourably to cholinesterase inhibitor treatment 
before starting the medication. (Birks 2006) In addition to the acetylcholinesterase 
inhibitor drugs such as donepezil, rivastigmine and galantamine, another drug, memantine, 
is currently in wide clinical use. This is an antagonist of N-methyl-D-aspartate (NMDA) 
receptors that mediate glutamatergic neurotransmission. There appears to be relative 
glutamatergic overactivity in AD, and this has been associated with neuronal death 
– memantine is postulated to reversibly block the actions of glutamate. The drug has 
shown some degree of efficacy in the symptomatic treatment of moderate-to-severe AD, 
and therefore it is often combined with an acetylcholinesterase inhibitor drug when the 
disease progresses. However, memantine is also unable to halt the progression of the 
disease (Areosa and Sherriff 2003).

Several types of potential disease-modifying treatments with specific molecular targets 
in AD pathology are under development, such as immunotherapy evoking antibody-
induced clearance of beta-amyloid (Aβ) (Bayer et al. 2005, Gilman et al. 2005). Other 
approaches include inhibition of the secretase enzymes that are responsible for releasing 
Aβ from its parent protein APP, inhibition of Aβ self-association to form oligomers or 
amyloid plaques, and inhibition of Aβ-associated neuronal toxicity (Barrow 2002). There 
are several on-going clinical trials on agents that are aimed to treat AD by targeting Aβ. 
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Since Aβ accumulation is an early-stage event that is central to the neuropathology of 
AD (see next section 2.1.2 Neuropathological features of the disease), there is hope that 
Aβ-related therapeutic strategies will lead to treatment options that target the underlying 
causes rather than the symptoms of AD.

2.1.2	 Neuropathological features of the disease; neurofibrillary tangles, amyloid 
plaques and the amyloid cascade hypothesis

The neuropathological changes seen in AD include brain grey matter atrophy, accumulation 
of Aβ (as senile plaques and amyloid angiopathy) and neurofibrillary tangle formation. 
The loss of synapses and whole neurons leads to failure of important neural connections. 
The neurochemical changes associated with AD affect many neurotransmitters, e.g. the 
cholinergic, serotonergic, noradrenergic and dopaminergic systems. Morphologically, AD 
is primarily a degenerative disease of the supportive structures of the neuronal cells.

Neurofibrillary tangles
One reason for the degeneration of neurons in AD seems to be the appearance of 
intracellular neurofibrillary tangles (NFTs), which consist of hyperphosphorylated 
tau protein. Tau is normally a useful constituent of the neuronal cell structure because 
it supports microtubuli, which in turn have an important role in the cytoskeleton of 
the cellular transportation system. However, when tau is extensively phosphorylated, 
it forms paired helical filaments and detaches itself from the microtubuli. In AD, tau 
becomes hyperphosphorylated for currently unknown reasons, and the dimers that are 
generated in this way form NFTs. The tangles accumulate inside the neuron and this 
causes the intracellular connections to degenerate. (Brion 1998) NFTs are seen also in 
other dementing diseases as well as in the brains of healthy elderly subjects [e.g. (Price 
et al. 1991)].

Figure 1. An illustration of neurofibrillary tangles, modified from an image of Bielschowski-
stained brain tissue. 
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In AD, the accumulation of NFTs is nevertheless more abundant and their distribution 
in the brain follows a certain temporal and spatial pattern. NFTs first appear in the 
transentorhinal region of the brain, and then progress to affect the entorhinal region and 
the hippocampus (Braak and Braak 1991). The NFT distribution extends to the cerebral 
neocortex only during later phases (Braak stages V and VI) of NFT deposition, and 
these stages are associated with moderate-to-severe dementia symptoms. (Braak and 
Braak 1991, Price et al. 1991) AD can be distinguished from other diseases in a post 
mortem histopathological examination by determining the quantity and distribution of 
NFTs. 

Figure 2. Braak stages of neurofibrillary tangle (NFT) distribution as modified from Braak and 
Braak 1991 (Braak and Braak 1991). Shaded areas represent relative density of NFTs. Note the 
very dense concentration of NFTs in the hippocampus.

Amyloid plaques and the amyloid cascade hypothesis
Another histopathologically observed difference between the brains of even mild 
AD patients and healthy subjects of the same age is the widely distributed Aβ plaque 
deposition in the neocortex of AD patients. The amyloid cascade hypothesis postulates 
that Aβ is the initial causative agent of the disease process (Hardy 1997, Hardy and 
Selkoe 2002). According to this hypothesis, the accumulation of Aβ triggers a series 
of events and as a consequence, the other pathological changes of AD evolve: NFT 
formation, oxidative stress, synapse loss, inflammatory responses, and ultimately, 
neuronal death.
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Figure 3. One version of the amyloid cascade hypothesis. This version takes into account the 
possibility that several forms of Aβ could be the toxic, initiating substances. The idea has been 
adapted from various sources in the literature [e.g. Mathis et al. 2007)].

The concept that several familial forms of AD are associated with mutations in genes 
affecting amyloid metabolism and thus causing increased brain Aβ load supports the 
amyloid cascade hypothesis (see more in section 2.1.3 Genetics of AD). Other findings 
supporting the amyloid cascade hypothesis include the observation that Aβ induces NFT 
formation in transgenic mice [e.g. (Bolmont et al. 2007, Terwel et al. 2008)]. These 
results suggest that even though NFTs may be more directly associated with ultimate 
neuronal loss, Aβ accumulation would precede and accelerate NFT formation and would 
therefore be a more “upstream” process in AD pathophysiology. Furthermore, Aβ-
induced oxidative stress has been demonstrated in both in vitro and in vivo studies [for a 
review, see (Sultana et al. 2009)]. 

Figure 4. A proposition for the time course 
of amyloid deposition and cognitive decline 
in Alzheimer’s disease, partly based on 
observations with 11C-PIB PET, as suggested 
by Mathis et al. (Mathis et al. 2007). NC = 
normal cognition; MCI = mild cognitive 
impairment; AD = Alzheimer’s disease.



	 Review of the Literature	 19

Aβ is a polypeptide with multiple β-pleated sheets, and it consists of 39 – 43 amino 
acids. Two enzymes, β- and γ-secretases, cleave Aβ peptides proteolytically from 
the amyloid precursor protein (APP) (Figure 5), which is a glycoprotein abundantly 
expressed in neuronal cell membranes. In AD, Aβ accumulates abnormally in different 
forms, which can be divided for example into soluble and insoluble forms. Aβ can 
polymerize into dimers, oligomers, protofibrils, fibrils and plaques (see Figure 5 for a 
schematic illustration of the amyloidogenic pathway of APP metabolism). Extracellularly 
situated amyloid plaques, containing insoluble fibrillary Aβ, are one of the most typical 
characteristics of AD, and these plaques can further be divided into different subtypes, 
such as diffuse and neuritic plaques. The neuritic plaques are traditionally considered 
to play an important role in AD pathophysiology. They have a hard core and the long 
form Aβ1-42 is overrepresented in these structures compared with other lengths of Aβ. 
Inflammatory changes such as activated microglial cells and astrocytes are associated 
with these plaques, and dystrophic axons and dendrites are seen in their proximity. 
Neuritic plaques are also surrounded by abundant NFTs and along with Aβ, several other 
proteins, such as apolipoprotein E (ApoE), can be found in the plaques. 

Figure 5. Schematic illustration of the amyloidogenic pathway of APP processing and the formation 
of Aβ plaques. Aβ monomers are thought to form oligomers in the extracellular space. Some of 
these oligomers polymerize further into protofibrils and fibrils, which are the main component of 
Aβ plaques. Both oligomers and fibrillar Aβ are believed to be initial toxic components evoking 
neurodegeneration in AD. This concept has been adapted from various published sources. [See 
e.g. (Mathis et al. 2007)].

Aβ plaque deposition appears to start in the neocortex, especially in the poorly myelinated 
regions of the basal neocortex. Subsequently, plaques can be found in the nuclei of the 
midbrain, as well as in the basal cholinergic nuclei of the forebrain, which is the site of 
origin of important cholinergic pathways to the hippocampus and neocortex. Finally, Aβ 
plaques become distributed in all of the basal nuclei and cortical regions – in the very 
late stages of AD, they can be found even in the cerebellum. (Braak and Braak 1991, 
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Braak and Braak 1997) AD-related Aβ deposition appears to advance anterogradely 
to structures that receive neural projections from sites of earlier Aβ deposition (Thal 
et al. 2002). More specifically, in the medial temporal lobe (MTL; an important brain 
region with regard to memory), amyloid plaques first develop in the temporal cortex and 
thereafter in the entorhinal cortex, followed later by different parts of the hippocampus. 
This concept highlights the importance of the neural connections between the entorhinal 
cortex and the hippocampus in the spread of Aβ pathology. (Thal et al. 2002) The 
temporal and spatial accumulation pattern of Aβ plaques resembles, at least to some 
extent, the distribution of NFTs in the same brain regions, such as in the MTL (Braak 
and Braak 1991). However, amyloid pathology can be seen in mild AD also in the frontal 
cortical regions, which is not typical for NFTs. (Braak and Braak 1997). In addition, 
histological studies suggest that NFTs are prominent in the MTL early in the disease and 
progress outwards; amyloid has a broader cortical distribution that includes, but is not 
especially prominent in, the MTL (Braak and Braak 1991, Price et al. 1991, Braak and 
Braak 1997).

The brain regions with the greatest grey matter atrophy (i.e. neuronal loss) and amyloid 
accumulation also seem to differ (Jack et al. 2008). In AD, profound cell loss is observed 
predominantly (and as a relatively early change) in the hippocampal region (for more 
information see section 2.1.6 MRI in AD in its potential in predicting AD). As reviewed 
here, Aβ deposition is conversely predominantly seen in the neocortex. The discrepancies 
between the sites of the different measurable and characteristic pathological changes of 
AD naturally raise questions as to the nature of the relationships between Aβ load, NFTs 
and neuronal loss. Some of the possible explanations will be discussed later in this thesis, 
and further studies will no doubt shed light on these associations. Disruptions in Aβ 
metabolism are in any case present in AD, the accumulation of Aβ seems to be an early 
event [e.g. (Price and Morris 1999)], and Aβ plaques are quite specific for the disease, as 
opposed to some other neuropathological changes. Studies on Aβ accumulation in AD 
are therefore of great interest both in terms of early detection of the disease as well as 
for developing new therapeutic strategies to combat this devastating illness. Previously, 
it was possible to study Aβ accumulation in humans only by staining Aβ plaques with 
different histopathological dyes, such as Congo Red or thioflavine, in post mortem 
brain tissue or, rarely, in a brain biopsy. New in vivo amyloid imaging methods have the 
potential to markedly contribute to improving our understanding of Aβ pathology in AD 
and its relationship with the other neuropathological changes typical of this disease.

2.1.3	 Genetics of AD: familial monogenic forms of AD, twin studies, effect of 
apolipoprotein E genotype

Genetics of AD – familial forms
A large number of autosomal dominant mutations in the gene that encodes APP (in 
chromosome 21) have been found to cause early-onset (at 40 – 65 years of age) familial 
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AD. These mutations cause disturbances in the processing of APP, which lead to increased 
Aβ accumulation in brain tissue. These mutations can cause either overproduction of Aβ 
or inappropriate cleavage of APP into longer, more easily precipitating forms of Aβ 
(Aβ1-42). [For a review, see e.g. (Lambert and Amouyel 2007).] Duplication of the 
APP gene locus also appears to cause autosomal dominant AD through overexpression 
of the gene (Rovelet-Lecrux et al. 2006, Sleegers et al. 2006). It has also been known 
for some time that an increased APP gene copy number in 21-trisomy, i.e. in Down’s 
syndrome, is associated with increased brain Aβ load and AD with a substantially earlier 
disease onset than encountered in the general population [e.g. (Hof et al. 1995)]. At the 
moment, attempts are being made to characterize mutations or polymorphisms also in 
the promoter region of the APP gene and there are hints that genetic variation within this 
promoter may modify the risk of developing AD (Theuns et al. 2006). 

Several autosomal dominant mutations in presenilin (PS or PSEN) genes (in chromosomes 
14 and 1) have also been found to cause familial early-onset AD. These mutations in the 
genes PS1 and PS2 cause cleavage of Aβ into longer, accumulation-prone forms (Hardy 
1997). The more frequently mutated gene, PS1, accounts for the majority of those AD 
cases with an onset before the age of 50 (Bertram and Tanzi 2005).

In all, the monogenic forms with mutations in the APP and PS genes have been estimated 
to account for as little as 1-5 % of all cases of AD (Campion et al. 1999, Bertram and 
Tanzi 2004b). All of the so far identified mutations in APP, PS1 and PS2 are on the other 
hand associated with early-onset AD. It is very plausible that there are other monogenic 
familial forms of AD that manifest as late-onset AD, but the genetic alterations behind 
these forms have not yet been clarified because many of the carriers of these mutations 
have died at a presymptomatic stage of the disease.

Sporadic AD, twin studies
Although additional forms of monogenic as well as multiple-gene familial AD are still 
expected to be identified, the vast majority of AD is currently at least apparently non-
familial, and therefore classified as sporadic AD. However, family history is the second-
greatest risk factor for the disease, being only second to age (Bertram and Tanzi 2005), 
which highlights the importance of genetic influences also in these cases. Twin studies 
have attempted to elucidate the extent of this – most likely very heterogenic - entity of 
genetic components as opposed to purely environmental factors. It has been estimated 
that in late-onset AD – if one tries to exclude familial forms of the disease - monozygotic 
(MZ) twins are on the average 31-67 % concordant for AD while the concordance rate 
of dizygotic (DZ) twins is 8.7-22 % (Räihä et al. 1996, Gatz et al. 1997, Pedersen et 
al. 2004) The finding that MZ twins (who share 100 % of their genes) show more AD 
concordance than DZ twins (who share on the average 50 % of their segregating genes) 
implies that genetics could play a dose-related role in the risk for AD. This conclusion 
is based on the assumption that twins, irrespective of their zygosity, more or less share 
their pre- and postnatal environments. One large twin study indicated that genetic factors 
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alone may explain 60–80 % of the risk of developing AD (Gatz et al. 2006). Longitudinal 
studies have, however, shown that the time of onset of AD symptoms between MZ co-
twins who eventually become concordant for the disease can vary by several years (Cook 
et al. 1981, Räihä et al. 1996, Brickell et al. 2007) Additionally, the mere existence of 
discordance between genetically identical MZ twins already suggests that environmental 
factors also contribute at least to the disease phenotype and age of clinical onset. In short, 
the relationship between genetic and environmental factors is unclear in sporadic AD.

The role of apolipoprotein E genotype
Only one genetic factor has so far been found to clearly affect the risk for sporadic AD. 
It was discovered in 1993 that the apolipoprotein (ApoE) gene and more specifically its 
epsilon 4 allele is genetically associated with an increased risk for both sporadic and 
familial late-onset AD (Strittmatter et al. 1993). At present, ApoE epsilon 4 is considered 
the primary genetic risk factor associated with sporadic AD (Ritchie and Dupuy 1999, 
Martins et al. 2006). A dose-effect relationship exists between the number of epsilon 4 
alleles and the risk for AD (Farrer et al. 1997)  – see Table 1 for the association of the 
different ApoE genotypes with the risk of developing AD. 

Table 1. The association of the different ApoE genotypes with the risk of developing AD in 
Caucasian populations [from (Farrer et al. 1997)]. OR = odds ratio; IC = confidence interval.

Autopsy and clinic studies Population-based studies
ApoE OR (IC 95%) OR (IC 95%) 
e2/e2 0.6 [0.2–2.0] 0.9 [0.3–2.8] 
e2/e3 0.6 [0.5–0.8] 0.6 [0.5–0.9] 
e3/e3 1 (reference) 1 (reference) 
e2/e4 2.6 [1.6–4.0] 1.2 [0.8–2.0] 
e3/e4 3.2 [2.8–3.8] 2.7 [2.2–3.2] 
e4/e4 14.9 [10.8–20.6] 12.5 [8.8–17.7] 

The ApoE epsilon 4 allele lowers the age of onset of AD and it is associated with increased 
Aβ deposition in brain parenchyma as well as in cerebral blood vessels (Schmechel et al. 
1993, Olichney et al. 1996, Khachaturian et al. 2004). Even in elderly subjects without 
dementia, the ApoE genotype is related to the degree of deposition of Aβ in the cerebral 
cortex (Polvikoski et al. 1995). However, in recent longitudinal studies, epsilon 4 has shown 
only a slight effect on lifetime susceptibility to AD (Khachaturian et al. 2004) and it has been 
suggested that the epsilon 4 allele may actually predict only when but not if an individual 
is predisposed to AD (Meyer et al. 1998). This would mean that the epsilon 4 allele would 
only alter the age of onset as a function of other factors; these would be the factors that 
truly predispose an individual to the disease. Furthermore, both sex and ethnicity seem 
to greatly modify the effect of the ApoE genotype on the risk for AD (Farrer et al. 1997). 
Given these uncertainties and the concept that the role of ApoE in AD pathophysiology is 
still unclear (Bertram and Tanzi 2004a, Bertram and Tanzi 2005), ApoE genotyping is not 
at present considered a diagnostic or predictive investigation for AD.
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Another potential genetic risk factor for late-onset AD that has recently received 
attention is the SORL1 gene, which encodes a sorting receptor involved in endosomal 
protein trafficking. The exact mechanisms through which SORL1 polymorphisms might 
be linked with AD are unclear, and conflicting results have been published as to its actual 
impact on the risk. [e.g. (Reitz and Mayeux 2009)] Nonetheless, other candidate genes 
for potentially important polymorphisms are anticipated to emerge as genetic mapping 
continues to develop.

2.1.4	 Mild cognitive impairment per se and as a predictor of AD

MCI
Mild cognitive impairment (MCI) is a condition in which the cognitive functions of a 
subject are subjectively and/or objectively worsened in comparison to healthy persons 
of the same age. The criteria of AD or any other dementia are, however, not fulfilled, 
because there are no significant problems encountered in the activities of daily living. The 
recently revised MCI criteria are more unambiguous: (i) the person is neither normal nor 
demented; (ii) there is evidence of cognitive deterioration shown by either an objectively 
measured decline over time and/or subjective report of decline by self and/or informant 
in conjunction with objective cognitive deficits; and (iii) activities of daily living are 
preserved and complex instrumental functions are either intact or minimally impaired 
(Winblad et al. 2004).

MCI is often conceptualized as a transitional state between healthy aging and dementia 
(Petersen 2000). However, it is a heterogenic syndrome rather than a disease. It can be 
categorized into three or more different subtypes according to the dimensions of memory 
impairment (amnestic vs. nonamnestic) and the number of cognitive domains involved 
(single vs. multiple). (Petersen 2004, Winblad et al. 2004) Amnestic MCI (single- or 
multi-domain) is considered to be the subcategory of MCI with the greatest risk of 
subsequent AD. 

MCI as a predictor of AD
About 10-15 % of persons with MCI convert annually to AD, depending on the study 
and the criteria for MCI, whereas the proportion of cognitively healthy individuals of 
the same age is 1-2 % (Petersen 2000). More specifically, individuals who have amnestic 
MCI (aMCI) – although aMCI is considered to be the most likely form of MCI to 
represent early AD - have been reported to convert to AD with an annual rate of about 12 
%. Perhaps more importantly, it has been estimated that up to about 80 % of these aMCI 
subjects will convert to AD within 6 years. (Petersen et al. 2001) The conversion rates of 
MCI to AD, however, display extensive variation between studies, with epidemiological 
studies generally showing smaller proportions than progressive studies conducted in 
specialty clinics (Larrieu et al. 2002, Ganguli et al. 2004). Furthermore, a number of 
studies suggest that a very substantial proportion of MCI subjects also remain stable 
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or even revert to normal cognition during follow-up (Larrieu et al. 2002, Ganguli et al. 
2004, Hansson et al. 2006).

Post mortem studies on MCI subjects have reported varying degrees of AD pathology 
(Morris et al. 2001, Markesbery et al. 2006, Petersen et al. 2006). The MCI subjects that 
eventually convert to AD show more overall as well as greater focal brain atrophy (in the 
hippocampus, inferior and middle temporal gyrus, posterior cingulate and medial temporal 
region) measured with MRI than non-converters (Chételat et al. 2005). Furthermore, even 
when assessed visually, medial temporal atrophy rates in aMCI subjects are associated 
with a significantly increased risk of developing dementia in the subsequent 3 years 
(DeCarli et al. 2007). Poorer performance on a combination of neuropsychological test 
measures has also been claimed to predict conversion to AD with relatively good accuracy 
(80 % combined with ApoE carrier status) (Fleisher et al. 2007). Reduced cerebral glucose 
metabolism seen with 18F-FDG PET (prediction sensitivity and specificity around 80-90 
%) (Mosconi et al. 2004, Drzezga et al. 2005) as well as low cerebrospinal fluid Aβ and 
increased tau levels (both combined: sensitivity 95 % and specificity 83 %) (Hansson et al. 
2006) and ApoE epsilon 4 carrier status (possession of an epsilon 4 allele was associated 
with a 93 % increase in the risk of developing AD during follow-up) (Aggarwal et al. 
2005) have also been identified as potential predictors of conversion. The sensitivity 
and specificity of these additional predictive factors have, however, varied substantially 
depending on the study and so far, it is impossible to predict reliably which subjects with 
MCI are most prone to later convert to AD. Thus, one could argue that it would be useful to 
abandon the diagnosis of MCI and to try to otherwise identify the true features that would 
predict which subjects with memory impairment will develop AD in the future.

The pathological changes in AD may start even decades before clinical symptoms are 
detectable (Price and Morris 1999). MCI is therefore an interesting condition and better 
understanding of the syndrome could be expected to aid in understanding the etiology 
of AD, and in developing tools for the early detection of AD. However, given the 
heterogeneity of the research results described above, the common criteria for MCI still 
have limited specificity for the early detection of AD. Thus it is essential to understand 
why MCI conversion rates differ so much between studies and it is also important to 
improve both the specificity and sensitivity of the diagnostics. Although it cannot be 
expected that MCI (or its subtypes) could be the only measure of conversion risk to AD, 
one can hope that research on MCI could provide markers for the early identification of 
individuals with prodromal AD at a pre-dementia stage when potential disease-modifying 
therapies would be most likely to be efficacious and cost-effective. 

2.1.5	 Cerebrospinal fluid and blood biomarkers in AD and as its antecedent 
indicators

The typical changes found in the cerebrospinal fluid (CSF) of AD patients are decreased 
levels of Aβ1-42 and increased levels of tau and phosphorylated tau (p-tau) [e.g. 
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Sunderland et al. 2003, Hansson et al. 2006, Mattsson et al. 2009)]. However, these 
changes are detectable only in some AD patients, it seems especially in those who carry 
the ApoE epsilon 4 risk allele (Sunderland et al. 2004). None of the investigated CSF 
biomarkers have to date fulfilled the criteria needed for diagnostic testing. However, 
some CSF biomarkers have shown potential in identifying persons at an increased risk 
for AD. Recent studies have implied that reduced CSF Aβ1-42 and increased total tau 
and p-tau (Ewers et al. 2007, Mattsson et al. 2009), or β-secretase (BACE1) activity 
(Zetterberg et al. 2008) as single biomarkers, as well as the combination of tau and 
Aβ1-42 or tau and Aβ1-42/p-tau (Hansson et al. 2006), could predict conversion from 
MCI to AD. However, inter-site assay variability in these CSF measures represents a 
significant challenge (Mattsson et al. 2009). Many questions also remain unanswered 
behind these findings, such as why and how Aβ1-42 and tau concentrations and BACE1 
activity are associated with the ApoE epsilon 4 allele (Sunderland et al. 2004, Ewers et 
al. 2008). Other candidates for early biomarkers of AD pathophysiology in the CSF are 
also under study. The relationships between CSF biomarkers and brain Aβ plaques will 
be discussed later in this thesis.

Blood biomarkers would be a very interesting possibility for early AD detection in terms 
of feasibility. The studies on plasma Aβ are not consistent, but recent findings have 
indicated that decreased plasma Aβ1-42 concentrations relative to the amounts of Aβ1-
40 might increase the risk of AD (Hampel et al. 2008). The development of plasma-
based biomarker assays may also be possible, but again, details on their predictive value 
are inconclusive (Ray et al. 2007, Hansson et al. 2010). These methods are still novel and 
will require further investigation and optimization before any conclusions can be made 
about their applicability.

2.1.6	 Magnetic resonance imaging in AD and its potential in predicting AD

Structural magnetic resonance imaging (MRI) is often used in assessing patients with 
cognitive decline, to exclude structural lesions and for differential diagnosis as well as 
for the confirmation of the putative diagnosis. With MRI, one can rule out brain tumours 
as the reason of cognitive decline, as well as possibly detect vascular lesions, normal 
pressure hydrocephalus, and both global and focal grey matter atrophy. Computed 
tomography (CT) has poorer sensitivity in detecting medial temporal lobe (MTL) 
atrophy, which is a characteristic of AD, and therefore MRI is the imaging modality 
of choice in dementia, when there are no contraindications (e.g. metallic objects in the 
body). Structural MRI can help to support the clinical diagnosis of AD, but so far MRI 
alone is insufficient to provide a definitive diagnosis. This is mostly accounted for by the 
marked overlap in the atrophy findings between AD, many other types of dementia [e.g. 
(Barber et al. 2000, Fein et al. 2000, Boccardi et al. 2003)], and so called healthy aging 
(van de Pol et al. 2006). Some functional MRI (fMRI) techniques show more promise in 
the early detection of AD [e.g. (Dai et al. 2009)]. Functional imaging is indeed a logical 
approach, because alterations in neuronal functions are likely to precede neuronal loss 
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in AD. fMRI methods are, however, both quite novel as well as very diverse and are 
beyond the scope of this literature review.

MTL atrophy, or more specifically atrophy of the hippocampus, parahippocampal gyrus 
and amygdala as well as the entorhinal cortex, can be studied with structural MRI. 
Hippocampal atrophy, present even in early AD, can be readily detected in thin coronal T1 
or FLAIR slices through the MTLs [e.g. (Likeman et al. 2005)]. In the visual inspection 
of brain MRIs, grading (0-4) of hippocampal atrophy is widely used and this has been 
validated in the evaluation of severity of AD-like volume reductions (Scheltens et al. 
1992, Wahlund et al. 1999, Wahlund et al. 2000). The cerebral ventricles also often appear 
dilated in AD MRIs because of the atrophy of the MTL structures (see Figure 6). 

Figure 6. Coronal sections of T1 weighted MRI images depicting a healthy elderly subject (a) 
and patients with AD with mild (b), moderate (c) and severe (d) hippocampal atrophy. The images 
are courtesy of Timo Erkinjuntti.

In addition to visual evaluation of brain MRIs, volumetric MRI techniques are useful in 
AD studies, because they enable the quantitation of regional brain atrophy. Furthermore, 
more automated analytic methods such as voxel-based morphometry (VBM) allow for an 
unbiased examination of anatomical group differences across the whole brain and at a fine 
degree of spatial resolution. The advantage of whole-brain VBM is that it does require any 
pre-existing assumptions about the size, location or shape of the brain regions of interest. 
VBM also allows quantitation of brain changes that are not easily appreciated by visual 
inspection. (Ries et al. 2008) However, visual assessment and computed methods have 
both had their challenges with reproducibility. Fortunately methodological development 
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is intense in this field, recently including e.g. the optimization of both accuracy as well 
as speed of assessment through multi-atlas brain MRI segmentation (Lötjönen et al. 
2010).

VBM assessments of MRIs have shown diagnostic accuracy of 83 % in very mild AD 
patients, although it should be noted that in the same study, 18F-FDG-PET (see section 
2.2.4 18F-FDG PET in AD and in the early detection of AD) had slightly higher accuracy 
(Kawachi et al. 2006). Modern volumetric MRI techniques also seem to be able to 
predict, at least to some extent (29 % of MCI subjects with atrophy converted versus 8 
% who did not show measurable atrophy), the conversion of MCI to AD in longitudinal 
studies [e.g. (McEvoy et al. 2009, Misra et al. 2009)]. Furthermore, longitudinal studies 
on cognitively intact subjects with an autosomal dominant AD-causing mutation have 
demonstrated serial volumetric MRI to show progressive hippocampal and whole-brain 
atrophy already at a presymptomatic stage (Ridha et al. 2006). However, large sample 
sizes have been required to confirm the predictive value in MCI studies, and reductions in 
cerebral volume appear to be detectable only relatively shortly before clinical symptoms 
become evident [e.g. (Ridha et al. 2006)]. On the other hand, combining MRI with other 
biomarkers could prove to be a feasible approach for early AD risk assessment.

In correlation studies of MRI findings and other AD-related pathological brain changes, 
the rates of brain atrophy seem to predict specific post mortem AD pathology (Silbert 
et al. 2003). In MCI subjects, longitudinal hippocampal volume loss has been closely 
associated with increasing hyperphosphorylated tau and a decline in the Aβ1-42 levels 
in CSF (de Leon et al. 2006, Schuff et al. 2009). Associations between the rate of brain 
atrophy and amyloid accumulation (shown by 11C-PIB PET), in AD patients as well as 
in healthy elderly subjects, have also been suggested (Archer et al. 2006, Mormino et 
al. 2009) (see section 2.3.6 11C-PIB PET in relation to CSF biomarkers, MRI findings, 
18F-FDG PET findings, inflammation markers and cognitive measures), but the brain 
regions with greatest grey matter atrophy and amyloid accumulation seem nevertheless to 
be different [e.g. (Jack et al. 2008)]. For instance, it has been proposed that different brain 
regions could be differentially susceptible to the toxic effects of Aβ (Frisoni et al. 2009). 

2.2	 EMISSION TOMOGRAPHY IMAGING IN ALZHEIMER’S 
DISEASE

Positron emission tomography (PET) and single-photon emission tomography (SPET) 
are virtually non-invasive radioisotope imaging methods that enable the in vivo 
investigation of a number of physiological and biochemical events in human tissues. The 
methods utilize positron-emitting (PET) or gamma-emitting (SPET) imaging tracers. 
The radiopharmaceuticals, that are synthesized with high radiopurity, are administered 
into the bloodstream of the subject, from where they are distributed into tissues, 
and tracer distribution is ultimately visualized in PET or SPET images. The benefits 
of nuclear imaging with PET or SPET include high sensitivity in very low (nano- or 
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even picomolar) concentrations, allowing for relatively weak signals (i.e. binding of 
a tracer reflecting tissue biochemistry) to be detected without having to administer the 
radiopharmaceuticals in quantities that could evoke adverse effects. 

2.2.1	 The PET principle 

PET imaging compounds are labeled with a radioactive, positron-emitting isotope. 
The radioactive decay of the radioisotope component of the tracer molecule is detected 
by the PET scanner. As a result, one attains quantitative cross-sectional images 
of the concentration of the tracer in tissues, reflecting various physiological and 
pathophysiological processes.

Several endogenous biological compounds and therapeutic agents can be labeled with 
different radioisotopes, which have to be manufactured in a cyclotron. These unstable 
isotopes have a relatively short half-life (11C 20.4 min, 18F 110 min and 15O 2.1 min). 
PET radioisotopes have an excess of protons in their nuclei and for the atom to reach 
equilibrium (i.e. for a proton to become a neutron), the proton emits a positron, which 
is a positively charged beta-particle. When the positron leaves the nucleus of the atom, 
it travels a distance of typically a couple of millimeters, depending on the radioisotope 
and the density of the tissue (e.g. the average distance from an 11C-nucleus is only 
0.56 mm and the maximum distance is 4.1 mm). The positron travels in the tissue 
until it has lost enough of its kinetic energy and its velocity decreases to a level where 
the positron ends up in an interaction with a nearby electron. In this interaction, a 
phenomenon called annihilation occurs. In annihilation, the masses of the positron and 
the electron are transformed into energy in the form of two gamma rays, i.e. photons. 
The masses of the particles are converted to energy resulting in two 511 keV photons 
that depart the annihilation site in practically opposite directions (180 ° ± 0.25) at the 
speed of light.

The PET scanner identifies the coinciding photons resulting from the annihilation event.. 
The PET scanner is a ring that surrounds the scanned target (the subject), and it consists of 
radiation detectors. It registers the two coincidental photons arriving at opposing detectors 
simultaneously (within 8-12 nanoseconds) and a decay event is thus recorded. Thus, the 
scanner determines the trajectory line on which the annihilation must have occurred. 
Each detector pair converts the photon information from the coinciding detections to 
electrical impulses and an image can be formed when enough of these impulses have 
been collected. The reconstruction of the impulse data into an image happens through 
mathematical processing. The time during which the impulses were gathered in each 
angle has also been registered. In this respect, the information is actually 4-dimensional. 
In other words, the spatial distribution of radioactivity concentration of (e.g. in kBq/ml) 
in an object can be observed as a function of time.

In brain studies, PET enables the in vivo assessment of regional blood flow, blood volume, 
glucose metabolism, oxygen metabolism, the functioning of several neurotransmitter 
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systems (pre- and postsynaptic events) and nowadays also the measurement of 
pathophysiological changes such as amyloid plaques and neurofibrillary tangles [e.g. 
(Shoghi-Jadid et al. 2002, Klunk et al. 2004)]. Table 2 shows examples of approaches 
which have been used in brain PET studies in dementia research. Future prospects also 
include the possibility to label nanoparticles (i.e. supramolecular structures) with a 
positron-emitting isotope to study phenomena related to dementia pathophysiology and 
progression.

Table 2. Approaches to dementia studies with PET: targets and examples of radiotracers and 
direction of uptake change in Alzheimer’s disease.

Amyloid deposition 11C-PIB, 18F-FDDNP, 18F-BAY… 
etc. 

increase

Glucose metabolism 18F-FDG decrease
Cholinergic system

Nicotinic receptors 11C-nicotine, 18F-A85380 decrease
Muscarinic receptors 11C-NMPB, 18F-FP-TZTP decrease
AChE activity 11C-MP4A, 11C-MP4P decrease

Serotonergic system
5HT(1A) receptors 11C-WAY-100635, 18F-MPPF decrease
5HT(2A) receptors 18F- or 11C-Altanserin, 

11C-MDL-100907
decrease 

Serotonin transporter 11C-DASB decrease
Dopaminergic system

Striatal dopamine D2 receptors 11C-raclopride, 18F-fallypride no change
Extrastriatal dopamine D2 
receptors

11C-FLB 457 decrease

Dopa transporter 18F- or 11C-FP-CIT virtually no change
Dopa decarboxylation and 
vesicular storage

18F-fluorodopa no change

GABA/benzodiazepine receptors 11C-flumazenil decrease
Inflammation (microglial activation) 11C-PK-(R)-11195 increase
Cerebral blood flow 15O-H2O decrease

2.2.2	 PET tracer quantification

Detailed analysis (as opposed to visual inspection, which is sometimes sufficient) of PET 
data requires dynamic imaging (i.e. time data not discarded) and often blood sampling, 
as well as elaborate modelling. 

Time-activity curves (TACs) reflect tissue characteristics; the TAC of tracer concentration 
in arterial blood versus the TAC of the tracer concentration in tissue measured by the 
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PET scanner tells about the properties of the tissue in question. The relationship between 
arterial and tissue concentration is naturally affected by many factors such as perfusion, 
endothelial permeability, vascular volume fraction, transport across cell membranes, 
specific binding to receptors, non-specific binding of the tracer, enzyme activity, etc.

The radioactivity concentration can be converted to the radioligand concentration 
through a simple equation: Radioligand concentration = radioactivity concentration 
(kBq/cm3) / specific radioactivity (GBq/µmol). This radioligand concentration reflects 
the in vivo tissue function under study (e.g. perfusion, glucose consumption, receptor 
density). Physical decay during the PET study requires that all measured radioactivities 
need to be corrected to the time of injection.

The more advanced statistical methods that can be applied to quantitative PET data 
require using for instance parametric images. A parametric image represents the dynamic 
(time-activity) information converted to functional information with dedicated software. 
In a parametric image, each image voxel value represents the value of the studied 
physiological parameter (e.g. perfusion, glucose consumption, receptor density). This 
approach also requires careful evaluation of alternative models on how to convert the 
data into a parametric image.

There are alternatives for model calculation, e.g. compartmental models, spectral 
analyses, multiple-time graphical analyses (MTGA) (Logan or Gjedde-Patlak plot), and 
the standardized uptake value approach. The approaches that use compartmental models 
are often referred to as kinetic analyses. Graphical analysis (Logan 2000) is independent 
of compartments, and involves the application of a suitable transformation to the data so 
that a linear plot is attained. The two most frequently applied graphical methods are the 
Patlak plot (Patlak et al. 1983) for irreversible binding, and the Logan plot (Logan et al. 
1990) for reversible binding (Logan 2000). The slope of the linear phase of the plot is 
used for the quantification of radioligand binding (the slope represents the distribution 
volume, DV, in the case of the Logan plot and the net influx rate, i.e. Ki values, in a 
Gjedde-Patlak plot). Logan analysis usually employs a plasma input for reference, 
yielding the distribution volume, i.e. DV: in the Logan plot, Y-axis is the integral of the 
tissue curve divided by tissue concentration and the X-axis is the integral of the plasma 
curve divided by tissue concentration. Therefore, the slope of the linear phase equals DV. 
A variation of the Logan graphical analysis allows for the substitution of image-derived 
reference tissue data in place of the plasma radioactivity input function (Logan et al. 
1996) so that a distribution volume ratio, DVR, can be obtained.

The standardized uptake value (SUV) is a simple, semi-quantitative measure that can be 
expressed in g/ml. The SUV is obtained from the regional radioactivity concentration, which 
has been simply normalized to the injected dose and the subject weight so that the average 
SUV in the entire body would represent the body density. Blood sampling is not needed 
to obtain SUVs. Inter-individual differences e.g. in blood flow and metabolism mean that 
the SUV is not comparable between subjects per se. Therefore a ratio of the ROI SUV to a 
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reference SUV in the same individual is a more comparable parameter. In this context, to 
obtain a SUV ratio (SUVR) or, in other words, a region-to-reference ratio (because injected 
dose and subject mass cancel each other out), the reference input can sometimes be image-
derived so that blood sampling is still not necessary. The requirement for a reference region 
in the same PET image is that it optimally contains only non-specifically bound tracer.

2.2.3	 SPET

Single-photon emission tomography (SPET) is a tomographic imaging technique not 
unlike PET, except that it uses gamma-emitting isotopes instead of positron-emitting 
isotopes. On the other hand, the technique is, actually very similar to conventional 
nuclear medicine imaging with a gamma camera, with the important difference that 
SPET can produce three-dimensional information. One advantage of SPET over PET 
is that the employed radioisotopes generally have a relatively long half-life so that an 
expensive on-site cyclotron and a specialized radiochemistry laboratory are not needed. 
SPET is generally more available and less expensive than PET and it is undergoing rapid 
methodological development e.g. for utilization in early dementia detection (Matsuda et 
al. 2007). However, the spatial resolution of SPET is substantially poorer than what can 
be achieved with PET.

One SPET tracer commonly used in dementia research is 99mTc-HMPAO 
(hexamethylpropyleneamine oxime), where 99mTc (technetium-99m) is a metastable 
gamma-emitting nuclear isomer. 99mTc-HMPAO distribution represents blood flow, and 
in many ways 99mTc-HMPAO SPET can compete with 18F-FDG (fluorodeoxyglucose) 
PET scanning of the brain e.g. in dementia research [e.g. (Kato et al. 2008, Zaknun et al. 
2008)]. The similar SPET tracer 99mTc-ECD has also been used to assess regional blood 
flow, in an attempt to diagnose dementia, to differentiate alternative causes of dementia, 
and to predict which MCI patients are likely to convert to dementia (Caroli et al. 2007).

Ongoing dementia studies with SPET include the assessment of neuroinflammation and 
microglial activation with peripheral benzodiazepine receptor –binding SPET tracers 
such as 123I-PK11195 (Versijpt et al. 2003) and 123I-CLINDE  (Arlicot et al. 2008). 
Furthermore, an amyloid imaging tracer for studying AD Aβ pathology, in particular, 
123I-IMPY, is also under evaluation for use in clinical SPET studies (Kung et al. 2004, 
Newberg et al. 2006). Interesting future prospects in SPET imaging of AD include the 
use of a dual isotope technique with both a blood flow tracer (99mTc-HMPAO or 99mTc-
ECD) and an amyloid tracer (e.g. 123I-IMPY).

2.2.4	 18F-FDG PET in AD and in the early detection of AD

18F-FDG PET in AD
PET imaging can be used to quantitatively measure regional cerebral glucose uptake and 
metabolism (rCMRgluc). In AD research, 18F-FDG, i.e. a fluorine-18 labelled derivative 



32	 Review of the Literature	

of glucose, fluorodeoxyglucose, is the most commonly employed PET tracer. Its uptake 
reflects the activity of glucose metabolism in the investigated tissues; brain glucose 
metabolism is regionally impaired in AD. 

This technique is not simply confined to research but it can also been used in the clinic; 
18F-FDG PET can increase diagnostic confidence when one is evaluating the type of 
dementia in an individual patient. Different clinical syndromes show different patterns 
of brain hypometabolism (Ishii et al. 1998, Nestor et al. 2003, Diehl-Schmid et al. 2007). 
However, although AD can be detected with 18F-FDG-PET with an average sensitivity 
of approximately 90 %, differentiation from other dementias is somewhat less reliable 
(Mosconi 2005). On the other hand, encouraging specificities for AD of up to 70-
90 % have also been recently reported in relatively large samples and meta-analysis 
(Silverman et al. 2001, Silverman et al. 2004, Patwardhan et al. 2004). Be that as it may, 
18F-FDG PET is very applicable in some clinically unclear situations, and has recently 
been accepted as an insurance-covered diagnostic investigation in the United States 
(Centers for Medicare & Medicaid Services) to facilitate the differential diagnosis of 
AD, especially from frontotemporal dementia (FTD) (Mosconi et al. 2007).

In AD, 18F-FDG-PET typically reveals reduced glucose metabolism predominantly in the 
parietal and superior/posterior temporal regions, posterior cingulate and the precuneus 
(Minoshima et al. 1997, Herholz 2003) (see Figure 7). Later in the disease course, AD 
patients also exhibit reduced glucose metabolism in their frontal lobes (Choo et al. 2007). 
The affected association cortices are those that become myelinated last during brain 
maturation. (Bartzokis et al. 2007). In AD, in contrast to some other dementias, the basal 
ganglia, the primary motor and visual cortices as well as the cerebellum typically show 
relatively normal levels of rCMRgluc. This is in line with the symptoms of AD, where 
primary motor and sensory functions are relatively well preserved as opposed to the 
deficits in memory, associative thinking and executive functions. (Herholz et al. 2007) 
It has been evaluated that the sensitivity and specificity of AD prediction with 18F-FDG-
PET are 93 % and 63 %, respectively (Hoffman et al. 2000), although much better 

Figure 7. Typical 18F-FDG PET images of a 
healthy elderly control subject (above) and of 
an AD patient (below). Note the temporal and 
parietal regional hypometabolism shown by 
reduced 18F-FDG uptake in the AD patient.
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specificities of up to 86 % have been attained in some recent and thoroughly conducted 
studies (Silverman et al. 2001, Silverman et al. 2004, Patwardhan et al. 2004). Limited 
specificity, in any case, seems to be the more obvious shortcoming of this approach.

In longitudinal studies, it has been shown that the reductions in rCMRgluc in the temporal 
and parietal cortices are progressive, and frontal lobe reductions become more evident 
over time (Jagust et al. 1988, Mielke et al. 1994). In AD patients, the association cortices 
typically show rCMRgluc reductions of about 15 to 20 % over 2 or 3 years (Smith et 
al. 1992, Engler et al. 2006), whereas healthy controls seem to display no significant 
reductions over the same period of time (Smith et al. 1992).

18F-FDG PET in the early detection of AD
18F-FDG PET also appears to have prognostic value in presymptomatic AD two or more 
years before the full clinical manifestation of dementia (Silverman et al. 2001, Chételat 
et al. 2003, Chang and Silverman 2004). This technique seems to be able to detect 
glucose hypometabolism in the inferior parietal, temporoparietal, posterior cingulate and 
precuneus regions in MCI patients who will subsequently convert to AD (Arnáiz et al. 
2001, Chételat et al. 2003, Mosconi et al. 2004, Anchisi et al. 2005, Drzezga et al. 2005), 
suggesting that these glucose utilization changes are predictive of further progressive 
cognitive decline in individuals with a recognized but still not dementia-level cognitive 
impairment. The sensitivity and specificity for the prediction of MCI converting to AD 
were reported to be as high as 92 % and 89 %, respectively, in a longitudinal 18F-FDG PET 
study (Drzezga et al. 2005). 18F-FDG PET has also been indicated to be more accurate in 
predicting amnestic MCI subjects’ conversion to AD than neuropsychological evaluation 
(Chételat et al. 2003). 

Non-symptomatic persons with a high risk of AD because of a family history and ApoE 
epsilon 4 carrier status show reductions in rCMRgluc compared to matched low-risk 
subjects (Small et al. 1995, Reiman et al. 1996). Cognitively healthy persons who are 
homozygous for the ApoE epsilon 4 allele show reductions in rCMRgluc in the same 
regions in which they typically occur in AD (Small et al. 2000). A normal 18F-FDG 
PET scan in MCI seems to indicate a low chance of progression to AD within one year, 
even when severe memory deficits are present in neuropsychological tests (Anchisi et al. 
2005). Furthermore, a 3-year follow-up study on cognitively healthy subjects indicated 
that 18F-FDG PET could have predictive value in the development of MCI in the first 
place (de Leon et al. 2001). Reduced rCMRgluc in the entorhinal cortex was reported to 
be able to predict the conversion from a healthy state to MCI with 83 % sensitivity and 
85 % specificity over 3 years of follow-up (de Leon et al. 2001).

In studies with monozygotic (MZ) twins discordant for AD, non-demented MZ co-twins 
of AD patients have shown reductions in rCMRgluc in several cortical regions and the 
cingulate gyrus (Järvenpää et al. 2003, Virta et al. 2009). These results suggest that these 
metabolic changes are early indicators of the disease process and can be detected before 
the onset of clinical dementia, or alternatively that the changes are indicators of familial 
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susceptibility to AD, not necessarily the disease process itself. In dizygotic healthy co-
twins of AD patients, no such findings were seen (Virta et al. 2008, Virta et al. 2009), 
which suggests that genetic factors rather than shared environmental factors are behind 
the familial susceptibility to reductions in rCMRgluc.

18F-FDG-PET is nonetheless a somewhat non-specific AD research tool, because 
it does not directly reflect the specific disease process and because cerebral glucose 
metabolism is reduced also in many other diseases, not only in AD, and even in healthy 
aging. Reductions in rCMRgluc have been shown to correlate with some indices of 
dementia severity [e.g. (Bittner et al. 2005, Engler et al. 2006, Haense et al. 2008)] but 
not for instance with CSF tau concentrations (Haense et al. 2008) (see section 2.1.5 
Cerebrospinal fluid and blood biomarkers in AD and as its antecedent indicators). It 
is not unreasonable that reductions in rCMRgluc should correlate to some extent with 
cognitive decline and therefore 18F-FDG PET might prove to be useful as a surrogate 
marker of disease progression. However, individual compensatory mechanisms and 
physiological differences will make these assessments not as straightforward as could 
be hoped. Even more importantly, the reductions in rCMRgluc are most likely to be 
consequences of a still more profound, earlier, and specific pathological process, and 
it would therefore be of great importance to discover more ”upstream” markers of the 
pathophysiological events occurring in AD.

2.2.5	 Development of amyloid radiotracers for PET

It is important to assess the specific pathological processes in AD in vivo but this requires 
that there are valid biomarkers available, for instance radiotracers for PET, that can 
detect these specific changes in the living brain. Based on the current knowledge about 
AD pathophysiology, amyloid imaging would seem to represent a feasible means of 
investigating both the pathogenesis of AD and possibly disease-modifying treatment 
options [for a review, see (Mathis et al. 2007)]. There are, however, many requirements 
that a tracer for in vivo human amyloid imaging would have to fulfill: an ability to 
cross the blood-brain barrier, stability, lipophilicity, efficient clearance from tissues, and 
specific binding to amyloid in very small (nanomolar) concentrations. Radiation safety 
and the quantitative reproducibility of the method are also naturally very important 
issues, especially when longitudinal follow-up or intervention studies are planned. A 
number of amyloid ligand candidates have been developed, and these can be roughly 
categorized into three groups: antibodies [e.g. (Friedland et al. 1997)]; MRI agents [e.g. 
(Wadghiri et al. 2003)] and so called small-molecule compounds. Many tracers have 
failed because of high non-specific binding and insufficient distribution in brain tissue 
in experimental animals [for a review, see (Nordberg 2004)], but some compounds have 
passed these tests and now have an established place in human studies.

Research in this field has mainly focused on small-molecule compounds suitable for 
PET and SPET. The most promising of these compounds appear to be derivatives of 
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agents previously used as tissue stains in histopathology. These include derivatives of 
Congo Red (Styren et al. 2000, Link et al. 2001, Klunk et al. 2002), thioflavine (Klunk 
et al. 2001, Mathis et al. 2002, Bacskai et al. 2003, Mathis et al. 2003, Klunk et al. 2004) 
and stilbene (Verhoeff et al. 2004, Kudo et al. 2007. Rowe et al. 2008, Waragai et al. 
2009), as well as FDDNP (or [18F] 1,1-dicyano-2-[6-(dimethylamino)-2-naphthalenyl]
propene) (Agdeppa et al. 2001, Shoghi-Jadid et al. 2002, Small et al. 2006, Boxer et al. 
2007). Acridine orange and its analogues have also been investigated and for instance a 
compound named BF-108 has demonstrated efficient binding to brain amyloid in a study 
conducted with AD-transgenic mice (Suemoto et al. 2004).

With respect to the ligands that bind selectively to amyloid, the derivatives of the 
histological dye thioflavin T have been studied most extensively in humans. These 
compounds have been labeled with radioactive carbon (11C) as well as with iodine (123I), 
and recently also with 18F. 123I-IMPY (Kung et al. 2004) is a SPET radiotracer that will 
not be reviewed here in detail – the focus will be on PET radiotracers. 

Thioflavin T (a benzothiazole salt obtained by the methylation of dehydrothiotoluidine 
with methanol in the presence of hydrochloric acid, see Figure 8 for molecular 
structure) is an amyloid dye that is commonly used in histopathology. It is a positively 
charged molecule and it does not cross the blood-brain barrier. A number of uncharged 
derivatives of the compound have been developed in recent years (Klunk et al. 2001, 
Mathis et al. 2002). Of these compounds, N-methyl-2-(4’-methylaminophenyl)-6-
hydroxybenzothiazole, i.e. 6-OH-BTA-1, was found to be the most promising (Bacskai 
et al. 2003, Mathis et al. 2003). This compound was subsequently labeled with 11C, and 
the radiotracer was named Pittsburgh Compound B (PIB or 11C-PIB) after its birthplace 
and for convenience. The molecular structure of 11C-PIB is shown in Figure 9. Other new 
tracers for amyloid imaging are under active development (see section 2.3.7 Possibilities 
and prerequisites of in vivo amyloid imaging tracers). 

Figure 8. Thioflavin T, an amyloid binding 
dye used in histopathology.

Figure 9. 11C-PIB, a thioflavin T derivative 
developed for in vivo amyloid imaging. 

2.3	 11C-PIB PET

2.3.1	 11C-PIB PET uptake analysis

Quantitation of PET tracer uptake is traditionally done through manual region-of-interest 
(ROI) analysis. ROIs are delineated either on corresponding and co-registered MRIs for 
clear visualization of anatomical structures, or in some cases, directly on the PET images. 
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ROIs may be imposed on either the whole dynamic PET image or on an integrated, averaged 
or summated image over a certain period of time of the emission scan, i.e. over certain 
time frames. Tracer kinetics affect which part of the emission scan is most representative 
and informative, i.e. during which time interval there is least non-specific binding or 
signal coming from the bloodstream as opposed to specific tracer binding. The ROIs are 
implemented on the PET data, and time-activity curves (TACs) can be calculated from the 
serial ROIs, giving radioactivity concentration values for the brain regions (radioactivity 
per volume at a certain time) that the ROIs represent. An appropriate model for the tracer, 
to enable between-subjects and between-groups comparisons, must then be applied to 
the data. This kind of normalization is done in order to obtain comparable data on the 
specific binding of the radiotracer in the investigated region. Image-driven methods – e.g 
as opposed to. using a plasma input function for reference – are a tempting approach to 
this end because of their non-invasiveness and convenience. In practice, this usually means 
the use of tracer uptake measurements of a reference region (with no or little specific 
tracer binding) of the same individual. The cerebellum has proven to contain only small 
quantities of fibrillar Aβ plaques in post mortem studies [e.g. (Joachim et al. 1989)] and has 
therefore been chosen as a candidate for an 11C-PIB uptake reference region, with similarly 
low binding in AD patients and controls (Klunk et al. 2003, Klunk et al. 2004, Price et al. 
2005). Late-scan region-to-cerebellum ratios of 11C-PIB uptake have subsequently been 
demonstrated to effectively differentiate AD patients from controls with acceptable test-
retest reproducibility (Lopresti et al. 2005).

As is evident, when one includes all preprocessing phases (e.g. image frame summations, 
co-registrations of PET images with MRIs), the manual ROI method is very laborious, 
and also prone to investigator-induced bias.  There is a need for more standardized 
and automated methods. Automated ROI analysis using a similar ROI set for every 
subject is one way to achieve this goal. Since the individual images must be in the 
same stereotactic space if one wishes to use this approach, one needs common templates 
to which the individual images are spatially normalized. Even after this procedure, a 
standard automated ROI set might not suit the brain anatomy of every subject, especially 
if there is marked brain atrophy. In other words, the quality of the spatial normalization 
significantly affects the sensitivity and specificity of the method. However, there are 
advantages to this method: it is standardized and inaccuracies can even be thought to rule 
out each other, at least in larger samples. Furthermore, the time-activity calculations may 
be performed in a fully automated manner. Nonetheless, a thorough validation of this 
automated ROI analysis approach to 11C-PIB uptake data needs to be conducted before 
it can enter into wider use. 

Another more automated and bias-reducing approach for exploring tracer uptake in 
PET images is voxel-based analysis, e.g. with Statistical Parametric Mapping (SPM) 
(Friston et al. 1995). In this analysis method, the uptake in the whole brain may be 
investigated voxel by voxel, without any a priori hypotheses concerning the locations 
of the differences in tracer uptake e.g. between patient and control groups. SPM utilizes 
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parametric images, i.e. images to which modelling in terms of uptake value normalization 
has already been applied, and the tracer uptake has thus been rendered comparable 
between different subjects. Parametric images can be obtained e.g. by dividing the 
uptake in each voxel by the radioactivity concentration of a reference region. In a SPM 
analysis, the parametric images are spatially normalized into a common stereotactic 
space, and smoothed to reduce residual anatomical variance and to improve the signal-
to-noise ratio. Then, subtraction analysis can be applied to the images, to explore, 
voxel by voxel, the statistical significance of the differences in tracer uptake between 
groups. This method achieves improved sensitivity in the statistical analysis and is more 
objective than manual ROI analysis. SPM of course only provides a map of statistically 
significant changes and is not a quantitative method of tracer uptake measurement. Thus 
it can be used to explore between-group differences, and as a guide for the selection of 
brain regions where ROIs should be delineated. Furthermore, and quite importantly, 
automated ROI analysis can also be applied to the parametric images obtained through 
the same image-preprocessing methods. Recent studies have provided support for the 
use of automated ROI analysis of spatially normalized parametric images also in 11C-PIB 
uptake quantitation (Kemppainen et al. 2006, Ziolko et al. 2006, Mikhno et al. 2008). The 
reliability of voxel-based methods to study 11C-PIB uptake can be assessed by measuring 
the signal in each voxel and comparing that with the corresponding voxels of different 
11C-PIB PET images of the same subjects. In this case, as in any test-retest setting, it is 
important to also evaluate whether within-subject variability is assuredly smaller than 
the between-subjects variability. Only if this is the case can the method be considered 
reliable e.g. for studies with repeated 11C-PIB PET scans of the same subjects.

Future possibilities of 11C-PIB PET image interpretation in clinical settings also include 
the visual assessment of images instead of quantitative analysis (Ng et al. 2007a, 
Suotunen et al. 2010), although that approach cannot currently be applied in scientific 
research and is therefore not reviewed here in more detail.

2.3.2	 Findings in Alzheimer’s disease

The first clinical PET study with 11C-PIB was performed in a collaboration between the 
Pittsburgh and Uppsala research groups. Sixteen AD patients and 9 healthy controls were 
investigated with 11C-PIB PET and 18F-FDG PET. 11C-PIB entered the brain rapidly and in 
an unchanged form, and was bound significantly more to the frontal, temporal, parietal and 
occipital cortices as well as the striata of AD patients, in comparison to the controls - the 
differences between patients and controls were 1.9-1.5-fold. In contrast, no differences 
were observed between young and elderly healthy controls. In this study, 11C-PIB uptake 
was also inversely correlated with 18F-FDG uptake in the same brain regions. The increase 
in 11C-PIB uptake in the AD patients relative to the healthy age-matched controls was 
greater than the decrease in 18F-FDG uptake. No significant correlation was found between 
11C-PIB uptake and cognitive performance (as assessed by the MMSE), although a trend 
towards an inverse correlation was observed. (Klunk et al. 2004) 
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Post mortem correlates were eagerly awaited after these initial findings with 11C-PIB 
PET. Positive associations have, indeed, been demonstrated between the 11C-PIB PET 
signal and biochemically measured brain Aβ levels (Bacskai et al. 2007, Ikonomovic et 
al. 2008). In a study with several regions examined in one AD brain, 11C-PIB binding 
in vivo appeared to be highly selective for insoluble (fibrillar) Aβ deposits post mortem 
(Ikonomovic et al. 2008). Furthermore, in another study using ex vivo frontal brain 
biopsy specimens of patients with normal pressure hydrocephalus, there was a strong 
positive correlation between in vivo 11C-PIB uptake and the amount of amyloid in the 
biopsy tissue (Leinonen et al. 2008).

Several subsequent 11C-PIB PET studies have confirmed that patients with AD 
consistently show significantly greater, up to two-fold, 11C-PIB uptake compared with 
controls in neocortical brain regions typically affected by Aβ accumulation (Buckner et 
al. 2005, Price et al. 2005, Archer et al. 2006, Engler et al. 2006, Kemppainen et al. 2006, 
Edison et al. 2007a, Edison et al. 2007b, Rowe et al. 2007) (see also Figure 10). Around 
90 % of patients with probable AD show this increased cortical 11C-PIB uptake (Klunk 
et al. 2004, Price et al. 2005, Archer et al. 2006, Edison et al. 2007a, Rowe et al. 2007). 
Based largely on these and other experiments with 11C-PIB PET and MR imaging, it has 
been proposed that the research criteria for probable AD diagnosis should be revised to 
include imaging-confirmed brain Aβ accumulation (Dubois et al. 2007).

Figure 10. Typical coronal (a and c) and sagittal (b and d) image slices of 11C-PIB PET images of 
an AD patient (a and b) and a healthy elderly control (c and d). Note the marked uptake increase 
e.g. in the AD patient’s frontal and parietal cortices.
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The concept that the difference between AD patients and controls in 11C-PIB uptake 
is typically greater than the difference in 18F-FDG uptake has also been reinforced 
since the first clinical study. 11C-PIB scans have higher accuracy than 18F-FDG scans 
for distinguishing AD patients from healthy controls. The sensitivity and specificity of 
11C-PIB PET for clinically probable AD seem to be high with a reported accuracy of 
90 % (Ng et al. 2007a). Also visual assessment (as opposed to a quantitative analysis 
of a 90 min scan) of 11C-PIB images seems to be reliable (Ng et al. 2007a, Suotunen 
et al. 2010), because agreement between readers appears to be excellent and 11C-PIB 
images seem more accurate than 18F-FDG scans both in ROC analysis as well as upon 
visual inspection (Ng et al. 2007a). In the older group of subjects in that study, accuracy 
declined more with 18F-FDG than it did with 11C-PIB. (Ng et al. 2007a) The pattern of 
regional involvement for 18F-FDG and 11C-PIB differs in AD, but the two techniques 
have shown up to 94 % case-by-case agreement (Li et al. 2008). 

However, while 18F-FDG uptake continues to decrease and brain atrophy advances when 
AD progresses, at least at a group level, AD patients have shown no significant increases in 
11C-PIB uptake over either a one-year or a two-year follow-up (Engler et al. 2006, Jack et al. 
2009). There is a plausible explanation for this discrepancy; Aβ plaque accumulation could 
reach some sort of a plateau already before clinical symptoms become evident. This would 
in turn reinforce the hypothesis that amyloid pathology precedes deficits in brain energy 
metabolism, neurodegeneration (atrophy) and impairment of cognitive functions. Where 
applied to therapeutic studies, this would mean that drugs targeted at amyloid metabolism 
would have to be administered very early in the disease course to be able to modify or halt 
disease progression. Such drugs would also have to be very effective in clearing brain Aβ 
for the changes to be detectable with 11C-PIB PET. At present, several clinical studies on 
anti-amyloid therapies in AD are ongoing, and in these trials, one of the outcome measures 
will be the possible change in Aβ load measured by 11C-PIB PET (Rinne et al. 2010).

11C-PIB, in addition to binding to neuritic Aβ plaques, delineates diffuse plaques and 
cerebrovascular amyloid angiopathy (CAA) (Bacskai et al. 2007, Lockhart et al. 2007). 
Studies on patients with non-AD dementia show that increased 11C-PIB uptake can be seen 
e.g. in some Lewy body dementia (DLB) patients as well (see section 2.3.3 11C-PIB PET 
in other dementias). 11C-PIB uptake is also not strongly associated with dementia severity 
(see section 2.3.6 11C-PIB PET in relation to CSF biomarkers, MRI findings, 18F-FDG PET 
findings, inflammation markers and cognitive measures). These results suggest that there 
are limitations to the specificity of 11C-PIB PET in diagnosing and monitoring disease 
progression in AD, and that the ligand could rather be a non-specific marker of Aβ-related 
cerebral amyloidosis. (Lockhart et al. 2007) The accuracy of 11C-PIB PET in diagnosing 
clinical AD is also limited by the cortical binding seen in some healthy elderly subjects, which 
is consistent with post mortem studies of cerebral Aβ in aging [e.g. (Davies et al. 1988)], 
and could indicate presymptomatic AD (Mintun et al. 2005, Pike et al. 2007, Villemagne et 
al. 2008, Reiman et al. 2009). In conclusion, 11C-PIB PET is not unambiguously associated 
with the cognitive state or clinical diagnosis of a given subject at a particular moment. 
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On the other hand, this is exactly why it could prove to be an antecedent marker of brain 
Aβ pathology prior to and irrespective of the symptoms being suffered by the individual. 
11C-PIB PET could benefit not only subjects with AD or with susceptibility to develop AD 
but other disease groups as well, and it could assist in choosing persons who would benefit 
from anti-amyloid therapies regardless of the clinical diagnosis.

2.3.3	 11C-PIB PET in other dementias

Amyloid imaging is an interesting possibility, which may help in differentiating other, 
more rare causes of cognitive impairment from AD. There is a great deal of overlap 
between the clinical phenotypes of different dementias, and the demand for objective 
measures in differential diagnostics is evident. 11C-PIB PET has recently shown potential 
in the segregation of AD from other dementing diseases, although increased 11C-PIB 
uptake cannot currently be considered specific for AD.

In short, 11C-PIB PET seems to be unable to differentiate AD from dementia with Lewy 
bodies (DLB) in the majority of cases, but shows promise in being an ideal means of 
differentiating AD from frontotemporal lobe degeneration (FTLD) (Rabinovici et al. 
2007, Rowe et al. 2007, Drzezga et al. 2008, Edison et al. 2008b, Engler et al. 2008, 
Gomperts et al. 2008). In Parkinson’s disease dementia (PDD), 11C-PIB uptake is rarely 
increased (Rowe et al. 2007, Edison et al. 2008b, Gomperts et al. 2008, Maetzler et al. 
2008, Maetzler et al. 2009). In rare forms of non-AD dementia as well as in familial 
forms of amyloid metabolism deficits, 11C-PIB uptake is heterogeneous, with the absence 
of notable tracer uptake in some conditions and with distinct patterns of increased uptake 
in others (Johnson et al. 2007, Ng et al. 2007b, Koivunen et al. 2008b, Remes et al. 
2008, Villemagne et al. 2009). Due to the overlapping or concomitant pathologies and 
uncertainties in clinical diagnoses, post mortem examinations are needed to confirm 
these findings and to further unravel the role of Aβ in non-AD dementias. Since AD is 
so common, it could be that longitudinal and post mortem studies would reveal mixed 
pathology e.g. in the minority of FTLD and PDD patients that have increased 11C-PIB 
uptake. Although 11C-PIB PET is unlikely to unambiguously differentiate AD and 
DLB from one another, it does seem to be a promising technique in identifying which 
patients, e.g with DLB or PDD, have concomitant brain amyloid pathology. This could 
have important implications in the future, both in terms of advanced understanding of 
neurodegenerative disorders as well as when new therapies targeted at amyloid metabolism 
are introduced into clinical practice. The allocation of these modern therapies to subjects 
who have imaging-confirmed amyloid pathology could prove important with regard to 
patient safety and cost-effectiveness of treatment strategies.

2.3.4	 11C-PIB uptake in mild cognitive impairment

At a group level, 11C-PIB uptake is increased in amnestic MCI (aMCI) in the frontal, 
parietal and lateral temporal cortices as well as in the posterior cingulate (Kemppainen 
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et al. 2007, Forsberg et al. 2008). This distribution resembles that seen in AD. At an 
individual level, about half of MCI patients have 11C-PIB uptake in the AD range 
(Kemppainen et al. 2007, Okello et al. 2009a, Okello et al. 2009b, Wolk et al. 2009), 
which can be interpreted to be suggestive of an early AD state.

Increased 11C-PIB uptake has been indicated to be predictive of conversion to AD in MCI 
subjects (Forsberg et al. 2008, Koivunen et al. 2008a, Okello et al. 2009b, Wolk et al. 
2009) (see Figure 11). In one of these studies, a significant correlation between episodic 
memory impairment and 11C-PIB uptake was seen (Forsberg et al. 2008). In another study, 
all of the 6 subjects who converted to AD during a two-year follow-up had PIB-positive 
brain scans at the MCI stage. In that same study, CSF Aβ1-42 was abnormal in only 54 
% of the subjects, indicating that 11C-PIB PET may also be more sensitive in detecting 
disrupted amyloid metabolism in MCI subjects than this CSF biomarker. (Koivunen et 
al. 2008a) In another MCI follow-up of 21 months, 5 out of 13 PIB-positive subjects 
converted to AD whereas none of the 10 PIB-negative subjects converted. Furthermore, 
3 out of 10 of the amyloid-negative subjects reverted to normal cognitive functioning. 
(Wolk et al. 2009) In a longitudinal study over 1 to 3 years, as many as 82 % of the PIB-
positive MCI subjects clinically converted to AD during the follow-up, and only one of 
the PIB-negative MCI cases converted to AD (Okello et al. 2009b). 

Figure 11. 11C-PIB PET images of an AD patient (a), MCI patient who later converted to AD 
(b), MCI patient who did not convert to AD (c) and a healthy elderly control subject (d). Note 
the increased tracer signal in the MCI converter (b) vs. the MCI non-converter (c). The image is 
modified from (Rinne and Någren 2010).

When investigating healthy controls, AD patients, non-amnestic and amnestic MCI 
subjects, 11C-PIB PET and 18F-FDG PET showed similar significant group separation, with 
only 11C-PIB PET showing significant separation of the non-amnestic and amnestic MCI 
subject groups (Lowe et al. 2009). This observation may have important implications, 
because amnestic MCI in particular is considered to represent a pre-dementia stage of 
AD (see section 2.1.4 Mild cognitive impairment per se and as a predictor of AD). In 
another study, for the classification of MCI and healthy controls, 18F-FDG was superior to 
11C-PIB, but there was only 54 % agreement at the individual level. Therefore combining 
the two modalities was suggested as a way to improve the diagnostic accuracy for MCI. 
(Li et al. 2008)
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A major challenge in determining the value of 11C-PIB PET in MCI comes from the 
heterogeneity of the MCI population. It cannot be anticipated at present that 11C-PIB 
PET would have a revolutionary impact on the diagnostics of MCI itself but rather it may 
have a greater impact in understanding the presymptomatic or the symptomatic but non-
dementia stage of AD and its amyloid pathology. Longer follow-ups and larger sample 
sizes will be needed to conclude whether 11C-PIB PET can indeed identify those MCI 
patients who will develop AD from those who will not. 

2.3.5	 11C-PIB PET in normal aging and in healthy subjects with increased risk for AD

In studies with cognitively healthy elderly individuals, i.e. those with neither an AD 
nor MCI diagnosis, 11C-PIB PET has appeared to be able to detect AD already at its 
preclinical stage (Mintun et al. 2005, Pike et al. 2007, Villemagne et al. 2008, Reiman et 
al. 2009). Subtle memory problems seem to be associated with increased 11C-PIB uptake 
in seemingly cognitively healthy individuals in some studies (Pike et al. 2007, Mormino 
et al. 2009), although contradictory results exist as well (Aizenstein et al. 2008, Jack et 
al. 2008). In a longitudinal study where neuropsychological test results were available on 
the preceding years before 11C-PIB PET, 70 % of the cognitively declining but originally 
healthy subjects had PIB-positive scans, compared with only 17 % of the cognitively 
stable subjects (Villemagne et al. 2008). More studies and time are needed to conclude 
whether PIB-positive scans can indeed detect prodromal AD in clinically cognitively 
normal persons.

Rather a large proportion of healthy elderly subjects do seem to show AD-like 11C-PIB 
binding, about 10-30 % depending on the study (Klunk et al. 2004, Mintun et al. 2006, 
Pike et al. 2007, Rowe et al. 2007, Aizenstein et al. 2008, Jack et al. 2008). In short, 
due to the brief history of in vivo amyloid imaging, it is at present unclear whether a 
person can display increased 11C-PIB uptake indicative of marked brain Aβ load without 
ever developing clinical symptoms of AD. However, for purely “diagnosing” normal 
aging, at least the prognostic value of a PIB-negative scan may have important clinical 
implications – it seems unlikely that a person would develop AD in the near future 
without demonstrating any cortical Aβ deposits in a 11C-PIB PET scan.

Healthy individuals with an increased genetic risk for future AD are interesting study 
subject candidates within the group of cognitively normal subjects. Two different 
pedigrees of PS1-mutation carriers were investigated in one study, showing that at least 
with this kind of familial predisposition for AD, increased 11C-PIB uptake is present 
during the asymptomatic stage (Klunk et al. 2007). However, as reviewed earlier, so 
called sporadic AD is much more common than the known familial forms of AD.

The effect of the apolipoprotein E genotype on the risk for brain amyloidosis and for 
developing sporadic AD is intriguing, yet unclear (see section 2.1.3 Genetics of AD). 
It has been observed that ApoE epsilon 4 –positive AD patients seem to have greater 
11C-PIB uptake compared to age-matched epsilon 4 –negative patients with similar levels 
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of cognitive impairment and brain atrophy (Drzezga et al. 2009). The ApoE epsilon 4 
allele has previously been shown to be associated with neuropathological AD also in 
nondemented individuals (Polvikoski et al. 2006). In a longitudinal study on a non-
demented population, 54 % of ApoE epsilon 4 carriers were PIB-positive as opposed 
to only 19 % of non-carriers, although there was no difference in epsilon 4 prevalence 
between the cognitively stable and declining groups (Villemagne et al. 2008). These 
results could be considered important in a wider sense, because the findings were 
interpreted to confirm ApoE’s involvement in the economy of Aβ deposition and/or 
removal. In an evaluation of cognitively normal persons with a reported family history of 
AD and 2 copies, 1 copy, and no copies of the ApoE epsilon 4 allele, 11C-PIB uptake was 
again significantly associated with ApoE epsilon 4 carrier status, and furthermore, with 
epsilon 4 allele dose (heterozygosity vs. homozygosity) in frontal, temporal, posterior 
cingulate-precuneus, parietal, and basal ganglia areas, which are typically affected in AD 
(Reiman et al. 2009). Further studies on ApoE genotype, 11C-PIB uptake and cognitive 
performance in originally healthy subjects will hopefully elucidate the links between 
ApoE genotype, brain amyloid accumulation, and clinically manifest AD.

2.3.6	 11C-PIB PET in relation to CSF biomarkers, MRI findings, 18F-FDG PET 
findings, inflammation markers and cognitive measures

11C-PIB uptake and neuropsychological measures 
Many research groups have tried to establish whether 11C-PIB uptake is associated 
with the severity of dementia. Although there is extensive variability between studies, 
11C-PIB uptake does generally not appear to be strongly associated with cognitive 
measures in AD patients (Klunk et al. 2004, Engler et al. 2006, Edison et al. 2007a, 
Pike et al. 2007, Rowe et al. 2007, Grimmer et al. 2008). For example, 11C-PIB uptake 
and Mini Mental State Examination (MMSE) scores, with some exceptions, have not 
shown significant negative correlations (Klunk et al. 2004, Engler et al. 2006, Rowe et 
al. 2007). Furthermore, disease duration does not appear to be associated with 11C-PIB 
uptake (Klunk et al. 2004). The Clinical Dementia Rating Sum of Boxes (CDR-SOB) 
score has been reported to explain approximately 11-22 % of the variance of 11C-PIB 
uptake, but when controlling for age, the association became even weaker (Grimmer et 
al. 2008). In one study, a greater cortical amyloid load correlated with lower scores on 
facial and word recognition tests (Edison et al. 2007a). In another study with a larger 
AD group (n = 31), however, no relationship was detected between measures of memory 
performance and 11C-PIB uptake (r = 0.04, p = 0.85) (Pike et al. 2007). 

In contrast, MCI subjects as well as healthy controls have demonstrated some associations 
between episodic memory and 11C-PIB uptake (Pike et al. 2007, Mormino et al. 2009). It 
should be noted that when hippocampal volume and 11C-PIB uptake were both included 
in the same model to predict episodic memory in the latter study, 11C-PIB uptake no 
longer correlated with cognitive measures (p = 0.50) (Mormino et al. 2009). It was 
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hypothesized that the effect of brain Aβ is mediated by hippocampal atrophy, which is 
indeed plausible.

Another study employed a retrospective approach using clinical follow-up information 
on initially cognitively healthy subjects. Longitudinal data had been collected during the 
6-10 preceding years before 11C-PIB PET. Seven out of 10 of the cognitively declining 
subjects were PIB-positive, compared with only 4 out of 24 of the cognitively stable 
subjects – a significant difference was observed between the 11C-PIB uptake of the stable 
and that of the declining group. In the cognitively declining group, Aβ load was strongly 
correlated with memory impairment and with word-recall slopes. By the time of the PET 
scan, 4 out of the 10 cognitively declining subjects had converted to MCI or AD and all 
of these were PIB-positive. However, only 3 out of the 6 remaining cognitively declining 
subjects (still with no diagnosis) were PIB-positive. This was interpreted to suggest that 
cognitive decline itself was not synonymous with prodromal AD, which is in line with 
previous MCI studies – not all declining subjects ever convert to AD [e.g. (Busse et al. 
2006)]. Furthermore, the results could be interpreted to mean that 11C-PIB PET could be 
sensitive at detecting AD-prone individuals from other cognitively declining subjects. 
(Villemagne et al. 2008)

11C-PIB uptake and brain atrophy measured with MRI
In contrast to 11C-PIB uptake and dementia severity, a positive correlation has been 
demonstrated between 11C-PIB binding and the rate of cerebral atrophy in AD subjects 
(n = 9) (Archer et al. 2006). Associations were found between rates of whole brain 
atrophy calculated over a mean follow-up of 13 months, and whole brain (p = 0.019) 
as well as regional 11C-PIB uptake. The relationships between atrophy rate and anterior 
(r2 = 0.59; p < 0.05) and posterior cingulate (r2 = 0.57; p < 0.05) 11C-PIB uptake were 
quite robust, although the small sample size needs to be kept in mind. A recent study 
with larger samples found a significant association between elevated 11C-PIB uptake and 
smaller hippocampal volumes in PIB-positive MCI patients (n = 39) and in controls (n 
= 37) (Mormino et al. 2009). This was, however, a cross-sectional study, not providing 
any information on the rate of atrophy in relation to 11C-PIB retention.

A recent follow-up report, where 11C-PIB scans and MRI scans were performed at 
baseline and after approximately one year, has also been published. 11C-PIB uptake did 
not increase significantly over time, while rates of brain atrophy were greater in the AD 
group than in the MCI group and greater in the MCI group than in the control group, as 
expected. 11C-PIB uptake and atrophy rates were, however, not compared with each other 
in that study, meaning that possible individual associations remained undetected. (Jack 
et al. 2009) It would be of great importance to study this possible association between 
brain Aβ load and volumetric brain changes with larger sample sizes, longer follow-ups 
and subjects with different levels of cognitive impairment and/or risk for AD.
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11C-PIB uptake and CSF biomarkers
Cerebrospinal fluid (CSF) biomarkers have recently been intensively investigated 
in the quest for early detection of AD (see section 2.1.5 CSF and blood biomarkers). 
An association has been shown between 11C-PIB uptake and decreased CSF Aβ1-42 
levels in both demented and non-demented subjects (Fagan et al. 2006, Grimmer et al. 
2009). In a study with MCI subjects, CSF Aβ1-42 was abnormal in only 53 % of the 
subjects, whereas 11C-PIB uptake was increased in 87 %. Furthermore, only 54 % of the 
PIB-positive subjects exhibited AD-like CSF Aβ1-42 values. (Koivunen et al. 2008a) 
In another study, all participants with low CSF levels of Aβ1-42, irrespective of their 
cognitive state, were also PIB-positive (Fagan et al. 2006). These results together could 
indicate that 11C-PIB PET is more sensitive at detecting disrupted amyloid metabolism 
than this CSF biomarker, and further imply that CSF levels of Aβ may decrease only 
after Aβ plaques are already detectable with 11C-PIB PET. 

11C-PIB uptake and brain inflammation as assessed by 11C-(R)-PK-11195 PET
A modified amyloid cascade–neuroinflammation hypothesis suggests that Aβ formation 
activates microglial cells which in turn release neurotoxic substances such as cytokines 
and that these inflammatory changes are responsible for the neurodegeneration 
encountered in AD [e.g. (McGeer and McGeer 2001)]. Microglial activation can be 
studied with PET using a tracer that binds to peripheral-type benzodiazepine binding 
receptors (PBBR), which are expressed in the mitochondria of activated microglia 
(Kreutzberg 1996). 11C-PK-11195 [1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-
3-isoquinole carboxamide] or its higher-affinity R-enantiomer 11C-(R)-PK-11195 
is this kind of a radiotracer, and it has shown increased uptake in the entorhinal, 
temporoparietal and posterior cingulate cortices of AD patients (Cagnin et al. 2001, 
Edison et al. 2008a). In recent studies combining 11C-(R)-PK-11195 and 11C-PIB PET 
imaging, the uptake of the two tracers did not seem to be quantitatively associated in 
patients with AD or MCI (Edison et al. 2008a, Okello et al. 2009a, Wiley et al. 2009). 
The absence of an association could partly be explained by the increases in 11C-(R)-
PK-11195 uptake being rather small in AD (Edison et al. 2008a, Wiley et al. 2009), and 
the observation that brain microglial activation and therefore 11C-(R)-PK-11195 PET 
retention can be increased also in other types of brain injury [e.g. (Banati et al. 2000)]. 
In addition, it could be expected that immune responses to Aβ deposition would vary 
greatly from individual to individual, and the sample sizes in these studies have been 
rather small.

11C-PIB uptake and 18F-FDG PET findings
Another logical PET tracer to combine with 11C-PIB imaging is 18F-FDG (see section 2.2.4 
18F-FDG PET in AD). 11C-PIB uptake was significantly correlated with impaired glucose 
metabolism as assessed by 18F-FDG uptake in the first clinical 11C-PIB PET study on AD 
patients (Klunk et al. 2004). A later follow-up report on these 16 patients again noted that 
reduced rCMRgluc was significantly associated with increased 11C-PIB uptake in the 
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frontal, parietal and occipital cortex at baseline, but the relatively strong association did 
not, however, persist at follow-up (Engler et al. 2006). In another PET study combining 
these two tracers, greater 11C-PIB uptake correlated with lower rCMRgluc in temporal and 
parietal cortices but not elsewhere (Edison et al. 2007a). The high frontal amyloid load 
detected by 11C-PIB PET in AD in the presence of unimpaired glucose metabolism in the 
same region (Edison et al. 2007a) is an interesting phenomenon that should be studied 
further. This could indicate that (fibrillar) Aβ is not the cause of the hypometabolism 
in AD, or that different brain regions are differentially susceptible to the toxic effects 
of amyloid, or that Aβ causes hypometabolism indirectly in those regions that receive 
neuronal projections from sites of Aβ accumulation. It has also been discussed that 
soluble Aβ oligomers could be even mainly responsible for progressive synaptic and 
neuritic injury while insoluble amyloid deposits, to which 11C-PIB binds (Ikonomovic 
et al. 2008), could be relatively inert [e.g. (Walsh and Selkoe 2007)]. Soluble Aβ levels 
also seem to correlate better with the cognitive impairment than do Aβ plaque quantities 
(Näslund et al. 2000). This Aβ oligomer hypothesis could potentially explain both the 
discrepancies between the brain sites of atrophy and 11C-PIB binding as well as between 
regions of 18F-FDG and 11C-PIB uptake changes, but more studies are needed to unravel 
this puzzle.

2.3.7	 Possibilities and prerequisites of in vivo amyloid imaging tracers

Amyloid imaging would potentially have a number of future applications (see Table 3 
below), which explains why research in this field is so dynamic. New amyloid-binding 
tracers emerge continuously; for example, ligands such as 18F-AV-138 (Wey et al. 2009), 
11C-AZD2184 (Johnson et al. 2009) and the PIB-derivative 18F-flutemetamol (Nelissen 
et al. 2009) have recently shown potential for clinical applications.

A prerequisite for any Aβ tracer for in vivo imaging is of course that it effectively 
illustrates brain Aβ deposits. To this end, it should bind specifically to Aβ at nanomolar 
concentrations and it should have a sufficient signal-to-noise ratio as a PET tracer. These 
properties should be studied properly using biochemical measurements in post mortem 
brain tissue before embarking on in vivo studies. Next, the in vivo tracer uptake and post 
mortem histochemical measures of Aβ should correspond well, which is not at all self-
evident even if the two compounds show similar binding e.g. in brain histopathology, 
because of the effects of tracer kinetics in the human body. Toxicity and radiation safety 
of any radiotracer should also be assessed before its wider use. For example, the radiation 
burden resulting from an amyloid-imaging scan with a certain ligand is extremely 
important and has to be estimated before planning studies with repeated scanning of 
individual subjects with the tracer. Another practical prerequisite for the widespread 
usefulness of an amyloid imaging tracer is that the method should be highly reproducible, 
even across different institutes. Only in this way can important and unbiased collective 
knowledge be gained. 
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The method should also be widely accessible and in this respect, 18F-labelled amyloid 
ligands for PET are of great interest. Only a small minority – for instance <10 % in the 
US - of PET sites have the ability to manufacture 11C-labeled compounds on site (Klunk 
and Mathis 2008). The short radiochemical half-life of 11C requires an on-site cyclotron, 
whereas 18F-labelled compounds can be produced in regional cyclotron facilities and 
distributed to imaging centres within a 2-4 h travel radius. In short, the discovery of an 
applicable 18F-labelled amyloid imaging tracer could increase by one degree of magnitude 
the availability of in vivo amyloid imaging. A new tracer of this kind would likely attract 
marked commercial interest. 11C-PIB, because of the widely gained knowledge on its 
properties, could function as a reference compound for the development of more readily 
available tracers. Furthermore, 11C-PIB or another 11C-labelled compound could turn out 
to be still the most specific Aβ radioligand and therefore a feasible tracer for research use 
in sites where it can be manufactured. The validation of 11C-PIB PET itself is still also 
incomplete and needs a more thorough assessment. The detailed evaluation of all the 
properties, e.g. the radiation safety and reproducibility of the method, is a prerequisite 
before embarking on further studies which hopefully demonstrate whether 11C-PIB PET 
is applicable for the diagnosis, differential diagnosis, monitoring and/or early detection 
of AD, as well as for efficacy assessments of future anti-amyloid treatments.

Table 3. Potential applications of in vivo amyloid imaging with PET.

•	 Studying the pathophysiology of Alzheimer’s disease
-	 The time course of Aβ plaque deposition
-	 The temporal and causal relationships of Aβ plaques with other neuropathological 

findings (neurofibrillary tangles, synaptic loss, grey matter atrophy, neurotransmitter 
deficits, reduced metabolism, etc.)

•	 Early detection of Alzheimer’s disease
-	 Depiction of neuropathological changes before clinical symptoms occur
-	 Research on the familial forms of AD as a disease model
-	 Studies on monozygotic and dizygotic cognitively discordant twins
-	 Investigation of changes related with healthy aging and distinguishing these from the AD 

disease process
•	 Differential diagnostics

-	 The differential diagnosis of other dementing diseases from AD
-	 The depiction of possible multiple pathologies such as the often-seen combination of 

vascular dementia with AD
-	 Establishing possible Aβ accumulation patterns of atypical dementias

•	 Development and efficacy assessment of new therapies
-	 Validation of the mechanisms of action of drugs that have an impact on amyloid metabolism
-	 Assessments of the possible impact of current AD treatments on amyloid pathology
-	 Efficacy assessments of putative disease-modifying therapies such as amyloid-degrading 

drugs or drugs that inhibit the accumulation of Aβ
-	 Studying the effects of anti-amyloid immunotherapy with vaccinations and/or amyloid 

antibodies
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3.	 OBJECTIVES OF THE STUDY

One of the major mysteries of Alzheimer’s disease (AD) is the evolution of brain amyloid 
pathology. How early in the disease course can Aβ accumulation be detected in the brain 
and how the Aβ-related pathology changes during the progression of the disease are 
important issues which need to be addressed in biomedical research on AD. Whether 
Aβ may be detected in completely non-symptomatic individuals who are at an increased 
risk for future AD is a key question also for new therapeutic strategies. Positron emission 
tomography (PET) has shown promise as a technology to monitor brain amyloid 
pathology in living humans. For follow-up studies, it is essential to determine whether 
a PET tracer is associated with an acceptable radiation burden and shows sufficient 
reproducibility. Furthermore, as follow-up studies often include seriously ill patients, 
simplified scanning protocols that still produce reliable results are desirable. In order to 
address these issues and to provide further validation of amyloid detection with the PET 
tracer compound 11C-PIB, the four practical objectives of this series of studies were as 
follows:

I 	 To study the biodistribution and radiation dosimetry of the PET amyloid imaging 
agent 11C-PIB in humans for the radiation safety point-of-view validation of 
(clinical) 11C-PIB PET studies.

II 	 To evaluate the reproducibility and (clinical) applicability of simplified 11C-PIB 
PET data analysis methods.

III	 To determine whether there is continuous, progressive Aβ accumulation, as 
assessed by 11C-PIB PET, during the clinical progression of AD over a feasible 
(two-year) follow-up time and to compare 11C-PIB uptake with brain atrophy rates 
assessed with repeated magnetic resonance imaging.

IV 	 To investigate whether non-demented monozygotic and/or dizygotic co-twins 
of cognitively impaired persons display increased 11C-PIB uptake compared to 
unrelated control subjects.
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4.	 SUBJECTS AND METHODS

4.1	 SUBJECTS

All study protocols were approved by the Ethics Committee of Southwest Finland 
Hospital District. All subjects and their next-of-kin, when applicable (for cognitively 
impaired subjects who were considered unable to provide valid informed consent on 
their own), gave written informed consent according to the Declaration of Helsinki. 
No one was included in the investigations against his or her own wish. The subjects 
were free to withdraw their consent at any time and to discontinue their participation 
in the studies. The cognitively impaired subjects and their next-of-kin were offered no 
monetary rewards for their participation. 

4.1.1	 Healthy young subjects (study I)

The original subject group of study I, the 11C-PIB PET dosimetry study, consisted of 
8 healthy male volunteers, who differed from the control subjects of the other studies 
in that they were young adults. The mean age of the subjects was 27.5 years (SD 6.7), 
the ages ranging from 22 to 42 years. This approach was employed because healthy 
young males were considered to give reliable input data for the MIRDOSE3.1 program 
(Stabin 1996) for the organ-wise absorbed dose estimates. It was also important to 
eliminate the effect of any local or systemic pathologies on the tracer biodistribution. All 
of the enrolled subjects were healthy in terms of both somatic and neuropsychological 
conditions, which was ensured by obtaining thorough medical history and conducting a 
clinical health examination. The MRI scans that were acquired to aid in the positioning 
of the subjects in the PET scanner and for anatomical reference when evaluating the PET 
data also confirmed that no anatomical brain abnormalities were present. The subjects’ 
average weight was 76 kg (SD 11, range 65-96 kg), which is also close to the weight 
of the 70 kg Reference Man (Snyder et al. 1974) in the MIRDOSE3.1 software (Stabin 
1996) that was utilized in study I. The brain scans and arterial blood and urine analysis 
data of 5 previously scanned healthy subjects (3 women, 2 men) were also included in 
study I. These subjects’ mean (SD, range) age was 67 years (4.9, 59-73) and their mean 
weight was 79 kg (21, 59-101). Furthermore, during the data analysis of study I, it was 
observed that additional gallbladder scans were needed. Three healthy subjects of ages 
of 78, 78 and 82 years and weights of 68, 57 and 70 kg were included in the study. These 
additions resulted in a sample size of 16 subjects in study I.

4.1.2	 Elderly subjects: patients and controls (studies II and III)

The patient groups in studies II and III were recruited through the Turku City Hospital 
geriatric clinic and consultant neurologists. All patients fulfilled the NINCDS-ADRDA 
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criteria for probable AD (McKhann et al. 1984) as well as the DSM-IV criteria for 
Dementia of the Alzheimer’s type. In all cases the diagnosis was made by an experienced 
geriatrist or neurologist and the diagnosis was always based, in addition to a typical 
clinical picture, on neuropsychological evaluation, physical examination including full 
neurological examination, structural brain imaging with either CT or MRI, and laboratory 
tests. It was also confirmed after enrollment and before PET scanning that brain MRI did 
not reveal any findings that would conflict with the AD diagnosis.

For the 14 patients in study III, a thorough medical history and physical examination 
including neurological examination, blood pressure measurement, ECG and laboratory 
tests were performed as a part of this study, within one month before the PET scanning. 
This screening visit was also repeated before the follow-up scans to confirm that each 
subject was still well enough to participate and had not developed marked concomitant 
illnesses. On both occasions the screening visits were conducted according to Good 
Clinical Practice (GCP) protocols at Clinical Research Services Turku, University 
of Turku. The 13 healthy control subjects of study III underwent the same screening 
procedures before participation on both occasions, at baseline and follow-up. Figure 12 
illustrates the visits of study III. No evidence of major neurological or psychiatric illness 
was present in these healthy subjects. They were – as were the AD patients of study III - 
also free of any other conditions –such as heart, lung or liver disease or taking concomitant 
medications - that could have affected the results of the PET scanning, MRI scanning 

Figure 12. The steps of study III. The same procedures were conducted with each subject at 
baseline and at follow-up after an interval of approximately two years.
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or neuropsychological testing. It was also confirmed that the healthy controls performed 
within the age-appropriate range in neuropsychological tests. The control subjects had to 
score a minimum 27 points in the MMSE at baseline of study III. One subject scored only 
25 points at screening, but she underwent extensive neuropsychological assessments and 
in them performed within the age-appropriate range, and was therefore included in the 
healthy control group. The 4 elderly control subjects of study II were also deemed to be 
healthy on the basis of an interview about their medical history and were also subjected 
to a thorough physical examination. The patients of study II underwent the same check-
up as the controls in order to exclude other (concomitant) illnesses and medications than 
AD that could have affected the results.

Four of the 6 patients and 3 of the 4 control subjects in study II were women. In study III, 6 
of the 14 patients and 10 of the 13 control subjects were female. The mean (SD, range) age 
of the patient group at study II baseline was 71 years (7.6, 59-79), and the control subjects 
had a mean age of 64 years (9.2, 51-71). The mean age at baseline was 72 years (6.6, 55-
84) for the patient group and 68 (5.4, 59-79) for the control group in study III.

In study III (and IV, see ahead), the educational background of each patient and control 
subject was also assessed and it was confirmed that the patient and control groups did 
not differ in terms of schooling. Furthermore, the educational level of the AD subgroups 
of progressors and nonprogressors did not differ from one another. See Table 4 for the 
mean educational levels and other demographic information of study III.

Table 4. Demographical data [mean (SD) unless otherwise stated] on the Alzheimer’s disease 
patients and the healthy controls of study III.

AD patients 
(n=14)

AD 
progressors 
(n=8)

AD non-
progressors 
(n=6)

Controls 
(n=13)

Men/women 8/6 4/4 4/2 3/10
Age at baseline, years 72.2 (6.6) 72.6 (4.0) 71.8 (9.6) 68.4 (5.4)
Age range at baseline, years 55.4-84.0 65.2-78.2 55.4-84.0 58.7-78.7
Time between scans, years 2.02 (0.20) 2.04 (0.25) 2.00 (0.11) 2.12 (0.57)
Range of time between scans, years 1.81-2.63 1.8-2.6 1.8-2.2 1.47-3.08
Educational level* 2.1 (0.8) 2.0 (0.8) 2.2 (1.0) 1.8 (0.7)
ApoE genotypes ε4ε4 / ε3ε4 / ε3ε3 3/10/1 3/5/0 0/5/1 0/7/6
MMSE at baseline 24.3 (3.1) 23.8 (3.7) 25.0 (2.3) 28.4 (1.5)
MMSE range at baseline 17-29 17-27 23-29 25-30
MMSE at follow-up 21.6 (3.9) 20.0 (3.9) 24.0 (2.4) 27.2 (1.8)
MMSE range at follow-up 12-28 12-25 21-28 23-30 

AD = Alzheimer’s disease
* The educational backgrounds of the subjects were classified into three categories according 
to the duration of their formal education: 1, basic education (6-8 years); 2, additional college or 
vocational education (8-15 years) and 3, higher academic education ( ≥ 15 years). The educational 
levels of the AD group and the control group did not differ (p = 0.325).
This data has been previously published in original publication III.
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4.1.3	 Twins and controls (study IV)

The elderly twins in study IV were recruited from the Finnish Twin Cohort (Kaprio and 
Koskenvuo 2002). During 1999-2001, all monozygotic (MZ) twin persons aged 65 years 
or more and having their co-twin alive in 1999 were asked to participate in a telephone 
screening of cognitive functioning. In 2003-2007, the study was amended to also include 
elderly same-sex dizygotic (DZ) twins and twins of uncertain zygosity. The TELE and 
the TICS questionnaires that have been described previously in more detail (Järvenpää 
et al. 2002, Järvenpää et al. 2003) were employed in the telephone screenings. The 
telephone interview was completed for 2483 twins of known zygosity (703 MZ twins 
and 1780 DZ twins) and 123 twins of uncertain zygosity with an overall response rate of 
78.7 %. The zygosity of the twin pairs in the screening study was determined by using 
a previously validated questionnaire method (Sarna et al. 1978). The zygosity of the 
twin pairs that participated in the actual PET study were confirmed by genotyping of ten 
highly polymorphic markers at the Paternity Testing Unit of the National Public Health 
Institute, Helsinki, Finland.

In earlier studies the TELE interview has been shown to effectively differentiate probable 
AD patients from cognitively healthy individuals (Järvenpää et al. 2002). The twin pairs 
that showed discordance in their cognitive performance measured by the TELE interview 
were asked to participate in the PET study. The cognitive disorder of one of the co-twins 
and the intactness of the other were confirmed through neuropsychological testing with 
an extensive test battery for episodic and semantic memory, attention, language and 
visuospatial abilities. Based on these results, 8 MZ twin pairs and 9 DZ twin pairs were 
finally included in the PET study, because they were considered discordant for a memory 
disorder. In addition, 9 healthy elderly non-twin control subjects, who were unrelated to the 
twins, were recruited through advertisements in the local Alzheimer’s disease association’s 
magazine, and these subjects also underwent the same neuropsychological testing to 
confirm their normal cognitive performance. Table 5 shows the gender distribution and 
age as well as educational level of the participants of study IV. There were no differences 
in the educational levels of the cognitively impaired and intact groups.

4.2	 STUDY DESIGNS

Studies I and IV were cross-sectional. Study II included repeated 11C-PIB PET scans, 
but the scans were performed within a short period, the mean scan interval being 34 days 
(SD 30) for the patient group and 58 days (SD 27) for the control group. Study III was a 
longitudinal study with an average time between the baseline and follow-up scans of 2.0 
years (SD 0.2) for the patient group and 2.1 years (SD 0.6) for the control group. All studies 
included brain MRI scanning and PET scanning with 11C-PIB as the radiotracer. Studies 
II-IV also assessed the cognitive performance of the participants, with Mini Mental State 
Examination (MMSE) as the minimum assessment (in study II). None of the studies can 
be considered as an intervention study, because no treatments were given to the subjects. 
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The health care of the subjects was totally independent of the studies. The main outcome 
measures were I the radiation burden of 11C-PIB PET scanning in different organs of the 
body and in the human body as a whole (absorbed doses and effective dose); II the test-
retest variability (VAR and ICC values) of 11C-PIB uptake measurements obtained with 
simplified analysis methods; III the change in 11C-PIB uptake (region-to-cerebellum 
ratios) over two years of follow-up (%) in the AD group compared with controls and the 
associations (correlation coefficients) of 11C-PIB uptake ratios with brain atrophy rates; 
and IV the 11C-PIB uptake ratios of cognitively intact subjects who had a monozygotic or 
dizygotic co-twin with AD-like cognitive impairment (stringent AD diagnostic criteria were 
not applied), compared with unrelated controls. The subject sample in study I consisted of 
healthy participants only, but in studies II-IV, both AD patients (or cognitively impaired 
subjects with AD-like symptoms) and healthy controls were investigated. The practical 
matters of studies I-IV are compared in Table 6 (ahead).

4.3	 IMAGING METHODS

4.3.1	 MRI

The MRI scanning was always performed with a Philips Gyroscan Intera 1.5 T scanner 
(Philips, Best, The Netherlands). In study I, abdominal T1-weighted 3-dimensional 

Table 5. Demographical information on the monozygotic and dizygotic twins and the healthy 
controls of study IV. The data are presented as mean (SD) unless otherwise stated. 

MZ-
impaired 
(n=9)

MZ-
preserved 
(n=9)

DZ-
impaired 
(n=8)

DZ-
preserved 
(n=8)

Controls 
(n=9)

Men/women 7/2 7/2 4/4 4/4 3/6
Age (years)  76.2 (4.3) 76.2 (4.3) 71.6 (0.5) 71.6 (0.5) 71.2 (3.4)
Educational level* 1.8 (1.1) 1.7 (1.0)  1.4 (0.5) 1.8 (1.0) 1.9 (0.6)
ApoE ε4 carriers 1 (11 %) 1 (11 %) 4 (50 %) 3 (38 %) 3 (33 %)
MMSE 20.9 (5.3) 27.9 (1.5) 22.6 (3.1) 27.5 (1.8) 28.3 (1.5)
Word list learning 16.5 (7.7) 21.2 (5.9) 16.3 (3.4) 19.0 (2.4) 21.3 (3.6)
Word list savings (%) 58.5 (30.1) 93.4 (16.6) 65.5 (19.0) 92.5 (8.5) 94.8 (6.2)
Trail making A (sec) 94.2 (50.6) 71.0 (25.6) 110.3 (59.2) 72.3 (18 .4) 61.9 (14.6)
Category fluency 19.3 (8.3) 24.0 (7.3) 20.6 (4.7) 25.6 (8.8) 22.2 (2.9)

* The educational backgrounds of the subjects were classified into three categories according 
to the duration of their formal education: 1, basic education (6-8 years); 2, additional college or 
vocational education (8-15 years) and 3, higher academic education ( ≥ 15 years). 
MMSE = Mini-Mental State Examination; Word list learning: sum of three repetitions (maximum 
10 words in each); Word list savings: the percentage of words remembered from the third 
repetition after delay; Trail making A: time (in seconds) needed to connect randomly placed 
numbered circles in correct order; Category fluency: sum of different animals the subject could 
list correctly in 60 seconds. The more extensive neuropsychological data was not available for 
one MZ twin pair but the discordance in cognitive abilities was evident clinically and according 
to the MMSE (23 vs. 29 points). 
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scans with a voxel size of 1.56 x 1.57 x 4.00 
mm were obtained for 6 subjects. The location 
of the kidneys was marked on the subjects’ 
body according to these images to aid in the 
subsequent positioning into the PET scanner. 
In these abdominal scans, the subjects had to 
hold their breath. T1-weighted 3-dimensional 
brain MRIs with a voxel size of 0.50 x 0.50 
x 1.00 mm were obtained with the same 
Philips scanner in all of the studies, I-IV.  T2 
sequences and FLAIR sequences were also 
obtained in all of the brain scans. These were 
used to exclude the presence of any brain 
pathologies that could have interfered with 
the results of the studies or resulted in the 
rejection of some subjects. 

4.3.2	 Radiotracer synthesis and 
administration

The radiotracer 11C-PIB was in all studies 
manufactured in the same manner: by a 
reaction of 0.8 mg of 6-OH-BTA-0 and 
11C-methyl triflate in 100 µL of acetone, for 
3 min at 80 °C. The crude product was then 
purified through high-performance liquid 
chromatography with a µBondapak column 
(Waters), using an eluent of 0.01 mol/L of 
phosphoric acid/acetonitrile (63:37) and a 
5 mL/min flow rate. Then 0.3 mL of sterile 
propylene glycol/ethanol (7:3, v/v) was 
added and the fraction containing the product 
was evaporated and redissolved in a sterile 
medium [propylene glycol/ethanol (7:3, v/v)] 
/ [physiologic phosphate buffer] (0.1 mol/L, 
pH 7.4; 1.5:8.0) and filtered through a 0.2 
µm Acrodisc 4192 sterile filter (Gelman). 
The radioligand purity was In all studies the 
radioligand purity was 95 % at minimum, and 
the mean specific radioactivity ranged from 
29 MBq/nmol to 32 MBq/nmol.
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The mean (SD, range) injected radioactive dose of 11C-PIB was 489 MBq (61, 416-606) 
in study I. In study II, the mean injected doses were 322 MBq (19.2, 295-345) for the AD 
patients and 301 MBq (10.1, 289-311) for the controls in the first scan and 301 MBq (23.4, 
265-331) for the AD patients and 275 MBq (30.8, 236-309) for the controls in the second 
scan. For the 11C-PIB PET scans of study III, the mean injected doses at baseline were 413 
MBq (96.2, 282-521) for the patients and 397 MBq (104, 285-538) for the controls, and at 
follow-up, the mean doses were 436 MBq (75.4, 317-542) for the patients and 376 MBq 
(75.6, 289-502) for the controls. In study IV, the subjects received a radioactive dose of 
470 MBq of 11C-PIB on the average (67, 250-537). In all studies I-IV, the radiotracer was 
administered intravenously into an antecubital vein as a rapid bolus injection.

4.3.3	 PET scanning

A transmission scan was always obtained before the injection of the radiotracer. In study I, 
when acquiring whole-body images of 2 subjects, a 2 min transmission scan was performed 
for each bed position. Otherwise the transmission scans of this study as well as study 
IV lasted 5 min. With the exception of the brain images of study I that were acquired 
previously with the GE Advance PET scanner (General Electric Healthcare) (and 10-15 
min transmission scans), the PET scans of study I were performed with the ECAT EXACT 
HR+ scanner (CTI/Siemens) (Figure 13), as were all of the PET scans in study IV. The 
GE Advance scanner (Figure 14) was, in turn, used in all PET scans of studies II and III. 
In both of these studies, the transmission scans lasted 8 min. All of the transmission scans, 
irrespective of the scanner, were performed with rotating 68Ge/68Ga rod sources.

Figure 13. The ECAT EXACT HR+ scanner at Turku PET Centre.

The field of view of the ECAT EXACT HR+ scanner consists of 63 image slices in 
15.5 cm, with 2.46 mm slice separation. The abdominal images and whole-body images 
in study I were obtained with the scanner in the 2-dimensional mode. Three subjects 
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underwent PET scanning of the upper abdomen and another 3 had their middle abdomens 
imaged. The former scans enabled the visualization and quantitation of 11C-PIB uptake 
in the heart wall, stomach, spleen and intestine, whereas the latter provided data on the 
kidneys and back muscles. The 11C-PIB uptake estimates of the vertebral bodies and 
the liver were obtained from both types of abdominal scans. Both types of abdominal 
scans consisted of 23 time frames (8 x 15, 6 x 30, 5 x 180 and 4 x 300 s), so that the 
emission scans lasted 40 min. Since it was observed that tracer uptake in the gallbladder 
was continuing at 40 min, another 3 subjects were scanned with their upper abdomen 
in the tomography field of view. These images were obtained at about 100 min after 
tracer injection, after these subjects had already undergone a 90 min brain scan. The 
2 whole-body scans in study I were performed so that the first was started 5 min after 
tracer injection with the subject being imaged from the head to the upper thigh region 
and the second was started 11 min after tracer injection and the subject was imaged from 
the upper thigh region to the head. The emission scan for each bed position lasted 5 min. 
In contrast, in all of the other scans of studies I-IV, a stable bed position was used. The 
3-dimensional (detector ring septa retracted) brain emission scans of study I as well as 
studies II-IV, lasted 90 min, with 28 time frames (4 x 30, 9 x 60, 3 x 180, 10 x 300 and 
2 x 600 s), irrespective of the scanner employed. The GE Advance scanner used in the 
brain scanning of studies I-III yields 35 slices in a 15.2 cm long field of view, providing 
4.25 mm slice separation. 

Figure 14. The GE Advance scanner at Turku PET Centre.

The images obtained with the ECAT EXACT HR+ scanner, i.e. those from the abdominal 
and whole-body scans of study I and all (brain) scans of study IV, were reconstructed with 
a filtered back projection algorithm using the Hann filter and a 4 mm cut-off frequency. 
The GE Advance scanner images of studies I-III were reconstructed with a transaxial 
Hann filter with a 4.6 mm cut-off frequency and an axial ramp filter with an 8.5 mm cut-
off. All of the image data were reconstructed into a 128 x 128 matrix.
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4.4	 ARTERIAL AND URINE SAMPLING AND ANALYSES

4.4.1	 Arterial input data

Arterial sampling was performed in study I to assess blood radioactivity. An arterial 
cannula was inserted in the radial artery of each subject by an experienced anesthesiologist 
for blood sampling during the PET scan. The cannula was always in the arm opposite 
to the venous cannula used for radiotracer administration. Radioactivity monitoring 
was performed continuously at 0-5 min post-injection with an online detector (ABSS, 
Allogg, on the HR+ scanner and FRQ, General Electric Healthcare, on the Advance 
scanner) with an automated blood flow pump (Figure 15) and then from blood samples 
manually collected at 3, 8, 12, 25 and 40 min during the abdominal scans and at 3, 8, 
12, 25, 45, 60, 75 and 90 min after tracer injection during the brain scans. The online 
detectors as well as the automated gamma counter (Wizard 1480, Wallac) for manual 
sample measurements were cross-calibrated with the corresponding PET scanners with 
an ionization chamber (Veenstra Instruments). The data collected by the online detector 
and with manual sampling were combined to form a continuous curve representing 
blood radioactivity concentration (kBq/mL) as a function of time. For dosimetric studies 
the values were normalized to an injected activity of 1 MBq and the mass of the 70 kg 
Reference Man (Snyder et al. 1974) employed in the MIRDOSE3.1 software (Stabin 
1996), and the decay correction was reversed. The descending part of the curve was 
fitted into a 2-exponential function and the curve was extrapolated to infinity.

Figure 15. Automated pump to ensure constant blood flow through the online radioactivity 
concentration detector.
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4.4.2	 Urine input data

The subjects of study I were asked to void their bladder before the PET scans. Urination 
was then controlled during scanning, and the subjects were asked to urinate directly after 
the scan. These urine samples were collected and the time of urination was recorded 
by a time stamp system in the lavatory. Due to different PET scanning times between 
subjects, urine samples were obtained from 46 min post-injection to 141 min after the 
injection of 11C-PIB. Altogether 16 urine samples, from subjects aged from 22 to 73 
years, were obtained. The total volume of the urine was always measured first, after 
which a 2.5 mL sample was extracted with a dropper. This 2.5 mL sample was then 
measured in the ionization chamber and the time of this measurement was recorded to 
enable decay correction. The urine radioactivity at the time of voiding the bladder was 
estimated as the fraction of injected 11C-PIB radioactivity. The data of these 16 subjects 
were combined into one dataset. The radioactivity in the residual or nonvoided urine 
could not be measured. Taking this into account, the radioactivity concentration values 
(in the voided urine) were modeled with the empiric formula of in-growth (Graham et 
al. 1997):

� 

A(t) = AB(1− e−bt ).

This equation was thus used as a pattern of excretion of 11C-PIB into urine. b was the rate 
coefficient for clearance, and it was estimated by adjusting the total excretion fraction 
of the injected radioactivity in urine, AB, to different values between 15 % and 40 % to 
fit the measured data. (As a result of this fitting, the parameter AB received the value 20 
%, indicating that the renal system excretes about 20 % of the injected radioactivity.) To 
convert the fractional data to radioactivity concentration data, the mean sample volume 
of the measurements (V = 384 mL) and the mean injected radioactivity were employed. 

4.5	 11C-PIB IMAGE AND ABSORBED DOSE ANALYSES
11C-PIB uptake was quantitatively evaluated through manual region-of-interest (ROI) 
analysis in study I and partly (as a comparison method) in study II, whereas in a part 
of study II as well as in all tracer uptake analyses of studies III and IV, an automated 
ROI analysis method was employed. In study IV, Statistical Parametric Mapping was 
performed in addition. In studies II-IV the only part of the body under evaluation was 
the brain, whereas in study I, the brain was only one of the evaluated organs and most 
ROIs were drawn on abdominal structures. 

4.5.1	 11C-PIB uptake analysis for dosimetry calculations

In the image analysis of study I, ROIs were drawn on either a summed image of the first 
4 min of the dynamic scan (frames 1-12) or a summed image of the last 20 min (frames 
20-23), depending on which part of the scan best illustrated the selected organs. Some 
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organs were better visualized early in the scan due to vascular activity and others in the 
later time frames due to tracer uptake or metabolism. ROIs were drawn on the PET images 
with the image analysis software Imadeus Academic 1.10 (Forima Inc.), on representative 
parts of the liver, heart, kidney cortex, kidney pelvis, spleen, gallbladder, lungs, stomach, 
large intestine, back muscles and vertebral bodies. In bilateral organs, ROIs were drawn 
bilaterally (kidney cortex and pelvis, and lungs). The anatomical location of the ROIs was 
confirmed by viewing the corresponding MRI simultaneously, and in the case of the lung 
ROIs, the ROIs were delineated with the aid of the transmission scans because contour 
visibility was best in these images. In the case of vertebral bodies, which represented 
cortical bone in the absorbed radioactivity dose estimates, the anatomical location was 
confirmed by both the MRI and the transmission PET image.

In study I, the ROIs for each source organ were drawn on 4 consecutive image planes 
and on a minimum of 3 different subjects’ images, individually for each subject and 
for each plane. The ROIs were finally imposed on the dynamic 11C-PIB PET images 
of the subjects, and through the Imadeus Academic software, time-activity curves, 
i.e. representations of the radioactivity concentration in a ROI-defined structure as a 
function of time, were calculated for each source organ. The time-activity curves were 
normalized to express radioactivity in the given organs after a 1 MBq dose (division by 
injected dose) of 11C-PIB and in a 70 kg body (division by mass of subject x 70 to fit the 
MIRDOSE3.1 program). The decay corrections that had been part of the reconstruction 
algorithm were then reversed and the resulting non-decay-corrected, normalized curves 
were fitted with 3-exponential functions and extrapolated to infinity. In the case of the 
gallbladder and upper large intestine radioactivity concentration curves, the dynamic 
acquisition time of 40 min had not been sufficient to determine the clearance of 11C-PIB 
from these organs. With the upper large intestine, the curve was nevertheless descending 
at 40 min, and a feasible approach was therefore to extrapolate the curve with the 
physical decay function of 11C-PIB according to the half-life of 11C (20.4 min). However, 
the radioactivity concentration of the gallbladder still seemed to be increasing at 40 min, 
and physical decay could not be assumed to represent the clearance of the radioactivity 
after the last measurement. As described in the section 4.1 Subjects, three additional data 
points were therefore acquired for the gallbladder curve. These three extra measurements 
at approximately 100 min after tracer injection resulted in a representative radioactivity 
concentration curve that could be fitted to a 3-exponential function and handled in the 
subsequent analyses like the rest of the source organ curves.

4.5.2	 Brain 11C-PIB uptake analyses: ROI and SPM analyses 

For the brain 11C-PIB PET images of studies II-IV, automated ROI analysis was employed. 
In study II, the manual method was used for comparison to validate the automated method. 
In all of the brain 11C-PIB uptake analyses, a summated image of the last 30 minutes of the 
emission scan (i.e. frames 25-28) was employed, because this time period (60 to 90 min 
post-injection) was deemed to best illustrate specific tracer uptake. 
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Manual ROI analysis
In the manual process in study II, the first and the second (the test and the re-test) 11C-PIB 
PET images of each subject were realigned with one another with the Statistical Parametric 
Mapping software, version 2 (SPM2). The corresponding MRI was then coregistered with 
the (individual) mean image of the realigned images. ROIs were delineated manually on 
each of these combination images (with the MRI predominant, showing the anatomy), 
in the following structures: anterior and posterior cingulate cortices, lateral prefrontal 
and lateral temporal cortices, mesial temporal cortex (including amygdala, hippocampus 
and parahippocampal gyrus), occipital and inferior parietal cortices, caudate nucleus and 
putamen. The drawing on the coregistered MRIs was done with the Imadeus software, 
as were the time-activity calculations from the summated 11C-PIB PET images. The 
regional uptakes were assessed by dividing the average ROI radioactivity concentration 
values by the same individual’s average cerebellar radioactivity concentration value, 
resulting in estimates of region-to-cerebellum ratios.

Automated ROI analyses
The automated ROI analyses of studies II-IV were enabled by procedures conducted 
in a common stereotactic space. For this end, summated (60 to 90 min post-injection) 
11C-PIB PET images were first normalized using a common 11C-PIB image template and 
written using bilinear interpolation. (The ligand-specific template had been created using 
14 previously acquired 11C-PIB scans, which included the images of 5 healthy control 
subjects, 4 MCI patients and 5 AD patients. The procedures involved in generating the 
template are described in detail in the original publication II.) To enable the calculation 
of parametric images representing 11C-PIB region-to-cerebellum ratios in each voxel, 
the cerebellar (cortex) radioactivity concentration was evaluated through automated 
ROI analysis (described below) of the normalized summated images. The normalized 
summated images were divided by the cerebellar radioactivity concentration values, this 
procedure resulting in parametric images. A standardized set of ROIs (see Figure 16 
for examples) was defined on an MRI template image (the mean image of 12 spatially 
normalized MRIs, described in more detail in publication II), representing brain anatomy 
in accordance with the Montreal Neurological Institute database (MNI) space. When 
this ROI set, including the same regions as described above for the manual analysis, 
was imposed on the spatially normalized parametric images, regional average region-
to-cerebellum ratios were obtained. The left and right sides of each brain region were 
averaged to result in region-specific uptake ratios, because no differences in 11C-PIB 
uptake between the two hemispheres were observed, as has also previously been reported 
(Raji et al. 2008). In studies III and IV, a composite neocortical score, representing global 
cortical 11C-PIB uptake, was also calculated. This score was the un-weighted average 
of the uptake ratios of the medial and lateral frontal cortices, the temporal and parietal 
cortices, and the posterior cingulate. In study III, in order to confirm the integrity of the 
cerebellum as a reference region, cerebellar standardized uptake values (SUVs) were also 
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calculated and the baseline values were compared with the follow-up values in both study 
groups. There were no differences between baseline and follow-up cerebellar SUVs.

Figure 16. Examples of ROIs used in studies II-IV. A) Cerebellar cortex, the reference region. B) 
Lateral temporal cortex and medial temporal cortex. C) Lateral frontal cortex, anterior cingulate, 
caudate nucleus, putamen, lateral temporal cortex, and occipital cortex. D) Posterior cingulate 
and parietal cortex. E) White matter.

Statistical Parametric Mapping (SPM) analysis
Study IV included Statistical Parametric Mapping (SPM) analyses, performed with 
Statistical Parametric Mapping (Friston et al. 1995) software version 2 (SPM2) and 
Matlab 6.5 for Windows (Math Works, Natick, MA, USA). This method addresses the 
parametric 11C-PIB PET images, i.e. the spatially normalized images where the 11C-PIB 
signal in each voxel has been divided by the cerebellar 11C-PIB signal of the same 
individual. The process enables the exploration of between-group differences without 
spatial constraints and thus without any a priori hypotheses concerning the locations of 
possible differences. It results in maps illustrating the brain regions where statistically 
significant 11C-PIB uptake differences are present. In study IV, the different subgroups 
were compared with each other by SPM using one-way analysis of variance (ANOVA) 
and t-contrasts. The parametric images that were compared were smoothed with a 12 
mm Gaussian kernel. Multiple comparison corrected p-values < 0.05 at cluster level 
were considered significant, and the non-significant clusters were discarded from the 
visualizations by adjusting the minimum cluster size. The SPM analysis results were 
also used to validate the choices for the regions-of-interest for the quantitative automated 
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ROI analysis of study IV. The regions of significant between-groups differences could be 
identified with the MNI Space Utility (http://www.ihb.spb.ru/~pet_lab/MSU/MSUMain.
html), which converts the MNI coordinates given by SPM to Talairach coordinates (http://
www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml) and enables identification 
of the location of each voxel according to the anatomic labels presented in the Talairach 
Daemon database (http://www.talairach.org/daemon.html).

4.6	 MRI ANALYSES (study III)

The MRI analyses of study III were performed with the aim to compare the longitudinal 
changes in the groups (AD subjects and controls) both point-wise as well as ROI-wise.

To remove pose differences, the follow-up MRIs of all subjects were first rigidly 
registered onto the corresponding baseline images. Using non-rigid registration and an 
in-house tool, the baseline images were then coregistered onto the corresponding follow-
up MRIs. This gave each point a deformation field, and the local volume change over 
the follow-up period was measured in each voxel by computing the determinant of the 
Jacobian matrix of the deformation field. For the point-wise comparison of the subjects, 
the data were normalized to a mean MRI template, previously created from the images 
of 14 healthy subjects. Thus, a point-correspondence was obtained, which enabled the 
comparison of local volume measures between different subjects. For the between-
groups comparison, the local volume measures were smoothed 3 times with a Gaussian 
filter, after which the non-parametric Mann-Whitney U-test was applied for the volume 
change values of each voxel. The obtained voxel-wise between-groups differences in 
changes could then be visualized in colour on top of the MRI template. This is illustrated 
in Figure 22 of the Results section.

To obtain regional results, ROI analysis was applied. The Anatomical Labeling (ALL) 
atlas (Tzourio-Mazoyer et al. 2002) was transformed onto the subjects’ baseline MRIs 
and the average volume change in each ROI was computed. Principal component analysis 
(PCA) was finally applied to the ROI analysis data of the regions with the most significant 
between-groups differences, i.e. the hippocampus, the temporal cortex, the precuneus 
and the cerebral ventricles. The MRI score, to obtain a one-value representation of the 
magnitude of change in each subject, was derived from the weight of the Eigenvector that 
explained the largest share of the variance in the data (i.e. had the largest Eigenvalue).

4.7	 NEUROPSYCHOLOGICAL ASSESSMENTS

The MMSE was carried out in all studies that included cognitively impaired subjects, i.e. 
in studies II-IV. More extensive neuropsychological testing was performed in studies 
III and IV. The test batteries included tests for episodic and semantic memory, attention, 
language and visuospatial abilities. All tests were performed by trained personnel, either 
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certified psychologists or advanced students of psychology. The testing was performed 
at Clinical Research Services Turku, at Åbo Akademi University facilities, or at Turku 
PET Centre.

4.7.1	 The formation of AD progressor and nonprogressor subgroups

In study III, the AD subject group was post hoc subdivided into two groups with 
regard to estimated disease progression. Five neuropsychological measures were used 
in making the division into “progressors” and “nonprogressors”; the MMSE and four 
CERAD/ADAS-COG tests: word list learning, picture naming, word recognition and 
category fluency. These tests were considered to reflect the cognitive domains that 
typically change in AD (episodic and semantic memory) (Collie and Maruff 2000). 
Word list learning points were the sum of three repetitions (maximum 10 words 
in each). The picture naming score was the percentage of correctly named images 
and the word recognition score was the percentage of correctly recognized words 
from a previously introduced list. Category fluency was assessed as the number of 
different animals the subject could list correctly in 60 seconds. Subjects who had 
either a decline of 3 or more points in the MMSE or <3 points decline in the MMSE 
but ≥15 % decline in all other neuropsychological tests were considered to have 
more progressive AD, i.e. they were considered “AD progressors” whereas the rest, 
who had less dramatic changes in their test scores, were considered nonprogressors. 
Table 2 of Original Publication III lists the mean values of the neuropsychological 
measures of the AD nonprogressor and progressor subgroups both at baseline and at 
two-year follow-up.

4.7.2	 The assessment of discordance between co-twins in cognitive performance

The twin participants of study IV first underwent telephone screening of cognitive 
status using the TELE and the TICS instruments described previously in more detail 
(Järvenpää et al. 2002, Järvenpää et al. 2003). The twin pairs who were discordant 
for cognitive impairment, according to TELE, were asked to participate in a detailed 
neuropsychological examination. This test battery measured episodic and semantic 
memory, attention, language and visuospatial abilities. These tests confirmed the 
discordance in cognitive performance between the co-twins that were selected 
to participate in study IV. The cognitively impaired individuals had poor memory 
performance including episodic memory, when compared with non-impaired co-twins. 
In addition, they had impairment in at least two or more other cognitive domains. With 
these criteria and by exclusion of other causes of dementia, the cognitively impaired 
co-twins of study IV very likely had AD, although no stringent diagnostic algorithms 
were applied. In contrast, the cognitively preserved co-twins performed in the 
neuropsychological testing within age- and education-adjusted norms. The unrelated 
healthy control subjects of study IV also underwent the same neuropsychological tests, 
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which aided in selecting only cognitively preserved persons into the control sample. 
See Table 1 in Original Publication IV for the mean scores of the study subgroups in 
the different neuropsychological tests.

4.8	 STATISTICAL ANALYSES, DOSIMETRY CALCULATIONS 	
AND EVALUATION OF REPRODUCIBILITY

The statistical analyses were performed with SPSS software versions 13.0, 15.0 and 16.0 
(for Mac) (SPSS Inc., Chicago, IL, USA) and SAS software version 9.2 (SAS Institute 
Inc., Cary, NC, USA). nQuery Advisor software, version 7.0 (Statistical Solutions, Cork, 
Ireland) was also employed in study II. See section 4.5 11C-PIB image and absorbed 
dose analyses for the description of Statistical Parametric Mapping. See section 4.6 MRI 
analyses for the description of the point-wise comparison of the MRIs of the AD and 
control groups of study III. Parametric testing was valid for evaluating 11C-PIB uptake 
differences between groups in all of the studies, because the results followed normal 
distributions and the variances were homogenous. P < 0.05 was considered significant 
when evaluating the between-groups differences.

4.8.1	 Dosimetry calculations (study I)

As described above, the radioactivity concentration estimates for the dosimetry 
calculations of study I were obtained from ROI and urine and arterial blood analyses. 
Absorbed doses were thereafter calculated with the MIRD algorithm for radiation dose 
calculations in internal exposure, developed by the MIRD Committee of the Society of 
Nuclear Medicine (Howell et al. 1999). The mean absorbed dose (D) in a target organ 
(rk) can be derived from the injected radioactivity (A0) with the following equation: 

� 

D(rk)

A0

= t h

h

∑ S(rk ← rh)

Here S contains the physical characteristics (half-life, emission types and energies, 
penetration ability of the radiation) of 11C as well as the specific fraction of energy 
absorbed in each source-target organ pair. Residence time τh includes the kinetics of the 
radionuclide in the source organ (rh). The residence time, in turn, can be estimated by 
integrating the area under the corresponding (fitted) time-activity concentration curve 
and by multiplying that area by the source organ volume in the 70 kg Reference Man 
(Snyder et al. 1974) of the MIRDOSE3.1 software (Oak Ridge Institute for Science and 
Education, Oak Ridge, TN, USA) (Stabin 1996). 

The MIRDOSE3.1 software thus calculated the absorbed doses in the target organs after 
the residence times for source tissues, including blood, were entered into the program. 
In order to obtain an estimate of the radioactivity in the remainder of the body, i.e. 
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in the tissues outside of the measured organs, the source organ dose estimates were 
subtracted from the total decayed value of the injected radioactivity. The effective dose 
was calculated from the target organ absorbed doses, to express radiation burden in 
the whole body as a summation of several different doses of radiation to differentially 
susceptible organs. This calculation was performed with specific tissue weighting 
factors, according to the International Commission on Radiological Protection (ICRP) 
60 recommendations (ICRP publication 60, 1991).

4.8.2	 Reproducibility evaluations of simplified voxel-based 11C-PIB uptake 
analysis (study II)

Test-retest reproducibility was evaluated for the Automated ROI analysis method as well 
as the manual ROI method for comparison, in terms of absolute variability (VAR) and 
intra-class correlation coefficients (ICC). These values were calculated separately for the 
AD group and the control group because the reproducibility might vary between groups 
due to within-group differences in the extent of 11C-PIB uptake and also in regional 
brain volumes. Variation in both of these measures was predicted to be greater in an AD 
patient group compared with a healthy control group.

The VAR value formula was the following:

� 

VAR =
scan2 − scan1

0.5 scan1+ scan2( ) x100%

where scan1 and scan2 refer to parameter estimates of interest (in this case, region-
to-cerebellum ratios of the corresponding test and retest scans) so that VAR reflects 
the difference of the two measurements as a percentage of the mean of the two 
measurements. 

The ICC values were obtained with the equation:

� 

ICC =
BSMS −WSMS

BSMS + (n −1)WSMS
 

where BSMS is the between-subject mean square and WSMS is the within-subject mean 
square. N is the number of repeated observations, thus in this case, n=2. The ICC can 
receive a value between -1 and 1. Values close to 1 indicate that most variance is due 
to between-subject rather than within-subject variation. In contrast, values below zero 
imply greater within-subject than between-subject variation (i.e. poor reproducibility).

To evaluate reproducibility at the voxel level, the above equations were implied on each 
voxel of the spatially normalized and smoothed parametric 11C-PIB PET images. This 
procedure produced 3D-maps of the ICC and VAR values’ distributions in the MNI 
space. To obtain average voxel-level reproducibility values for given brain regions, the 
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same ROIs were applied for these ICC and VAR maps as were used in the automated 
ROI analysis.

To evaluate the test-retest reproducibility of the automated ROI analysis method, ROI-
wise VAR and ICC values were calculated from the parametric, non-smoothed images. 
For comparison, the region-to-cerebellum ratios that were obtained with the manual ROI 
analysis were also subjected to VAR and ICC calculations.

4.8.3	 Statistical analyses of reproducibility and power calculations (study II)

The comparisons of VAR and ICC values obtained with different image analysis methods 
were performed with SPSS for Windows (release 13.0.1, SPSS, Chicago, ILL). Student’s 
t-test was employed to test for differences. The AD and control groups were evaluated 
separately. P-values < 0.05 were considered significant.

The rationale for the power calculations was to estimate sample sizes required to reveal 
significant differences between two study groups (e.g. AD subjects with an active 
intervention and AD subjects receiving no intervention) with two 11C-PIB uptake 
measurements (e.g. baseline and follow-up). The power calculations were performed 
with nQuery Advisor software, version 7.0. The lateral frontal cortex was used as an 
example brain region, and it was assumed, for the calculations, that the average baseline 
region-to-cerebellum ratio (in two parallel AD patient groups) would be 1.505 and that 
its standard deviation would be 0.08 units. The sample size calculations were performed 
for 80 % and 90 % power so that the sample size could be estimated as a function of 
the difference between the two parallel groups in the change from baseline to follow-up 
(or baseline to post-intervention). For example, this simulates a situation where a 15 % 
change (or 0.226 units) is seen in one group, while the other group shows no change. 
The analysis was made using a t-distribution and a two-sided significance level of p < 
0.05.

4.8.4	 Comparisons of neuropsychological measures and MRI scores (studies III 
and IV) 

For the neuropsychological measures of study III, within-group changes over time 
were evaluated with Wilcoxon’s signed rank test and between-group differences were 
tested with the Mann-Whitney U-test for the difference variables (baseline score - 
follow-up score). The same testing was applied to the educational levels and cross-
sectional neuropsychological test results in studies III and IV. The Mann-Whitney 
U-test was also applied in comparing the MRI scores (representing brain volumetric 
change) of the two study groups as well as those of the two AD subgroups (progressors 
and nonprogressors) of study III. In study III, SPSS software version 15.0 was 
employed. For study IV, these analyses were performed with SPSS v. 16.0 for Mac 
(Release 16.0.1).
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4.8.5	 Comparisons of 11C-PIB uptake in repeated measurements (study III)

In study III, 11C-PIB region-to-cerebellum ratios were analyzed first with repeated 
measurements ANOVA (rmANOVA), where time and region were used as repeated 
factors and group as the between-subjects factor. This analysis was performed to test 
whether possible between-groups differences in the changes in regional 11C-PIB uptake 
ratios varied depending on the region of the brain (group*time*region interaction). This 
testing was performed with SAS version 9.2 software. Next, and to obtain the primary 
results of interest, 11C-PIB uptake ratio results of each brain region were separately 
evaluated with rmANOVA with time as the repeated factor using SPSS version 15.0. 
This rmANOVA was done to estimate the interactions between time and group, i.e. to see 
whether there were between-groups or between-subgroups differences in the regional 
uptake changes over time. Within-group changes over time were analyzed with paired 
samples t-tests.

4.8.6	 Comparisons of cross-sectional 11C-PIB uptake (study IV) 

Two-tailed two-sample t-tests were employed in study IV to test the primary issue of 
interest, i.e. whether or not the MZ-preserved subgroup differed from the controls. Also, 
as a comparison, the DZ-preserved subjects were also compared with the controls in 
the same manner. Other aims of study IV were to confirm that the cognitively impaired 
subjects (MZ and DZ combined as well as separately) showed greater 11C-PIB uptake 
than the unrelated controls. Furthermore, it was of interest to see whether the MZ-
preserved and the DZ-preserved co-twins differed from their corresponding cognitively 
impaired co-twins. These comparisons required taking into account the correlations 
between the corresponding co-twins, for which end a linear mixed model with an 
unstructured covariance structure was employed for these secondary analyses. The ages 
of the subjects were also included as a covariate in the linear mixed model, and the 
p-values were finally (Bonferroni) corrected for multiple comparisons. The linear mixed 
model also gave the results on the comparison of the MZ-preserved subgroup with the 
DZ-preserved subgroup. 

The t-testing of study IV was performed with the SPSS v. 16.0 for Mac software 
(Release 16.0.1) and the linear mixed model analyses were conducted with SAS 9.2 for 
Windows.

4.8.7	 Correlations

In study III, the correlations between 11C-PIB uptake and MRI scores were evaluated 
with Spearman’s rank-order correlation analysis, with SPSS version 15.0. The correlation 
coefficients were analysed separately for the AD and healthy control groups.
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5.	 RESULTS

5.1	 RADIATION DOSIMETRY OF 11C-PIB PET (study I):  
ABSORBED DOSE ESTIMATES, CRITICAL ORGANS  
AND EFFECTIVE DOSE

The residence times in source regions were estimated as areas under the time-activity 
curves. Time-activity curves of organs of specific interest are presented in Figure 
17. The urine time-activity values are shown in Figure 18. The residence times in 
the source regions are given in Table 7. The target organ absorbed dose estimates 
(calculated from the source organ residence times by the MIRDOSE software) are 
shown in Table 8. The effective dose, also given in Table 8, was calculated as the 
organ-weighted sum of target-organ absorbed doses, as described above (in the section 
4.8.1 Dosimetry calculations).

Figure 17. Time activity curves of the A) liver, B) gallbladder, C) upper large intestine and D) 
kidneys. The dots are individual measurements and the curves represent 3-exponential fitting 
to those measurements, except in C, where the curve is the average of measurements until 40 
min and after that represents physical decay of 11C. This image has been published in Original 
Publication I.
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Figure 18. Excretion of 11C-PIB into urine expressed as percentage of excreted radioactivity of 
the injected dose. The dots are individual measurements, and the curve is the fitted exponential 
in-growth formula. This image has been previously published in Original Publication I.

Table 7. The residence times of 11C-PIB in source regions and numbers of subjects contributing 
to each source. This table was modified from a table that was published in Original Publication 
I.

Source organ Residence time (h) No. of subjects

Brain 0.012 5

Gallbladder content 0.016 7*

Stomach 0.002 3

Upper large intestine 0.011 3

Heart content 0.002 7

Heart wall 0.004 3

Kidneys 0.012 4

Liver 0.107 6

Lungs 0.008 3

Muscle 0.066 3

Cortical bone 0.021 6

Spleen 0.002 5

Urinary bladder content 0.022 16

Remainder of body 0.206 ---

*Four subjects were imaged at 0-40 min to represent the dynamic phase and 3 subjects were 
scanned at steady state at approximately 100 min after tracer injection.
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Table 8. The radiation doses for each target organ as well as the effective dose. This table was 
modified from data published in Original Publication I. 

Radiation Doses in a 70 kg Reference Man
Target organ µGy/Mbq
Adrenals 3.97
Brain 3.10
Breasts 2.33
Gallbladder wall 41.5
Lower large intestine wall 3.00
Small intestine 3.62
Stomach 3.46
Upper large intestine wall 9.00
Heart wall 4.76
Kidneys 12.6
Liver 19.0
Lungs 3.39
Muscle 1.83
Ovaries 3.24
Pancreas 4.06
Red marrow 2.84
Bone surface 2.71
Skin 2.10
Spleen 4.31
Testes 2.44
Thymus 2.54
Thyroid 2.35
Urinary bladder wall 16.6
Uterus 3.52
Total body 2.83
Effective dose 4.74 µSv/MBq*

* Effective dose is the organ-weighted sum of target organ absorbed doses according to ICRP 
60.

In summary, the greatest accumulation of 11C-PIB was observed in the gallbladder, liver 
and urinary bladder (see Figure 19, whole body). The renal system was estimated to 
excrete about 20 % of the injected radioactivity (see 4.4 Arterial and urine sampling 
and analyses for calculations). The organs with the greatest equivalent doses (absorbed 
doses weighted by radiation type, i.e. ß+-radiation in this case) were the gallbladder 
wall, liver, urinary bladder wall, kidneys, and upper large intestine wall. The critical 
organ (the organ most vulnerable to irradiation) was the gallbladder wall, which received 
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0.041 mGy/MBq. The average effective radiation dose in a 70 kg adult male was 4.74 
µSv/MBq. This means that e.g. a PET scan with a 500 MBq radioactive dose of 11C-PIB 
injected intravenously would result in a radiation dose of 2.37 mSv.

Figure 19. Whole body images of two subjects. The subject on the left was scanned from the 
head to the thighs and the subject on the right in the opposite direction. The radioactivity in the 
images is attributable to the biodistribution of the tracer during the course of its metabolism and 
elimination; no binding to amyloid deposits is seen. The images have different brightness levels 
and have been published previously in Original Publication I.

5.2	 TEST-RETEST REPRODUCIBILITY OF SIMPLIFIED 11C-PIB 
UPTAKE ANALYSIS METHODS

Tables 1 (for AD patients) and 2 (for healthy control subjects) of the Original 
Publication II display the regional 11C-PIB uptake ratios and reproducibility measures 
of the analysis methods evaluated in study II. To summarize, excellent reproducibility 
was obtained regardless of the analysis method in both patients as well as healthy 
controls, and no significant differences were observed between the methods. The voxel-
level reproducibility can be applied to SPM analyses (for evaluating between-groups 
differences with no spatial constraints) and the simplified Automated ROI method was 
validated, in terms of reproducibility, for the evaluation of regional quantitative 11C-PIB 
uptake data from short (30 min) image acquisition protocols.

With the different brain regions of interest put together, average (range) region-level 
absolute variability (VAR) values of the Automated ROI analysis of the 30 min 11C-PIB 
PET images were 4.3 % (3.3 – 5.1 %) for the AD group and 3.5 % (0.9 – 5.5 %) for the 
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controls. The average region-level VAR values of the manual ROI analysis method of 
the same images were 6.6 % (5.5 – 9.9 %) and 3.2 % (1.9 – 4.8 %) for the AD group and 
control group, respectively.

The voxel-level average VAR values of the parametric image analysis methods evaluated 
in study II were 5.3 % (4.2 – 6.4 %) for the AD patients and 5.3 % (4.2 – 6.4 %) for the 
control subjects.

Thus, in the AD group, the reproducibility of the Automated ROI method (average VAR 
4.3 %) appeared to be slightly better than that of the manual method (average VAR 
6.6 %), and the voxel level reproducibility of the parametric images was intermediate 
(average VAR 5.3 %). In the control group, manual ROI analysis (average VAR 3.2 %) 
was seemingly the better ROI method in terms of reproducibility, and the reproducibility 
at the voxel level was somewhat poorer than at the region level (average VAR 5.3 %). 
However, the Automated ROI method attained an average VAR of 3.5 %, so that the 
manual and automated methods were really comparable. Furthermore, the differences 
between the methods in the AD group as well as in the control group were altogether 
very small and as stated, statistically non-significant.

The ICC values were also quite homogenous across the different brain regions and 
analysis types. In the AD group, the average ICC of the Automated ROI analysis results 
was 0.92, ranging from 0.85 to 0.97. The control group received, across the different 
brain regions under evaluation, an average ICC value of 0.81 for the Automated ROI 
analysis method, with a range from 0.56 to 0.99. The voxel-level ICCs were of similar 
magnitude. Possible explanations for the lower values in the control group will be 
discussed later in this thesis.

5.3	 APPLICABILITY FOR FOLLOW-UP STUDIES AND 
RELATIONSHIP OF 11C-PIB UPTAKE AND BRAIN ATROPHY IN 
A TWO-YEAR LONGITUDINAL STUDY (studies II and III)

5.3.1	 Power calculation results (study II)

The power calculation graph (Figure 20) displays the number of needed subjects per 
group as a function of the anticipated between-groups difference in the longitudinal 
within-group change in 11C-PIB uptake. The curves are for 90 % and 80 % power. 
For example, the calculations indicated that when a 15 % change in 11C-PIB uptake is 
predicted in one group and a 0 % change in the other, 90 % power could be achieved with 
sample sizes as small as five subjects per study group.
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5.3.2	 Automated ROI analysis results: longitudinal changes in 11C-PIB uptake 
and their between-groups comparisons (study III)

The 11C-PIB uptake ratios at baseline and at follow-up and their changes are presented in 
Table 3 of Original Publication III. When compared with baseline results, the 11C-PIB 
uptake ratio of the medial frontal cortex had increased by 4.3 % during the follow-up 
in the AD group. However, medial frontal cortex 11C-PIB uptake was increased also 
in the control group (by 3.3 %). Both of these changes were statistically significant 
on their own, but no difference was observed between the two groups in terms of the 
magnitude of this change. Furthermore, this average change falls within the range of test-
retest variability that was demonstrated in study II. Overall, the rmANOVA revealed no 
differences between the AD group and the control group in longitudinal 11C-PIB uptake 
changes in any of the examined brain regions. 

When examined individually, most AD patients showed modest increases in their 11C-PIB 
uptake ratios over time, but there were some AD subjects whose 11C-PIB uptake ratios 
actually declined. In general, the average changes were thus within the test-retest variability 
range evaluated in study II. The direction of the change in all individual patients was 
similar in the medial and lateral frontal cortices as well as in the posterior cingulate. As 
examples, the individual 11C-PIB uptake ratios and their changes in the posterior cingulate 
(a) and lateral frontal cortex (b) are illustrated in Figures 21a and 21b.

Figure 20. Power calculation graph to visualize estimated group sizes needed to demonstrate 
statistically significant differences in changes of tracer uptake over time. The graph has been 
previously published in Original Publication II.
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Figure 21a. 11C-PIB region-to-cerebellum ratios of the posterior cingulate of every individual 
subject of study III. The black lines indicate Alzheimer’s disease patients and the grey dashed 
lines represent healthy control subjects. A modified version of this graph has been previously 
published in Original Publication III.

 
Figure 21b.11C-PIB region-to-cerebellum ratios of the lateral frontal cortex of every individual 
subject of study III. The black lines indicate Alzheimer’s disease patients and the grey dashed 
lines represent healthy control subjects. 
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5.3.3	 MRI analysis results: longitudinal volumetric brain changes (study III)

The AD group displayed greater volumetric brain changes during the follow-up than the 
controls. Significant between-groups differences were observed in both hippocampi (p 
= 0.02 and p = 0.01), the right precuneus (p = 0.03) and left temporal cortex (p = 0.01). 
Figure 22 illustrates the significant differences in changes between the AD group and 
the control group. No differences in volumetric brain changes were seen between the 
AD-progressor and AD-nonprogressor subgroups.

Figure 22. Graphical display of p-values from the statistical analysis of the group differences 
between Alzheimer’s disease patients and control subjects in local longitudinal volume changes. 
The locations of statistically significant local volume changes and only continuous volumes 
larger than 500 mm3 are shown in colour. This image has been published previously in Original 
Publication III.

5.3.4	 11C-PIB uptake and volumetric brain change correlations (study III)

In the AD group of study III as a whole, a trend towards an association between 
baseline neocortical 11C-PIB uptake (composite neocortical score) and subsequent 
volumetric brain change over time (MRI score) was observed (r = 0.50, p = 0.072). In 
the control group, this association was quite strong (r = 0.73, p = 0.005) (see Figure 
23).

5.4	 11C-PIB UPTAKE IN MONOZYGOTIC AND DIZYGOTIC TWINS 
DISCORDANT FOR COGNITIVE IMPAIRMENT (study IV)

The cognitively preserved MZ co-twins of the cognitively impaired subjects, as a group, 
had greater neocortical 11C-PIB uptake than the unrelated controls, as assessed both with 
SPM and with quantitative ROI analyses. The DZ-preserved subgroup, in contrast, did 
not differ from the controls in their 11C-PIB uptake in any of the examined brain regions, 
assessed either with SPM or ROI analysis.
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The statistical parametric maps of between-group differences are shown in Figure 24. 

	
Figure 24a	 Figure 24b
Figures 24a and 24b. Statistical parametric (SPM) maps of between-groups 11C-PIB uptake 
differences in study IV. Figure 24a represents the differences between the MZ-preserved 
group and the control group, whereas Figure 24b shows the differences between all of the 
cognitively impaired subjects (MZ- and DZ-impaired combined) and the controls. The map for 
the DZ-preserved / controls –contrast is not presented here because it illustrates no significant 
findings.

Figure 23. Regression lines showing the correlations between baseline neocortical composite 
scores (Neocort1) (representing 11C-PIB uptake in the medial and lateral frontal cortices, the 
temporal and parietal cortices, and the posterior cingulate) and the MRI scores (representing 
global volumetric brain change over the two-year follow-up period). The regression is shown 
separately for the AD-nonprogressor and AD-progressor subgroups and for the controls.
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The ROI analysis demonstrated that the greatest regional differences in 11C-PIB uptake 
between the MZ-preserved and the control group were in the posterior cingulate (21 % 
increase in the MZ-preserved) and in the parietal cortex (21 % increase). These were 
followed by the differences in the temporal cortex (17 % increase) and the putamen (15 
% increase). In contrast, the 11C-PIB uptake ratios of the DZ-preserved group varied 
between 96 % and 103 % of the control mean, i.e. no significant differences from the 
control group were observed. See Figure 25 for the 11C-PIB uptake neocortical scores 
(average of the region-to-cerebellum ratios of the medial frontal cortex, lateral frontal 
cortex, temporal cortex, parietal cortex and posterior cingulate) of all individual subjects 
of study IV and Table 9 for the mean regional uptake ratios of the different subgroups of 
study IV. The impaired-all group showed 25 % to 28 % increases compared to the control 
means in the cortical regions where differences were anticipated, and a 22 % increase in 
the putamen. No significant differences were observed between the cognitively impaired 
and the unrelated controls in the occipital cortex or in the white matter.

The preserved MZ co-twins of the MZ-impaired showed 11C-PIB uptake ratios which 
were not different (p>0.17 or greater) from those of the impaired (corresponding) co-
twins in the temporal and parietal cortices and the posterior cingulate, as well as the 
grey and white matter reference regions, the occipital cortex and white matter. The DZ-
preserved differed from their corresponding cognitively impaired co-twins in the same 
way as did the controls, although the difference in the 11C-PIB uptake of the putamen did 
not reach statistical significance.

Figure 25. Graphical display of neocortical 11C-PIB uptake scores of the subjects of study IV. The 
ApoE alleles of each subject are given and the corresponding co-twins’ data points are connected 
with lines.
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Table 9. 11C-PIB region-to-cerebellum ratios (mean;SD) of dizygotic twin subjects (cognitively 
impaired and preserved), monozygotic twin subjects (cognitively impaired and preserved) as well 
as healthy controls and all subjects with impaired cognition.

DZ-
impaired 
(n=8)

DZ-
preserved 
(n=8)

MZ-
impaired 
(n=9)

MZ-
preserved 
(n=9)

Controls 
(n=9)

Impaired-
all (n=17)

Medial frontal cortex 1.66;0.28 1.35;0.16 1.82;0.36 1.56;0.20 1.38;0.26 1.75;0.33 
Lateral frontal cortex 1.73;0.18 1.39;0.15  1.89;0.32 1.57;0.16 1.44;0.25 1.82;0.27 *
Temporal cortex 1.61;0.18 1.36;0.16  1.69;0.20 1.55;0.20 * ° 1.32;0.16 1.65;0.19 *
Parietal cortex 1.71;0.17 1.43;0.17 1.82;0.17 1.70;0.22 * ° 1.41;0.21 1.77;0.17 *
Posterior cingulate 1.78;0.23 1.47;0.21 2.00;0.34 1.80;0.31 * ° 1.49;0.23 1.90;0.31 *
Occipital cortex 1.45;0.12 1.39;0.22 1.48;0.11 1.43;0.09 1.35;0.14 1.46;0.11
Putamen 1.65;0.08 1.45;0.14 1.83;0.21 1.65;0.16 * 1.43;0.14 1.74;0.18 
White matter 1.89;0.13 1.59;0.34 1.83;0.22 1.66;0.16 1.66;0.23 1.86;0.18 
Composite neocortical score 1.70;0.17 1.40;0.15 1.84;0.26 1.63;0.21 * 1.41;0.21 1.78;0.23 *

* = Greater 11C-PIB uptake vs. controls (p < 0.05). Not shown for DZ-impaired and MZ-impaired because 
these subgroups were combined to form the impaired-all group.
° = Similar 11C-PIB uptake with corresponding cognitively impaired co-twin (p > 0.17 or greater).
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6.	 DISCUSSION

6.1	 THE APPLICABILITY OF 11C-PIB PET

6.1.1	 Radiation safety

The validation procedure of 11C-PIB PET for human studies is considerably longer and 
more complex than can be reviewed in the scope of this thesis. In short, 11C-PIB is 
a derivative of the histopathological amyloid dye thioflavin T. 11C-PIB, or 11C-6-OH-
BTA-1, was selected for further research from several other benzothiazole candidates 
(Mathis et al. 2002, Mathis et al. 2003). It seemed to readily cross the blood-brain barrier 
and to bind rapidly and selectively to Aβ with high affinity in nanomolar concentrations 
(Klunk et al. 2001, Bacskai et al. 2003). These results, along with toxicity assessments, 
encouraged researchers to perform the first clinical study with 11C-PIB, which in turn 
demonstrated that 11C-PIB PET could indeed differentiate AD patients from cognitively 
healthy subjects (Klunk et al. 2004). 

However, to validate the clinical use of 11C-PIB and its applicability for repeated scans, 
the issue of radiation safety also had to be addressed. Before the human dosimetry study 
(study I) presented in this thesis, only one preclinical report where radiation safety had 
been investigated in baboons had been published (Parsey et al. 2005). Data from two 
baboons had enabled estimation of human radiation doses, and the critical organ seemed 
to be the gallbladder. Indeed, the results of study I of this thesis are in line with that 
prediction: the residence time of the gallbladder radioactivity was 0.016 h in study I 
and 0.018 h as estimated from baboon data (Parsey et al. 2005). In other aspects too, 
there was quite a high degree of consistency between the results of the preclinical study 
and those of study I: the ligand was eliminated mainly via the hepatobiliary and renal 
systems in both studies, and the effective doses were rather similar: 6.5 µSv/MBq in the 
preclinical study and 4.7 µSv/MBq in our human study. However, preclinical research 
cannot entirely replace studies with humans, and this was demonstrated also in these two 
studies: some possibly important differences were observed. For instance, the increased 
11C-PIB uptake in baboon lungs (Parsey et al. 2005) was absent in humans, and the 11C-PIB 
residence time estimate in the kidneys was 2.3-fold in baboons compared with humans. 
Conversely, the liver residence time was 2.7 times longer in humans than in baboons. 
Although the fraction of radioactivity excreted through the renal system was similar 
between studies (15 % vs. 20 %), the urinary bladder residence times differed (0.041 h in 
the preclinical study and 0.022 h in study I). This difference may be accounted for by the 
different analysis methods in the two studies. The other discrepancies could, however, 
reflect real differences between the species in physiology, and they underline the need 
for dosimetry studies to be performed also directly in humans. Another human dosimetry 
study on 11C-PIB (and the novel amyloid tracer 18F-BAY94-9172) has recently been 
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published (O’Keefe et al. 2009). In this study, the highest absorbed doses were received 
by the gallbladder wall, urinary bladder wall, liver, and kidneys – the greatest equivalent 
doses were thus delivered to the same organs in both human studies. The gallbladder 
wall’s equivalent dose of 44.8 µGy/MBq in the more recent study (O’Keefe et al. 2009) 
is very close to the value of 41.5 µGy/MBq in study I. The estimated effective doses 
(ED), 5.29 µSv/MBq and 4.74 µSv/MBq, respectively, are also comparable. It is thus 
justifiable to assume that a human 11C-PIB PET scan would result in a radiation dose of 
about 2.4 mSv (4.7 µSv/MBq x 500 MBq), and no more than 3.7 mSv (ED 5.3 µSv/MBq 
x 700 MBq). Both ED estimates are substantially smaller than the estimated maximum 
radiation burden caused by 11C-radiotracers in general, 11.0 µSv/MBq (Addendum 
6 to ICRP Publication 53 2002). Although 500 MBq seems to be a sufficient dose to 
visualize Aβ plaques, even the greater radiation dose estimate of 3.7 mSv with 700 MBq 
may be considered as acceptable. For comparison, the published dose of 300 MBq of 
18F-BAY94-9172 is expected to yield a radiation burden of 4.4 mSv (O’Keefe et al. 
2009). Furthermore, e.g. a computed X-ray tomography scan of the body results in a 
radiation dose of about 10 mSv.

6.1.2	 Reproducibility

Some aspects of tracer uptake analysis were already discussed in this thesis in the Review 
of the literature section. Though these addressed the uptake measurements, they did 
not go into the details of the important issue of reference input. SPM and automated 
ROI analyses are applied on parametric 11C-PIB PET images, i.e. spatially normalized 
images where the radioactivity concentration in each voxel has already been converted to 
another more representative and comparable variable. This conversion or normalization 
is imperative for eliminating the effect of non-specific tracer signal, which can vary 
greatly depending on factors with great inter-individual variability, such as blood flow. 
The Graphical Logan analysis method that uses plasma input as its reference has yielded 
stable ROI results and provided feasible parametric images also with 11C-PIB (Yaqub 
et al. 2008). ROIs delineated on these kinds of parametric images thus result in uptake 
values that are comparable between different subjects. However, methods such as the 
plasma input Logan or the recently evaluated masked-volume-wise PCA method without 
any modeling assumptions (Razifar et al. 2009) require arterial blood sampling from 
the subject during PET scanning and the acquisition of imaging data right from the 
injection until the end of the scan. More simplified and non-invasive methods would be 
advantageous and the reduction of scanning time would be beneficial both for possibly 
agitated or otherwise incapacitated subjects as well as for cost-effective PET scanner 
use. 

Image-driven analysis methods are a useful approach to measure specific PET tracer 
uptake, usually this means the utilization of tracer uptake measurements of a reference 
region in the same individual. The reference region should be such that it optimally contains 
only non-specifically bound tracer, so that by dividing the radioactivity concentration in 
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the target region of the PET image with the reference region radioactivity concentration, 
only specific radioactivity is represented. The cerebellum has proven to contain only 
small quantities of neuritic Aβ plaques in post mortem studies [e.g. (Joachim et al. 
1989)] and has therefore been chosen as the appropriate 11C-PIB uptake reference region. 
Late-scan region-to-cerebellum ratios of 11C-PIB uptake have subsequently proven to 
effectively differentiate AD patients from controls and the test-retest reproducibility has 
appeared to be good (Lopresti et al. 2005). In some studies, the region-to-cerebellum 
ratios are expressed as SUV ratios or SUVRs. Region-to-cerebellum ratios or SUVRs 
have been calculated for data from 40 until 60 minutes after 11C-PIB injection or from 
40 to 90 minutes, or from 60 until 90 min post-injection [e.g. Klunk et al 2004, Lopresti 
et al 2005, Kemppainen et al 2006)]. It has so far been customary for 11C-PIB PET 
scans to last 90 min, but the validation of these late-scan region-to-reference region 
uptake measurements could in the future result in shorter scanning times with no blood 
sampling, increasing subject comfort and cost-effectiveness of PET scanner use. In short, 
obtaining the data at late time points (resulting in higher target-to-cerebellum ratios) but 
using short scanning sessions, i.e. 60 to 90 min after injection (most probably resulting 
in less movement of the subject and better image quality), could be advantageous. This 
was one of the rationales for conducting study II of this thesis: to validate the voxel-
based simplified late-scan region-to-cerebellum ratio parametric image approach per 
se. Another aim was to validate automated ROI analysis in 11C-PIB PET quantitation; 
this would be preferable to manual ROI analysis, which is laborious and susceptible to 
operator-induced errors and bias. Automated ROI analysis utilizes the above described 
parametric images so that all individual images are fitted into a common stereotactic 
space and a similar ROI set is applied to all of these spatially normalized images. 

In the case of the simplified approach evaluated in study II, spatial normalization was 
achieved with the use of an 11C-PIB-ligand-specific common template, although MRI-
aided spatial normalization is another alternative. The pros and cons of both methods 
are under discussion. MRI-aided normalization could perhaps better “correct” the 
possible corrupting effects of gray matter atrophy in AD, and nonspecific tracer binding 
to the white matter might be better excluded. However, with a ligand-specific template, 
possible inaccuracies in between-modalities (PET-MRI) coregistration of the images can 
be avoided, and the method can be considered as being more efficient as MRI scans are 
not needed. Nonetheless, the accuracy of spatial normalization is crucial to the reliability 
of the tracer uptake results. As ligand-specific normalization is simple, it was suitable for 
the all-in-all simplified analysis process evaluated in study II. 

Some other parametric image analysis methods could well be more accurate for 11C-PIB 
uptake quantitation than the proposed late-scan region-to-cerebellum ratio approach. At 
least in theory, cerebellar Aβ plaques that could appear in very advanced AD might 
dilute the difference in 11C-PIB uptake between patients and controls. Furthermore, in 
a follow-up setting, the appearance of cerebellar plaques could mask true increase in a 
target region 11C-PIB uptake or could even result in decreases in target-to-cerebellum 
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ratios during follow-up. Other concerns with the cerebellum as a reference region 
include the possibility of cerebellar atrophy leading to misplacement of its ROI and 
its possible “contamination” with white matter signal. This issue should be taken into 
account especially when using automated ROI analysis, although previous studies 
suggest that cerebellar atrophy is relatively subtle during the course of AD [e.g. (Raji 
et al. 2009)]. The effect of cerebellar atrophy on 11C-PIB region-to-cerebellum ratios 
during the progression of AD is thus probably minor, but the phenomenon should be 
studied further and in longitudinal settings.

A recent article reported a comparison of different 11C-PIB reference tissue models and 
their reproducibility estimates. The test-retest variability of region-to-cerebellum ratios 
(5.2 % in controls and 7.9 % in patients) was actually greater than those obtained with 
other parametric methods (Yaquub et al. 2008). However, many of the advantages of the 
late-scan ratio that have been discussed here are otherwise indisputable. Furthermore, 
study II reported good reproducibility of the method both at the region and at the voxel 
level, and the reproducibilities were in fact comparable with those previously reported 
for simplified or multilinear reference tissue models (Yaquub et al. 2008).

Two previous studies had evaluated the reproducibility of manual ROI analysis of late-
scan 11C-PIB (40 to 60 and 40 to 90 min post-injection) region-to-cerebellum ratio 
images (Lopresti et al. 2005, Engler et al. 2006). The VAR values in cortical areas ranged 
from 3.2 % to 7.3 % in these studies.  The manual ROI VAR values ranged from 1.9 % 
to 9.9 % in study II, depending on the subject group and brain region being evaluated. 
The results are thus comparable between studies. Furthermore and more importantly, 
the region-level reproducibility of automated ROI analysis was comparable with that of 
manual ROI analysis in study II. In addition, the small VAR values indicated that the 
voxel-level reproducibility of the parametric images is generally equal to that obtained 
by manual ROI analysis. It could seem confusing that as opposed to the VAR values, 
the ICC values were seemingly suboptimal (i.e. they were relatively low) in the control 
group, as demonstrated in the Results section of this thesis. However, it should be 
pointed out that this does not mean that within-subject variability would be greater in 
the controls, but rather that when there is very little if any specific tracer uptake, the 
between-subject variation also becomes very low, causing the ICC values to decline. 
These favourable reproducibility observations together with the other advantages of 
automated ROI analysis thus support the use of automated ROI analysis in favour of 
conventional manual ROI analysis for 11C-PIB uptake quantitation. 

For future clinical (in contrast to current scientific) 11C-PIB PET imaging of patients, it 
is a noteworthy observation that the visual assessment of 11C-PIB PET images, which 
was briefly introduced in the Review of the literature (2.3.2 Findings in Alzheimer’s 
disease), also seems reliable (Ng et al. 2007a, Suotunen et al 2010). Visual evaluation 
of 11C-PIB PET images seems to demonstrate even better agreement between readers, 
than the clinically much more established visual assessment of 18F-FDG images of AD 
patients and controls (Ng et al. 2007a). 
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Table 10. Mean;SD brain 11C-PIB region-to-cerebellum ratios of studies II-IV, obtained 
through automated region-of-interest analysis.	

Study II Study III Study IV
AD 
patients
(n=6)

Controls
(n=4)

AD 
patients
(n=14)

Controls
(n=13)

Impaired-
all
(n=17)

Controls
(n=9)

Medial frontal cortex NA NA 1.60;0.34 † 1.30;0.11 1.75;0.33 1.38;0.26
Lateral frontal cortex 1.69;0.25 1.33;0.09 1.43;0.29 † 1.25;0.10 1.82;0.27 † 1.44;0.25
Temporal cortex * 1.61;0.26 1.29;0.08 1.35;0.23 1.27;0.07 1.65;0.19 † 1.32;0.16
Posterior cingulate 1.89;0.23 1.34;0.08 1.71;0.34 † 1.29;0.14 1.90;0.31 † 1.49;0.23
Parietal cortex 1.68;0.23 1.25;0.05 1.35;0.25 1.24;0.10 1.77;0.17 † 1.41;0.21
Occipital cortex 1.39;0.16 1.39;0.09 1.22;0.15 1.31;0.10 1.46;0.11 1.35;0.14
Caudate 1.49;0.29 1.40;0.17 1.47;0.34 † 1.25;0.13 NA NA
Putamen 1.60;0.20 1.40;0.12 1.53;0.25 1.41;0.13 1.74;0.18 1.43;0.14
White matter 1.78;0.24 1.84;0.21 1.66;0.20 1.89;0.27 1.86;0.18 1.66;0.23
Composite neocortical score NA NA 1.49;0.28 † 1.27;0.09 1.78;0.23 † 1.41;0.21
* = lateral temporal cortex in study II. NA = not analyzed. When repeated 11C-PIB PET was 
performed (in studies III and IV), the values of the baseline scan / scan 1 are shown. † = greater 
11C-PIB uptake in the impaired / AD group compared with the control group. Statistics not 
calculated for Study II.

6.1.3	 Specificity for AD

The studies of this thesis revealed similar differences in brain 11C-PIB uptake between 
AD patients and healthy controls as have been reported previously. Table 10 illustrates 
the brain 11C-PIB region-to-cerebellum ratios of the cognitively impaired and preserved 
subjects examined in the studies of this thesis. 

The segregation of AD from other dementias is another matter, and was discussed only 
briefly in the Review of the literature. The potential of 11C-PIB PET in differentiating AD 
from other types of dementia was not within the scope of the experiments of this thesis. 
However, this is an interesting issue that will significantly affect the future of 11C-PIB 
PET imaging, and therefore the research results gained thus far on this issue will be 
reviewed and discussed here in some detail.

In three studies (with relatively small sample sizes), 67-100 % of patients with 
frontotemporal lobe degeneration (FTLD) were “PIB-negative” (Rabinovici et al. 2007, 
Rowe et al. 2007, Engler et al. 2008). It has been speculated that the “PIB-positive” 
FTLD patients of these studies could actually have had AD or mixed pathology at autopsy 
(which of course still remains unknown). It is thus possible that so called frontal variants 
of AD could be distinguished from FTLD by means of 11C-PIB PET (Rabinovici et al. 
2007). Furthermore, subjects with semantic dementia, which is considered a subtype of 
FTLD, have shown no increases in 11C-PIB uptake, although there is an overlap in the 
18F-FDG uptake patterns between semantic dementia and AD (Drzezga et al. 2008). In 
conclusion, in FTLD, brain Aβ imaging is generally negative (Rabinovici et al. 2007, 
Rowe et al. 2007, Drzezga et al. 2008, Engler et al. 2008). 
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11C-PIB uptake has also been studied in Lewy body diseases; dementia with Lewy bodies 
(DLB) and Parkinson’s disease dementia (PDD). The brain amyloid load appears to be 
significantly increased in about 44 – 80 % of subjects with DLB, whereas increased 
11C-PIB uptake is infrequent in PDD or in non-demented patients with Parkinson’s 
disease (Rowe et al. 2007, Edison et al. 2008b, Gomperts et al. 2008, Johansson et al. 
2008, Maetzler et al. 2008, Maetzler et al. 2009, Johansen et al. 2010). The in vivo results 
on DLB patients are generally in accordance with the findings of post mortem studies 
showing AD-type pathology (amyloid plaques and neurofibrillary tangles) in a substantial 
proportion of patients with DLB (Jellinger et al. 2003). In a recent neuropathological 
study on very elderly patients, the clinical symptoms of DLB even tended to associate 
better with severe neurofibrillary pathology than with extensive Lewy-related pathology 
(Oinas et al. 2009). The autopsy report of a DLB patient indicated that amyloid that was 
deposited as cerebral amyloid angiopathy, rather than Aβ plaques, had likely been the 
major source of this subject’s 11C-PIB PET signal (Bacskai et al. 2007). Whether this is the 
case more generally in DLB will need to be clarified with larger samples. To summarize 
and generalize the results obtained so far on Lewy body diseases, even taking into account 
the variability between studies, increased 11C-PIB uptake is often seen in DLB but rarely 
in PDD. To some extent, the variability in the DLB studies is not surprising – the clinical 
diagnosis of DLB can be difficult with a marked overlap in symptoms with both PDD 
and AD. Furthermore, these disorders are known to often exhibit mixed pathologies 
at autopsy (McKeith et al. 2005). The sample sizes in 11C-PIB PET studies with DLB 
patients have been small, so that even one patient with a misdiagnosis or, more likely, 
multiple pathologies, could have markedly influenced the results. In any case, because 
the differentiation of DLB from AD is likely to be somewhat suboptimal with 11C-PIB 
PET, other supporting measurements such as dopamine transporter imaging, could be 
helpful and worth investigating (Rinne and Någren 2010).

Small groups of patients with more rare causes of dementia have also been studied with 
11C-PIB PET. In investigations of single subjects with either primary progressive aphasia 
(PPA) (Ng et al. 2007b) or posterior cortical atrophy (PCA) (Ng et al. 2007b, Tenovuo 
et al. 2008), distinctive focal 11C-PIB uptake patterns, differing from that seen in AD, 
have been reported. In non-demented subjects with cerebral amyloid angiopathy (CAA), 
11C-PIB uptake seems to quantitatively fall between AD patients and controls, but with 
an occipital predominance (Johnson et al. 2007). Two patients with Creutzfeldt-Jakob 
disease did not show any marked cortical 11C-PIB uptake (Villemagne et al. 2009). 

Only very few studies have investigated 11C-PIB uptake in familial disruptions of brain 
amyloid metabolism. In two familial forms of AD, caused by point mutations or a deletion 
in the presenilin-1 gene (Klunk et al. 2007, Koivunen et al. 2008b) and in a family 
with APP gene duplication (Remes et al. 2008), increased 11C-PIB uptake was observed. 
However, in all of these groups with genetic alterations leading to overproduction of Aβ, 
the striatum has been the brain region of predominant 11C-PIB uptake increase. These 
results imply that even different forms of the same disease entity, i.e. familial versus 
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sporadic AD, could in some cases be differentiated from one another by means of 11C-PIB 
PET. Furthermore, the results of a study on PS1 mutation carrier families suggested that 
at least in these forms of AD, the disease process could be detected with 11C-PIB PET at a 
presymptomatic stage (Klunk et al. 2007). The results of study IV of this thesis imply that 
the same could also apply to so called sporadic AD – cognitively preserved monozygotic 
co-twins of cognitively impaired subjects have an increased risk of developing AD 
compared to the general population, although they are not “predestined” to suffer this 
disease like the carriers of AD-associated PS1 mutations. Furthermore, although the 
present results should be interpreted with caution because of the small sample size and 
the post hoc analysis carried out with the study results, the strong positive association 
between baseline neocortical 11C-PIB uptake and the subsequent brain volume loss in 
healthy controls of study III may also indicate that increased 11C-PIB uptake could be an 
antecedent marker of future cognitive decline and AD.

To summarize, there seems to be variations in the ability of 11C-PIB PET in differentiating 
AD from other current clinical dementia diagnoses. Also, as demonstrated previously 
by others (Klunk et al. 2004, Mintun et al. 2006, Pike et al. 2007, Rowe et al. 2007, 
Aizenstein et al. 2008, Jack et al. 2008) and in studies III and IV of this thesis, a 
relatively large proportion of cognitively intact subjects show increased brain 11C-PIB 
uptake compared to the population mean. It has previously been suggested that 11C-PIB 
could be more of a nonspecific marker of Aβ-related cerebral amyloidosis than a 
specific indicator of AD (Lockhart et al. 2007), which is indeed logical. Currently, the 
different dementia diagnoses are conducted largely on a clinical basis, according to the 
characteristic symptoms of the patient. One could postulate that the dementia diagnosis 
spectrum will change when new, more objective tools to investigate the specific 
pathophysiological processes behind these disorders become available. Furthermore, 
the possibility of mixed pathologies in any dementia patient should not be forgotten. 
For instance, a recent study on 1,110 consecutive autopsy cases of demented elderly 
subjects reported that while AD pathology was seen in 82.9%, only 42.9% presented 
with “pure” AD pathology; AD together with other pathologies was seen in 39.9% of 
the cases (Jellinger et al. 2010). This underlines a methodological issue concerning 
the studies of this thesis as well as many other studies; the diagnoses of the subjects 
were based on conventional clinical evaluation, which is not always correct. This also 
emphasizes the need of follow-up studies of patients who have had 11C-PIB PET scans, 
to confirm their diagnoses and to identify possible concomitant pathologies. The 
identification of concomitant pathologies is also imperative in the search for future 
disease-modifying therapeutic strategies. 11C-PIB PET, or amyloid imaging in general, 
could prove useful in identifying those patients (even in the presymptomatic phase), 
who would benefit from anti-amyloid therapies, regardless of their clinical diagnosis. 
The results of this thesis – on 11C-PIB PET’s applicability and early disease detection 
potential – may be interpreted as favouring future dementia research based on PET 
amyloid imaging.
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6.1.4	 11C-PIB relative to other amyloid imaging agents

Several other candidate agents for PET (and SPET) amyloid imaging have been 
investigated in addition to 11C-PIB. They were introduced briefly in the Review of the 
literature. A full evaluation of the role of 11C-PIB in future studies or early disease 
detection requires a review of some other amyloid agents which will be discussed here 
in further detail. The focus will be on derivatives of agents used in histopathology, i.e. 
Congo Red, thioflavine, and stilbene derivatives, as well as FDDNP (or [18F] 1,1-dicyano-
2-[6-(dimethylamino)-2-naphthalenyl]propene).

Starting with some of the agents familiar from histopathology, the most promising Congo 
Red derivatives have included the strongly fluorescent compounds X-34 (Styren et al. 2000, 
Link et al. 2001) and methoxy-X04 (Klunk et al. 2002). Currently the greatest challenge 
faced by these ligands has been their poor penetrance into brain tissue. In contrast, some 
of the studied stilbene derivatives, such as 11C-SB-13 ([11C] 4-N-methylamino-4’-hydroxy-
stilbene) have proven to be functional, at least to some extent, also in PET studies with 
humans [e.g. (Verhoeff et al. 2004)]. 11C-BF-227 ([11C] 2-(2-(2-[2-dimethylaminothiazol-
5-yl]ethenyl)-6-(2-[fluoro]ethoxy)benzoxa-zole), another stilbene derivative, has shown 
greater binding in AD patients than in controls and some promise in detecting which 
subjects with MCI will soon convert to AD (e.g. better than VBM-MRI) (Waragai et al. 
2009), but with a somewhat different regional pattern compared to the other amyloid 
imaging compounds studied in humans (Kudo et al. 2007). Further studies will need to 
be conducted with this ligand to elucidate how and why its distribution differs from that 
of other relatively similar compounds. The recently introduced amyloid imaging agent, 
18F-BAY94-9172 ([18F]4-(N-methylamino)-4’-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)-
stilbene), is another promising stilbene derivative. Its advantages include the relatively 
long half-life of 18F, which increases tracer availability (Rowe et al. 2008), because its use 
does not require an on-site cyclotron. (The background to the discovery of 18F-labelled 
amyloid ligands for PET is discussed in detail earlier in this thesis, in the section 2.3.7 
Possibilities and prerequisites of in vivo amyloid imaging tracers).

One 18F-labelled compound, 18F-FDDNP (a derivative of a nonspecific surface dye), 
binds to amyloid plaques but also to neurofibrillary tangles (NFTs) and prion plaques 
(Agdeppa et al. 2001, Ye et al. 2005, Boxer et al. 2007). In AD, increased 18F-FDDNP 
uptake has been seen in the hippocampus and in temporal, parietal and frontal cortices 
(Shoghi-Jadid et al. 2002, Small et al. 2006). In one study with 18F-FDDNP, a significant 
difference was observed both between healthy subjects and MCI patients as well as 
between MCI patients and AD patients. 18F-FDDNP uptake was also inversely correlated 
with 18F-FDG uptake, and low levels of 18F-FDDNP uptake were associated with better 
performance in certain memory tasks (Small et al. 2006). The clearance of 18F-FDDNP 
from tissue, however, varies greatly between different brain regions, complicating the 
quantitation of tracer uptake. Differences between AD patients and controls in tracer 
uptake seem to be substantially smaller (10 %) (Small et al. 2006) than for example with 
11C-PIB (40-100 %) (see the Review of the literature, section 2.3.2 Findings in AD). In 



	 Discussion	 87

the future, the binding of 18F-FDDNP to structures other than amyloid plaques may be 
found to be useful in certain applications. In other situations, conversely, selectivity for 
amyloid would be a prerequisite for a feasible imaging tracer. 

Many new promising PET amyloid imaging tracer candidates emerge continuously 
(Johnson et al. 2009, Nelissen et al. 2009, Wey et al. 2009). Due to the better availability 
of SPET over PET, SPET amyloid tracer candidates such as 123I-IMPY (Kung et al. 2004) 
also arouse increasing interest. The results of this thesis and other extensive research on 
11C-PIB’s applicability could possibly aid in testing and validating these newer compounds. 
The required validation procedures were discussed in this thesis more elaborately in the 
Review of the literature in the section 2.3.7 Possibilities and prerequisites of in vivo amyloid 
imaging tracers. One of the greatest motivators for identifying PET amyloid imaging 
tracers beyond 11C-PIB is the better general availability of 18F-labelled compounds. In fact, 
at the time of writing this thesis, encouraging results have been reported on an 18F-labelled 
PIB-derivative, 18F-flutemetamol (Nelissen et al. 2009).

6.2	 11C-PIB PET IN DISEASE PROGRESSION AND TREATMENT

6.2.1	 11C-PIB uptake in monitoring disease progression and its potential to show 
treatment effects

Study III of this thesis detected no longitudinal increase in 11C-PIB uptake in AD 
patients at the group level. The follow-up period was relatively short in relation to the 
known, very long, disease process of AD. Another two-year follow-up study, with no 
control group comparison, showed similar results, i.e. no changes in 11C-PIB uptake 
over time (Engler et al. 2006). No longer follow-ups have been published to date, which 
is understandable given the novelty of in vivo amyloid imaging methods. It cannot be 
said for certain on the basis of the so far published, relatively short, follow-ups, that no 
tracer uptake increase would occur over longer follow-up periods. However, at present 
there is a hypothesis that Aβ accumulation may be more rapid in the early phases of the 
AD process and reach a plateau shortly after or even before clinical AD symptoms begin 
to appear. The commonly hypothesized timetable of Aβ accumulation was presented in 
Figure 4 of the Review of the literature and again here as Figure 26.

Figure 26. A proposition for the time course 
of amyloid deposition and cognitive decline in 
Alzheimer’s disease, based e.g. on observations with 
11C-PIB PET, as suggested by Mathis et al. (Mathis 
et al. 2007).
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Although the mean result of study III was no longitudinal change in 11C-PIB uptake in 
AD over a two-year follow-up, tracer uptake did increase in some of the patients of study 
III. These changes were generally within the test-retest variability range of the method 
that was estimated in study II. On the other hand, the 11C-PIB region-to-cerebellum ratios 
of some AD patients declined. It is still unclear whether the latter could be a biological 
phenomenon where Aβ plaques would actually begin to dissolve in more severe AD, 
or whether methodological limitations may account for this finding. For example, 
plaques could become inaccessible to the tracer diffusing from the bloodstream within 
the short time span of PET imaging. Obviously, no equilibrium is reached between the 
bloodstream and brain tissue during the scan time. In addition, it cannot be ruled out that 
the apparent decrease would be due to underestimation of tracer uptake caused by brain 
atrophy not being taken sufficiently into account. Different techniques for eliminating 
the possible bias caused by decreased brain volume are under development, also in our 
study group. Also the placement of the reference ROI (cerebellar cortex) is critical, 
since possible atrophy during disease progression might lead to misplacement of the 
ROI and its “contamination” by white matter signal. One theoretical possibility is also 
the appearance of cerebellar Aβ plaques, which would reduce the target-to-cerebellum 
ratios and could thus mask true increase in the target regions, or could even result in a 
reduction/decline in the target-to-cerebellum ratio. However, this is probably unlikely, 
since in study III, there was no difference in the cerebellar SUVs between the baseline 
and follow-up scans.

Cognitive decline and progressive brain atrophy were evident in the AD patients over 
the two-year follow-up of study III. It seems that these measures are more sensitive to 
monitor disease progression than 11C-PIB uptake, as the latter did not change significantly 
during two years of AD progression. However, as new therapeutic agents aimed at 
reducing brain amyloid load emerge, 11C-PIB PET could prove useful in monitoring of 
specific treatment effects. The power calculations of study II give hope that 11C-PIB PET 
could be a sensitive enough method to monitor treatment effects on brain Aβ load with 
relatively small sample sizes, although the reductions in Aβ would probably have to be 
substantial to be captured with 11C-PIB PET. Furthermore, the treatment would have to 
reduce Aβ plaques, possibly in addition to or in equilibrium with soluble forms of Aβ. 
Promisingly, at the time of completing this thesis, a study report has been published 
showing that treatment with bapineuzumab for 78 weeks (n=19) reduced AD patients’ 
cortical 11C-PIB retention compared with both baseline and placebo (n=7) (Rinne et al. 
2010). 11C-PIB PET thus seems to be a useful means of assessing the effects of potential 
AD treatments on cortical fibrillar Aβ load in vivo also in practice. It should however 
be noted that 18F-FDG PET and MRI findings are quite likely to correspond better 
with possible clinical improvement during treatment –different imaging methods can 
complement each other in monitoring treatment effects. 

It is also plausible that monitoring of 11C-PIB uptake in earlier, presymptomatic stages of 
AD, where for example MRI and 18F-FDG PET findings are not yet detectable, would be 
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beneficial. The question naturally remains as to who should be screened and followed-up 
with 11C-PIB PET. The large proportion of cognitively healthy persons with increased 
11C-PIB uptake raises many questions and challenges as well as ethical issues for future 
studies. Study III indicates that in presently cognitively normal individuals, increased 
11C-PIB uptake could predict ongoing or future brain atrophy. Of course this is not 
synonymous with future AD, and the sample size in this study was small, and more 
elaborate and extensive studies will be necessary to resolve this question. However, these 
observations – as well as the findings of study IV showing increased 11C-PIB uptake in 
cognitively healthy monozygotic co-twins of patients with cognitive impairment - may 
be interpreted to suggest that increased 11C-PIB uptake could be an early indicator of 
susceptibility to AD. Many other supporting findings indicating that increased 11C-PIB 
uptake could be predictive of cognitive decline and AD have also been reported [e.g. 
(Mintun et al. 2006, Kemppainen et al. 2007, Forsberg et al. 2008)].

As a brief conclusion, 11C-PIB PET imaging may not be suitable for monitoring the 
progression of already manifest AD (study III), but does show promise in early disease 
detection and in the identification of individuals at increased risk for AD (studies III 
and IV, see also next chapter). Furthermore, the method is relatively safe (radiation-
wise) and reproducible, and could be a feasible means of monitoring the effects of new 
disease-modifying therapies targeted at amyloid accumulation (studies I and II).

6.2.2	 11C-PIB uptake relative to other changes in AD – new insights to AD 
neuropathology?

Brain 11C-PIB uptake does not appear to be strongly associated with dementia severity 
or different measures of memory performance in AD patients, as reviewed earlier in 
this thesis. The results of this thesis are in line with previous reports in the sense that 
the AD progressor and nonprogressor subgroups of study III did not display significant 
differences in their 11C-PIB uptake. This is not unexpected, because neuropathological 
studies have suggested that amyloid deposition may occur decades before the clinical 
symptoms of AD appear and that there is no clear quantitative association between 
cognitive decline and brain amyloid load [e.g (Vehmas et al. 2003)]. Furthermore, highly 
educated patients show more increased 11C-PIB uptake in the lateral frontal cortex than 
less educated patients with AD with similar degrees of dementia severity (Kemppainen 
et al. 2008). This can be interpreted to mean that educational and other life-style factors 
play important modifying roles between brain Aβ deposition and its possible effects 
on cognition. Whether 11C-PIB uptake is associated with indicators of subtle cognitive 
decline that could be detected in non-demented individuals is a different matter which is 
still unclear after quite variable findings so far reported (see section 2.3.6 11C-PIB PET in 
relation to CSF biomarkers, MRI findings, 18F-FDG PET findings, inflammation markers 
and cognitive measures in the Review of the literature). In study III of this thesis, one 
control subject who had increased 11C-PIB uptake already at baseline showed a marked 
cognitive decline over the follow-up period, although she still performed within the age-
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appropriate range at follow-up. In addition, her 11C-PIB uptake increased over time (by 
9-13 % in cortical regions), with the change from baseline to follow-up clearly exceeding 
the test-retest variability range estimated in study II. As these observations were made 
on only one subject, they cannot be generalized. More longitudinal studies with larger 
samples, standardized neuropsychological assessments and uniform measures are 
needed. There are in any case strong indications that 11C-PIB PET could provide a tool 
to detect AD in its presymptomatic phase [e.g. (Mintun et al. 2005, Pike et al. 2007, 
Villemagne et al. 2008, Reiman et al. 2009)], and the results of this thesis support these 
proposals. In study IV, the cognitively intact monozygotic co-twins of subjects with 
an AD-like impairment showed increased cortical 11C-PIB uptake. A positive family 
history is the second greatest risk factor for AD after age (Bertram and Tanzi, 2005), 
and it is unfortunately justifiable to anticipate cognitive problems in the now normally 
functioning but PIB-positive co-twins of study IV. This will be resolved through clinical 
follow-up of the study subjects.

While 11C-PIB uptake and dementia severity are not associated in a linear fashion, it seems 
that there is a relationship between 18F-FDG uptake and measures of cognitive decline. 
As reviewed earlier in this thesis, the predominant sites of brain hypometabolism in 
AD are different than the regions with greatest amyloid accumulation. Furthermore, the 
brain regions with greatest grey matter atrophy (i.e. neuronal loss) and 11C-PIB binding 
also differ (Jack et al. 2008). This is demonstrated also in study III of this thesis. Plaque 
and neurofibrillary tangle pathologies also evolve with seemingly separate patterns 
(Braak and Braak 1991, Braak and Braak 1997). Sites of predominantly increased 
microglial activation may exist in the vicinity of increased Aβ plaque density, but no 
quantitative association has been established between these two phenomena (Edison 
et al. 2008a, Okello et al. 2009a, Wiley et al. 2009). These discrepancies between the 
different measurable and known pathological changes of AD underline –and make more 
challenging – the difficulties in trying to reveal the possible causal links between Aβ 
load, NFTs, inflammatory changes, and both functional and structural neuronal loss. 
Furthermore, the role of the ApoE gene variation in AD pathogenesis is still unclear.

It has been suggested that different brain regions could be differentially susceptible to 
the toxic effects of Aβ (Roder et al. 2003, Resende et al. 2007, Frisoni et al. 2009). In 
neuronal cell cultures with synthetic Aβ exposure and in electrophysiological studies 
on APP-transgenic mice, it appears that hippocampal neurons are more vulnerable to 
Aβ-induced apoptosis and impairment in synaptic functioning than for instance frontal 
neurons (Roder et al. 2003, Resende et al. 2007). It is, however, still unclear whether 
smaller amounts of Aβ in the MTL could be responsible for the relatively early neuronal 
loss in that region in AD, or if greater Aβ accumulation elsewhere could indirectly cause 
these atrophic changes through connections between the neocortex and the MTL. It has 
also been postulated that soluble forms of Aβ could be more important than insoluble 
forms (or more specifically, oligomeric forms rather than fibrils) in terms of toxicity 
[e.g. (Walsh et al. 2002, Chafekar et al. 2007)], and this could provide one explanation 
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for the discrepancy between sites of Aβ plaques and both functional and anatomical 
neuronal loss. Thus, when continuing studies with 11C-PIB PET, it should be noted that 
while 11C-PIB labels Aβ plaques, soluble forms of Aβ, whose role could prove important, 
remain undetected with this method. Other explanations to the anatomical discrepancies 
include the suggestion that NFTs are more directly associated with neuronal loss, either 
by mediating the toxic effects of amyloid or simply because they are more important 
pathological contributors in the first place. It is possible that the increase in NFT load 
in the entorhinal cortex could be detectable even earlier in the disease process than 
Aß accumulation (Duyckaerts et al. 1997) but the specific in vivo assessment of this 
phenomenon is unfortunately not possible, to date. Despite the spatial discrepancies, 
increased amounts of Aβ do seem to be quantitatively associated with greater brain grey 
matter atrophy [e.g. (Jack et al. 2009)]. Furthermore, the results of study III may be 
interpreted to indicate that increased Aβ accumulation may predict subsequent volumetric 
brain changes. Another recent study reported a strong relationship between brain atrophy 
and 11C-PIB uptake in subjects with subjective cognitive impairment but not in patients 
with MCI or AD. The findings suggest a strong relationship between Aβ deposition and 
brain atrophy very early in the disease process, which could prove an important notion 
e.g. with respect to novel treatment strategies. (Chételat et al. 2010)

With respect to the issue of soluble vs. insoluble forms of Aβ, it has been proposed that 
the decrease of soluble Aβ1-42 in the CSF in AD is a result of brain accumulation and 
reduced clearance of the polypeptide into the CSF. Decreased Aβ1-42 levels have been 
observed at an early or even presymptomatic stage of AD (Riemenschneider et al. 2002, 
Hampel et al. 2004, Moonis et al. 2005), in line with the hypothesis that Aβ deposition 
occurs years or decades before the appearance of clinical AD symptoms [e.g. (Price 
and Morris 1999)]. Post mortem studies have demonstrated that increased Aβ plaques 
correlate inversely with ventricular CSF Aβ1-42 levels (Strozyk et al. 2003). Longitudinal 
studies have suggested that CSF soluble Aβ1-42 levels decrease progressively over time 
(Tapiola et al. 2000). These findings support the hypothesis that there is an interaction 
between Aβ in the brain parenchyma and in the CSF. However, decreases in CSF 
Aβ1-42 levels are present in some non-AD non-plaque diseases, as well (CJD, ALS, 
multiple system atrophy) (Blennow and Hampel 2003) and it has been observed that 
soluble Aβ1-42 oligomers may reduce gamma secretase activity (Sotthibundhu et al. 
2008). These concepts have led to the suggestion that the CSF Aβ1-42 reduction could 
simply be attributable to reduced production of the polypeptide (de Leon et al. 2007). 
Studies combining in vivo amyloid imaging and CSF Aβ1-42 analyses will hopefully 
help resolve this issue. At the moment there are some indications that brain parenchymal 
and CSF Aβ1-42 measures display an inverse correlation (Grimmer et al. 2009), but 
the relationship needs to be clarified. (See more in the Review of the literature section 
2.3.6 11C-PIB PET in relation to CSF biomarkers, MRI findings, 18F-FDG PET findings, 
inflammation markers and cognitive measures). If quantities of plaques and soluble Aβ 
or parenchymal and CSF Aβ do correlate, for example 11C-PIB PET could be able to 
reflect the amount of total Aβ burden, but more studies are, without a doubt, warranted.
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Aβ1-42, also in the form of plaques, does seem to induce an inflammatory response, 
which could be an important contributor to the loss of neurons and brain function in AD. 
The modified amyloid cascade–neuroinflammation hypothesis was briefly introduced 
in the Review of the literature, but in the following paragraphs, the recent findings 
combining in vivo assessment of microglial activation with amyloid imaging will be 
reviewed.

In a PET study utilizing both the microglial activation marker 11C-(R)-PK-11195 as 
well as 11C-PIB, 11C-(R)-PK-11195 uptake was increased in AD patients (n = 13) in 
the same cortical regions as 11C-PIB uptake, by 20 - 35 % (11C-PIB uptake by 100 %), 
when compared with controls. The amounts of the two ligands taken up were, however, 
not associated (Edison et al. 2008a). Another comparative study with smaller samples 
found no differences in 11C-(R)-PK-11195 uptake between AD patients (n = 6), MCI 
patients (n = 6) and controls (n = 5) in the first place, although differences in 11C-PIB 
uptake were evident. Furthermore, 11C-(R)-PK-11195 uptake did not differ between PIB-
positive and PIB-negative subjects (Wiley et al. 2009). A similar study on MCI patients 
demonstrated that 11C-(R)-PK-11195 uptake was increased in 5 of 13 (38 %) subjects. 
However, again, no correlation between individual 11C-(R)-PK-11195 and 11C-PIB 
binding was found. Furthermore, in the PIB-negative patients, there were two patients 
with increased 11C-(R)-PK-11195 uptake but neither of them converted to AD over a 
24 – 36 month follow-up, in contrast to 3 out of the 5 PIB-positive subjects (Okello et 
al. 2009a). One interpretation of these results is that brain microglial activation may be 
increased in the absence of significant Aβ plaque deposition, a phenomenon known from 
studies on 11C-(R)-PK-11195 PET retention in other types of brain injury [e.g. Banati 
et al 2000]. This will likely pose additional challenges in trying to establish the role of 
specific inflammatory responses in AD pathophysiology.

As stated earlier, another factor whose role in the AD process is possibly important, 
though still unclear, is the ApoE gene variation, and its epsilon 4 allele in particular. A 
number of different explanations for the role of ApoE in AD pathophysiology have been 
proposed. Some are associated with APP or amyloid metabolism [e.g. (Irizarry et al. 
2004, Koistinaho et al. 2004, Manelli et al. 2004)] or the toxicity of amyloid (Manelli 
et al. 2004), others with different mechanisms such as tau hyperphosphorylation or 
neuronal oxidative stress or alterations in mitochondrial functions (Strittmatter et al. 
1994, Miyata and Smith 1996, Gibson et al. 2000). Difficulties remain in establishing 
a causal link between the genetic variation of ApoE and the biological processes that 
might contribute to the risk of developing AD. Furthermore, while the ApoE genotype is 
associated with AD as a genetic modifier influencing the age of disease onset, its epsilon 
4 allele seems to be neither necessary nor sufficient to cause AD (Bertram and Tanzi 
2005). In addition, ApoE polymorphism does not seem to affect the incidence of clinical 
dementia in the very elderly, although, even in this age group, neuropathological AD (i.e. 
increased brain amyloid and NFT load) is significantly associated with the ApoE epsilon 
4 allele (Polvikoski et al. 2006). In this thesis, ApoE genotyping was carried out in study 
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IV. In only one discordant dizygotic twin pair, the co-twin with a cognitive deficit and 
greater 11C-PIB uptake had the epsilon 4 allele unlike his cognitively healthy co-twin. 
In general, in small samples like that employed in this thesis, the ApoE genotype does 
not seem to unambiguously dictate the extent of 11C-PIB uptake, although studies on 
non-demented subjects suggest that 11C-PIB uptake is indeed greater in ApoE epsilon 4 
carriers (Villemagne et al. 2008, Reiman et al. 2009, Morris et al. 2010). ApoE epsilon 4 
thus seems to be somehow related with Aβ deposition, although its relevance to clinical 
AD is unclear. The results of study IV would seem to emphasize the additional importance 
of other genetic factors contributing to increased risk for Aβ deposition and AD. Studies 
on twins, on individuals with a monogenic AD-causing mutation, and on subjects with 
a history of AD in the family will be valuable for answering the open questions of AD 
genetics and will hopefully help to clarify AD pathogenesis.

Brain amyloid accumulation seems to precede some of the other neuropathological 
changes and the clinical symptoms of the disease (studies III and IV support this notion) 
but whether amyloid accumulation is simply one of the more upstream processes of the 
pathological cascade or the actual initiating event remains unclear. It also remains to be 
resolved whether neural projections could explain the discrepancies between sites of 
amyloid accumulation and functional and structural neuronal loss. Another alternative 
explanation is that the disease mechanism involves completely unknown components. 

6.3	 THE POTENTIAL OF 11C-PIB PET IN THE EARLY DETECTION 
OF ALZHEIMER’S DISEASE

A substantial proportion of healthy elderly subjects show AD-like 11C-PIB binding, the 
value ranges from 10 to 30 % in different studies (Klunk et al. 2004, Mintun et al. 2006, 
Pike et al. 2007, Rowe et al. 2007, Aizenstein et al. 2008, Jack et al. 2008). Studies III 
and IV of this thesis were in line with these values: 15-33 % of the controls showed 
increased 11C-PIB uptake, depending on the examined brain region, when using the 
often-employed 1.5-cut-off limit for “PIB-positivity” (Aizenstein et al. 2008, Jack et 
al. 2008). (Whether or not a general cut-off limit can even be feasibly established and 
applied for 11C-PIB retention, and if so, what should this limit value be, are interesting 
questions of their own.)

The percentage of healthy controls with increased 11C-PIB uptake seems to increase with 
age – in one study, 20 %, 35 % and 50 % of the subjects displayed PIB-positive scans 
in the 61-70, 71-80 and 81+ age groups, respectively (Villemagne et al. 2008). This is 
in agreement with post mortem data on Aβ deposition in normal aging [e.g. (Davies et 
al. 1988)]. In general, several post mortem reports have shown that about 30 % of non-
demented persons over the age of 75 exhibit cortical Aβ plaques on histopathological 
examination [e.g. (Price and Morris 1999, Price et al. 2009)]. Furthermore, and quite 
interestingly, this prevalence of amyloid plaques in the non-demented elderly is almost 
equivalent to the estimated prevalence of dementia at age 85 (Ferri et al. 2005), which 
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could be interpreted to support the hypothesis that amyloid accumulation precedes 
clinical dementia symptoms by several years [e.g (Price and Morris 1999)]. 

Increased 11C-PIB uptake has been proposed to be predictive of conversion to AD in 
MCI subjects (Forsberg et al. 2008, Koivunen et al. 2008a, Okello et al. 2009b, Wolk 
et al. 2009). Due to the limited history of in vivo amyloid imaging, the same cannot yet 
be said about the possible value of 11C-PIB PET in predicting future AD in completely 
healthy individuals. For example, subtle memory problems do seem to be associated 
with increased 11C-PIB uptake in seemingly cognitively healthy individuals in some 
studies (Pike et al. 2007, Mormino et al. 2009), but contrasting results to these have also 
been reported (Aizenstein et al. 2008, Jack et al. 2008). As was discussed in the previous 
section 6.2.2 11C-PIB uptake relative to other changes in AD – new insights to AD 
neuropathology? of this Discussion, one healthy control subject in study III suffered a 
marked cognitive decline in conjunction with elevated and increasing 11C-PIB uptake. In 
addition, the correlation between baseline 11C-PIB uptake and subsequent brain atrophy 
rates in the healthy controls of study III could possibly indicate future AD in subjects 
that are now healthy, but these are rather speculative observations in small samples. It is 
thus evident that it is important to continue investigations of 11C-PIB uptake in normal 
aging as well as in what has been thought to be but may not be normal aging.

To generalize, unfortunately it is still unclear whether a person can have marked brain 
Aβ load without ever developing clinical symptoms of AD. As a possibly confusing 
factor, 11C-PIB uptake seems to be greater in the presence of the ApoE epsilon 4 allele in 
normal aging (Villemagne et al. 2008, Reiman et al. 2009), but this does not seem to be 
necessarily associated with cognitive symptoms (Villemagne et al. 2008). It has also been 
suggested that some of the 11C-PIB uptake seen in control subjects may be attributable to 
amyloid deposits in cerebral blood vessels (Svedberg et al. 2009). This possibility, along 
with other explanations for PIB-positivity in healthy individuals, should be investigated 
further and its clinical relevance clarified.

The variation in the proportions of PIB-positive non-demented subjects between different 
studies (Klunk et al. 2004, Mintun et al. 2006, Pike et al. 2007, Rowe et al. 2007, Aizenstein 
et al. 2008, Jack et al. 2008) cannot be considered “alarming”, given the prominent role 
of chance in these small samples. However, one important methodological issue to be 
addressed before concluding on the proportion of PIB-positive healthy subjects in the 
general population, is selection bias – individuals with increased risk (either related to 
genetic or environmental risk factors, or presenting as subtle memory problems) are 
likely to be more eager to participate in 11C-PIB PET studies, also as healthy controls. 
This was definitely a phenomenon that could not be completely excluded in studies 
II-IV of this thesis, although attempts were made to avoid this bias. In controlled 
proportions, individuals who are classified as healthy, with either subtle symptoms or 
no cognitive symptoms and with either increased familial risk or no special familial risk 
for cognitive disorders, are all interesting amyloid imaging study candidates in research 
aimed at understanding AD. By enriching the PIB-positive proportion of healthy study 
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subjects for instance through enrolment of genetically predisposed individuals, a more 
profound understanding of the evolution of brain Aβ accumulation could be gained in 
the relatively near future.

Study IV of this thesis demonstrated that cognitively preserved monozygotic co-twins of 
subjects with an AD-like cognitive impairment showed increased 11C-PIB uptake in their 
cerebral cortex and striatum when compared with healthy non-twin control subjects and 
cognitively preserved dizygotic co-twins. In addition, similar 11C-PIB uptake patterns were 
observed within the cognitively discordant monozygotic twin pairs in some typical brain 
regions. The cognitively preserved dizygotic co-twins showed no such 11C-PIB uptake 
increases, and their values were in the same range as those of healthy unrelated control 
subjects. Previous, similar study designs with monozygotic twins have demonstrated 
similar findings on glucose metabolism assessed with 18F-FDG PET (Järvenpää et al. 
2003, Virta et al. 2009). In contrast, MRI studies detected no reductions in hippocampal 
volumes in healthy monozygotic co-twins of AD patients (Järvenpää et al. 2004).  The 
monozygotic twin 11C-PIB uptake results of study IV, together with the 18F-FDG and MRI 
study results, support the amyloid cascade hypothesis by reinforcing the concept that Aβ 
pathology and metabolic impairments precede brain atrophy and memory impairment 
in AD. Furthermore, a post mortem study in three monozygotic twin pairs with AD has 
suggested that despite the variation in the age of disease onset, presentation and duration, 
the amyloid and neurofibrillary tangle pathologies are concordant between affected co-
twins (Brickell et al. 2007). Although all of this should be interpreted with caution; as 
the monozygotic co-twins of the cognitively impaired subjects are at increased genetic 
risk for AD and they do show increased 11C-PIB uptake although they are still healthy, it 
seems plausible that 11C-PIB uptake could – perhaps in conjunction with other indicators 
- be predictive of future AD.
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7.	 CONCLUSIONS

The following general conclusions may be drawn from the studies presented in this 
thesis:

I 	 An adequate Aβ-imaging dose of the radiotracer 11C-PIB for 3-dimensional 
brain PET imaging results in an acceptable effective radiation dose which allows 
repeated studies in the same individuals. 

II 	 Assessment of brain 11C-PIB uptake is reproducible even when simplified analysis 
methods and a short scanning protocol are used. 11C-PIB appears suitable for PET 
studies aiming to quantitate brain Aβ accumulation for monitoring the effects of 
anti-amyloid treatments.

III 	 Brain 11C-PIB uptake does not seem to increase markedly during two years of 
Alzheimer’s disease (AD) progression. Increased cortical 11C-PIB uptake may 
predict ongoing brain atrophy in cognitively normal individuals, and may be a 
useful method for patient selection and follow-up in early-phase intervention 
trials of new therapeutic agents.

IV 	 Cognitively preserved persons who have a monozygotic twin with an AD-like 
cognitive impairment appear to have increased 11C-PIB uptake compared to 
other cognitively healthy persons. Genetic factors thus seem to play an important 
modifying role in the development of AD-like Aβ plaque pathology. AD might be 
detectable in high-risk individuals in its presymptomatic phase with 11C-PIB PET, 
which would have important consequences for future diagnostics and research on 
disease-modifying treatments.
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