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INTRODUCTION 

 

Dementia and Alzheimer’s disease 

Dementia is a syndrome characterized by progressive cognitive decline that 

interferes with work or daily activities.
1
 To date, the number of people 

suffering from dementia worldwide is estimated at 36 million and this number 

is expected to triple by 2050.
2,3

 Dementia represents a devastating social 

and economic burden, as it impacts the lives of both patients and their 

caregivers and families. Furthermore, global costs of dementia are $604 

billion in 2015, which makes it the most expensive health issue for society to 

date
4
 and are expected to rise even faster than disease prevalence.

2 

 

In the Netherlands, the number of people living with dementia is 250.000 

and every 15 minutes a new case of dementia is diagnosed. With the aging 

of the baby boomer generation, the number of dementia patients is expected 

to dramatically increase to over 400.000 patients in 2040. In 2011, the 

estimated costs for dementia in the Netherlands was €4.8 milliard which is 

predominantly incurred for (institutionalized) care.
5
 The primary limitation in 

clinical practice is the absence of treatment that prevents, cure or slow down 

the pathological changes associated with the progression of dementia.  

 

Alzheimer’s disease (AD) is the leading cause of dementia and is 

responsible for 50-70% of dementia cases.
6
 Typically, the most prominent 

first symptom in AD is episodic memory loss, followed by dysfunctions in 

other cognitive domains at later stages of the disease.
7,8

 The two major risk 

factors for AD are older age and carrying the AD-risk gene allele 

Apolipoprotein E (APOE) ε4.
9-11

  

 

Detecting Alzheimer pathology: Amyloid PET and CSF biomarkers  

According to the ‘amyloid cascade hypothesis’ model, aggregation of the 

protein β-amyloid (Aβ) into extracellular fibrillary Aβ plaques in the cerebral 

cortex is the primary cause of AD (B). This is thought to trigger or initiate 

later downstream neurodegenerative events, including aggregation of the 

tau protein and synaptic loss, eventually leading to cognitive dysfunction and 

AD dementia.
12,13

 Until recently, a definite diagnosis of AD could only be 

made after confirmation of Aβ pathology by post-mortem neuropathological 

examination.  
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The introduction of the radiotracer Pittsburg Compound-B ([
11

C]PIB) in 2004 

for in vivo visualization of Aβ plaques was a major breakthrough in the 

field.
14

 With use of the non-invasive imaging technique positron emission 

tomography (PET), this radiotracer enables to both locate and quantify 

cortical Aβ pathology and therefore offered new possibilities to explore and 

refine the understanding of Aβ aggregation and test the ‘amyloid cascade 

hypothesis’ in live humans. Besides, a more indirect way to detect brain Aβ 

pathology is to measure soluble forms of Aβ in cerebrospinal fluid (CSF), the 

body fluid that surrounds the brain and spinal cord. Compared to controls, 

levels of Aβ in CSF are lower in AD patients compared to controls.
15

 

Although the underlying mechanisms are still unclear, it is hypothesized that 

low CSF Aβ levels are the result of sequestration of Aβ in the brain cortex 

and reduced clearance into CSF.
16

  

 

Previous studies have found high correlation between quantitative amyloid 

pathology levels measured using amyloid PET and CSF assays.
17-19

 For 

clinical practice, however, it is preferred to interpret outcomes in binary way 

as either ‘amyloid positive’ or ‘amyloid negative’ based on the presence or 

absence of amyloid pathology, respectively. Former studies have shown 

high concordance of amyloid positivity as measured using CSF and PET, 

suggesting convergent validity of both types of biomarkers.
20,21

 However, 

most sample sizes were relatively small and studies were performed in 

highly selected research settings, limiting generalizability. As both amyloid 

PET imaging and CSF Aβ42 are now incorporated as biomarkers for amyloid 

pathology supportive for AD diagnosis,
1
 it is important to determine their 

interchangeability for use in clinical practice.  

 

Besides, a major complicating factor for binary interpretation of CSF 

biomarkers is the large variability in cut-points between laboratories. One of 

sources for variability is the method for CSF cut-point calculation.
22,23

 

Laboratories usually determine local clinical cut-points based on the optimal 

discriminability between cognitively normal participants and participants 

diagnosed with AD dementia. However, since 20-30% of the cognitively 

normal controls have abnormal CSF Aβ42 levels,
24

 this cut-point calculation 

method may result in a (too) conservative CSF Aβ42 cut-point. To overcome 

this limitation, amyloid PET as a surrogate marker for cerebral amyloid 

pathology has great potential to serve as a reference for CSF Aβ42 cut-off 

definition. 
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Clinical utility of amyloid PET  

PET images can be acquired in several ways, as different parametric 

models for analysis are available. For [
11

C]PIB PET, there is no uniform way 

to obtain or analyze PET images, although a previous study comparing 

different analysis models found that the receptor parametric mapping with 

fixed efflux rate constant (RPM2) method was most reliable for 

quantification
25

 and showed high agreement between readers.
26

 Another, 

more common way to obtain PET images is by generating standardized 

uptake value ratio (SUVr) images, which has also shown good agreement 

between readers in other studies
27,28

 and has the advantage that it requires 

shorter scan duration compared to the RPM2 method. Thus far, direct 

comparison between analysis methods is lacking but necessary to 

determine the method of choice for visual reading of [
11

C]PIB images. 

 

Furthermore, use of the [
11

C]PIB tracer for amyloid PET imaging is limited to 

expert PET centers with synthesis facilities due to its short-half life. To 

overcome this limitation, fluorine-18 labeled amyloid tracers, including 

[
18

F]flutemetamol, with a longer half-life were developed which enable wide-

spread implementation of amyloid PET imaging in non-specialized PET 

centers. Amyloid PET is expected to be of particular use in the differential 

diagnosis
29

 as clinical symptoms may overlap between dementia types, 

especially in early-onset dementia, which complicates diagnosis.
30,31

 Thus 

far, only a few studies have evaluated the impact of amyloid PET on clinical 

diagnosis and patient management.
32-37

 However, these studies were 

performed in highly selected (older) research populations, or in combination 

with another PET tracer (i.e. [
18

F]fluorodeoxyglucose). Therefore, the added 

value of amyloid PET for diagnostic work-up in early-onset dementia needs 

to be determined.  

 

Amyloid PET and Alzheimer risk factors  

Previous post-mortem studies have shown that a substantial part of the 

healthy elderly may show cerebral Aβ pathology.
38-42

 Furthermore, 

prevalence of Aβ pathology in healthy elderly is found to increase with age, 

from 10% to 44% when age increases from 50 to 90 years old.
24

 

Interestingly, with a time lag of 10-30 years a similar age-related prevalence 

of AD dementia is found in the general population and at post-mortem 

findings.
43

 In addition, amyloid PET imaging
12,13

 studies have indicated that 

Aβ deposition may start as early as 20 years prior to the clinical 

manifestation of dementia. These findings provide evidence that the 

pathological changes found in AD patients begin far in advance of the 
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clinical expression of the disease. This decade-long presymptomatic phase 

is now identified as ‘preclinical AD’.
44

 In the latest stage of preclinical AD, 

when amyloid pathology and neuronal injury are present, also subtle 

cognitive changes, or subjective cognitive decline (SCD), may become 

apparent.
45

 SCD might be a first, subtle expression of underlying Alzheimer 

pathology, although difficult to detect on standardized cognitive testing. 

Besides, SCD might not be as specific for AD, as can also be present in 

subjects without underlying Alzheimer pathology.
46

 Therefore, further 

research is needed to determine whether, next to aging and the APOE ε4 

allele, subjective memory complaints may be a potential risk factor for AD 

dementia. 

 

Although older age is the greatest known risk factor for AD, roughly 10% of 

the AD patients are younger than 65 years of age. Compared with late-onset 

AD, patients with an early disease-onset more often present with atypical, 

non-memory symptoms, for example visuo-spatial problems, executive 

dysfunction or behavioral problems,
7,31

 together with a more rapid cognitive 

decline.
47

 Previous studies have suggested that early-onset AD patients 

show a distinct pattern of downstream markers such as atrophy on MRI and 

abnormalities on EEG.
30,48,49

 However, it remains unclear whether early 

disease-onset may also be related to a distinct pattern of Aβ pathology and 

whether this is related to clinical symptoms. 

 

 

AIMS 

 

This thesis focused on the implementation of amyloid PET in clinical 

practice. The main aims of this thesis were: 

1) to compare clinical interpretation of amyloid PET with CSF biomarkers; 

2) to investigate the clinical utility of amyloid PET; 

3) to examine the association of amyloid PET with Alzheimer risk factors. 

 

 

THESIS OUTLINE 

 

Chapter 2 compares clinical interpretation amyloid PET with CSF 

biomarkers. Chapter 2.1 addresses the interchangeability of amyloid PET 

and CSF biomarkers in a memory clinic sample. In Chapter 2.2 optimal CSF 

biomarker cut-points are determined based on amyloid PET. Chapter 3 

investigates the utility of amyloid PET in clinical practice. Chapter 3.1 
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identifies the optimal image analysis method for visual reading of [
11

C]PIB 

PET images. Chapter 3.2 assesses the diagnostic impact of 

[
18

F]flutemetamol PET in a memory clinic setting. Chapter 4 examines the 

association of pathology with Alzheimer risk factors. Chapter 4.1 describes 

the associations of AD risk factors with amyloid pathology in cognitively 

normal elderly. Chapter 4.2 investigates the effect of age on Alzheimer 

pathology heterogeneity in AD patients. 
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ABSTRACT 

 

The last decade has witnessed the development and characterization of 

tracers for the evaluation of neuropathology in vivo. The introduction of 

these tracers, namely Aβ and later tau, are providing the tools to change the 

landscape and refine our understanding of Aβ and tau deposition in the 

brain, allowing to investigate the causes, refine diagnosis and improve 

treatment of major neurodegenerative conditions such as Alzheimer’s 

disease (AD), Chronic Traumatic Encephalopathy (CTE) and frontotemporal 

lobar degeneration (FTLD).  Aβ and tau imaging allows examination of the 

regional and global changes of these disease markers over time as well as 

their relationship with other relevant parameters such as cognitive 

performance and neurodegenerative changes. Aβ and tau imaging will 

enable to establish the role Aβ and tau play -and interplay- in aging and 

disease. Aβ and tau imaging value resides in being no only diagnostic, 

prognostic or progression markers, but also surrogate markers of disease, 

crucial for patient recruitment and efficacy evaluation of disease-specific 

therapies. 
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INTRODUCTION 

 

Dementia is a syndrome of significant cognitive and behavioral impairment 

that interferes with activities of daily living.
1
 According to the WHO’s latest 

dementia report, the number of dementia patients worldwide will increase 

from 35.6 million in 2010 to 65.7 million in 2030 and 115.4 million in 2050. 

Furthermore, dementia has an enormous socio-economic impact as the total 

global costs of dementia in 2010 were estimated to be US$ 604 billion.   

 

Despite the advances in fluid and imaging biomarkers, definitive diagnosis of 

several dementing neurodegenerative conditions is still reliant on post-

mortem examination, given the inability -particularly at the early stages of 

the disease where the clinical phenotypes overlap- to identify the underlying 

pathology responsible for the disease. This is further complicated by the fact 

that the same aggregated misfolded protein can manifest as distinct and 

different phenotypes, and that a particular phenotype can be caused by 

different misfolded proteins.
2,3

 

 

Alzheimer’s Disease (AD) is the leading cause of dementia and is 

responsible for 50-70% of dementia cases,
4
 followed by vascular dementia 

(VaD), dementia with Lewy bodies (DLB) and frontotemporal lobar 

degeneration (FTLD). Clinical diagnosis of sporadic AD is based on 

progressive cognitive impairment affecting performance of the activities of 

daily living, whilst excluding other diseases. Confirmation of AD diagnosis 

still relies on post-mortem examination. While clinical criteria, together with 

structural neuroimaging techniques are sufficiently sensitive and specific for 

the diagnosis of AD at the mid to late stages of the disease, they are 

focused on relatively non-specific features such as memory, decline in 

functional activity and brain atrophy that are late features of the disease. The 

neurodegenerative process, with slow accumulation of these misfolded 

proteins starts decades before the typical phenotype is manifested. Early 

identification of the disease process will allow disease-specific therapeutic 

interventions at the presymptomatic stage, improving the chances to arrest 

the disease process before irreversible neuronal or synaptic loss occurs.
5
 

Neuropathologically, AD is characterised by extracellular amyloid plaques 

and intracellular tau aggregates.
6
 Amyloid plaques predominantly consist of 

aggregated insoluble fibrillary β-amyloid (Aβ) peptides, mostly 40 or 42 

amino acids in length, with Aβ42 being most prevalent.
7
 The biological 

function of the Aβ is still unknown, however, evidence suggest that in AD an 

imbalance between the production and removal of Aβ is leading to its 
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progressive accumulation. The ‘Aβ centric theory’ postulates a key role for 

Aβ in the pathogenesis of AD as a trigger or initiator of downstream 

neurodegenerative events, including tau aggregation and neuronal loss, 

which eventually leads to cognitive dysfunction and dementia.
4
 Both post-

mortem
8,9

 and Aβ imaging studies
10,11

 indicate that Aβ deposition starts 

decades prior to the clinical phenotype of dementia. Furthermore, Aβ 

accumulation is thought to ‘plateau’ after a clinical stage of AD is reached, 

with little or no subsequent increase in Aβ over time. This ceiling effect might 

explain the weak correlations between Aβ deposition, cognition and 

downstream neurodegenerative biomarkers.
12,13

 These findings suggest that 

Aβ is necessary, though not sufficient, for developing AD.
5
  

 

In contrast to Aβ deposition, neurofibrillary tangles (NFT), the other 

pathological hallmark of AD, do correlate with disease severity and cognition 

at different stages of AD.
14,15

 Under normal conditions, tau binds to tubulin in 

order to stabilize microtubules, which are critical structures for maintenance 

of cell shape and axonal transport in neurons. While Aβ is found 

extracellular in plaques, tau aggregates are mostly intracellular, adding an 

additional membrane to be crossed besides the blood brain barrier (BBB), 

before the tracer can reach its target.   

 

But tau aggregation is not the exclusive patrimony of AD. There are several 

other conditions characterized by pathological tau deposits, among them, 

chronic traumatic encephalopathy (CTE), progressive supranuclear palsy 

(PSP), corticobasal syndrome (CBS), and some variants of FTLD. In regards 

to tau aggregates, polymorphism is the rule, with the same tau isoform 

adopting multiple conformations, and different isoforms adopting similar 

ultrastructural forms.
16

 Six tau isoforms have been identified and the number 

of repeats of the tau microtubule binding domain has been used to classify 

these isoforms into two different groups, those with either three (3R) or four 

repeats (4R) of the microtubule binding domain, respectively.
17

 Under the 

light microscope the different combinations of the six tau isoforms appear as 

cellular inclusions with distinctive morphologies and with a pathognomonic 

distribution in the brain.
18

 Furthermore, these tau aggregates are subject to 

multiple post-translational modifications, such as phosphorylation, nitration, 

truncation, acetylation, ubiquitination, glycosylation, glycation, etc.,
19

 that 

also affect the conformation of the aggregates. Initially, the linear assembly 

of tau aggregates leads to the formation of ribbons of protofibrils with a β-

sheet structured core
20

 surrounded by a “fluffly” material.
21,22

 These ribbons 

can be straight or twisted. The periodicity -or lack thereof- of these twists 
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has been used to classify the ultrastructural conformation of the aggregates 

into straight filaments (SF), paired helical filaments (PHF) with regular twists 

~80 nm, or irregularly twisted filaments (TF).
17,23

 

 

 

PET RADIOTRACERS 

 

The last two decades have been focused on developing Aβ radiotracers to 

detect cortical A deposition in vivo and some of them have already been 

approved for clinical use. Aiming at mirroring the achievements of Aβ 

imaging, the last few years have seen renewed efforts to design selective 

tau radiotracers.
24-26

 This development of novel selective tau ligands has led 

to successful first-in-human tau imaging PET studies. Stemming from the 

tracer’s capacity to bind a particular target over other similar misfolded 

proteins has been used to classify them as selective or non-selective.
25,26

 

 

Selective Aβ tracers 

In the last two decades, many efforts have been focused on developing 

radiotracers for A imaging in vivo,
27

 resulting in the development of multiple 

compounds, some of which were successfully tested in human clinical trials, 

including the most successful and widely used radiotracer to date, C-11 

labelled Pittsburgh compound B (PiB).
24

 [
11

C]PiB is a derivative of the 

amyloid-binding dye thioflavin-T that shows both high affinity and high 

specificity for fibrillary Aβ in plaques
28,29

 as well as other Aβ containing 

lesions including cerebral amyloid angiopathy (CAA).
30

 Furthermore, no 

specific binding was found in subcortical white matter,
31

 and at tracer 

concentrations, 
11

C-PiB does not bind at detectable levels to other misfolded 

proteins with a similar secondary β-sheet structure such as -synuclein
32

 or 

tau.
30,33

 Post mortem studies using [
11

C]PiB revealed high correlations with 

regional Aβ retention as measured at autopsy,
33

 as well as with Aβ1-42 in 

CSF.
34

 A handful of other C-11 labelled radiotracers have been tested in 

human studies, although lower effect sizes ([
11

C]SB13),
35

 smaller dynamic 

range ([
11

C]ST1859)
36

 or additional affinity for -synuclein ([
11

C]BF-227)
37

 

made them less favorable for detection of cortical Aβ burden compared to 
11

C-PiB. On the other hand, a couple of C-11 tracers, [
11

C]AZD2184 and 

[
11

C]AZD2995,
38

 present with similar characteristics as [
11

C]PiB. However, 

widespread clinical implementation of these C-11 tracers is hampered by the 

short radioactive half-life of C-11 (T½=20 minutes) requiring on-site 

production. To overcome this limitation, various F-18 (T½= 110 min) labelled 

tracers were developed. 
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[
18

F]florbetapir  ([
18

F]AV-45, Amyvid
®
), is a stilbene derivative synthesized by 

Kung and colleagues at the University of Pennsylvania.
39

 [
18

F]florbetapir 

showed a 96% agreement with neuropathology,
40

 with a sensitivity of 92% 

and a specificity of 100% for detection of cortical Aβ in vivo against 

moderate to frequent Aβ plaque pathology at autopsy.
41

 Furthermore, in 

direct comparison study [
18

F]florbetapir was highly correlated with of 

[
11

C]PiB
42

 and found suitable to discriminate AD from controls.
43

 A 

multicenter study showed that, both in at-risk subjects and AD patients, high 

cortical Aβ burden was associated with worse cognitive performance
44

 and 

predictive for greater cognitive deterioration over 3 years.
45,46

 Furthermore, 

high cortical Aβ burden measured by 
18

F-florbetapir was associated with 

lower memory performance in clinical normal elderly.
44

 [
18

F]florbetapir was 

the first radiotracer approved by the Food and Drug Administration (FDA; 

April 2012) and the European Medicines Agency (EMEA; January 2013) for 

detection of Aβ in vivo and is being used for both patient selection and 

evaluation of treatment response in several anti-amyloid drug trails.
47

 To 

date, it has become the most widely used Aβ radiotracer after
 
[
11

C]PiB.  

 

[
18

F]florbetaben ([
18

F]AV-1, [
18

F]BAY-94-9172, Neuraceq
®
) was also 

synthesized by Kung and colleagues
48

 and developed by Bayer Healthcare 

and Piramal. [
18

F]florbetaben showed selective binding to Aβ plaques with 

lack of binding to Lewy bodies or NFT in post-mortem tissue at low 

nanomolar concentrations.
49

 Global [
18

F]florbetaben retention showed 

excellent correlation [
11

C]PiB retention.
50

 Furthermore, it was effective in 

discrimination AD from clinically normal controls and FTLD patients with high 

sensitivity and specificity to detect high Aβ burden against clinical 

diagnosis
51,52

 and was able to detect the presence or absence of AD 

pathology in a mixed population of cognitive impaired subjects.
53

 In MCI 

patients, [
18

F]florbetaben was correlated with episodic memory and showed 

a predictive accuracy of 83% for conversion to AD after 2 years, and up to 

94% after 4 years.
54

 Furthermore, a multicenter phase 3 trial confirmed that 

florbetaben PET was able to detect cortical fibrillar Aβ plaques as assessed 

by visual reading with 100% sensitivity and 92% specificity against post-

mortem silver-staining and immunohistochemistry.
55

 [
18

F]florbetaben 

received FDA and EMEA approval for clinical use in February and March 

2014, respectively. 

 

[
18

F]flutemetamol (Vizamyl
®
) is the [3]-fluoro-derivative of [

11
C]PiB developed 

by GE Healthcare for detection of cortical Aβ deposition. A histopathology 

study showed high concordance and strong correlation between 
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[
18

F]flutemetamol PET retention and Aβ burden measured by a monoclonal 

antibody in brain biopsy tissue and at autopsy.
56

 In addition, 

[
18

F]flutemetamol retention is highly correlated with [
11

C]PiB across the 

spectrum of AD
57

 and phase II and III trails confirmed that [
18

F]flutemetamol 

can differentiate between AD and controls with a sensitivity and specificity of 

93%.
57,58

 Furthermore, [
18

F]flutemetamol PET has additive value to MRI for 

diagnostic classification and prediction of conversion in MCI subjects.
59,60

 

[
18

F]flutemetamol received FDA approval in October 2013 and EMEA 

approval in September 2014 under the brand name of Vizamyl
®
. 

 

[
18

F]NAV4694 (a.k.a. [
18

F]AZD4694) is a radiotracer developed by Astra-

Zeneca and Navidea. Direct comparison with [
11

C]PiB revealed that 

[
18

F]AZD4694 showed similar binding kinetics, dynamic retention range, and 

low non-specific binding to white matter with an excellent correlation 

between [
18

F]AZD4694 and [
11

C]PiB cortical retention.
61

 Furthermore, 

[
18

F]AZD4694 clearly distinct AD patients from healthy controls both by 

quantitative measures and visual inspection.
61,62

 

 

For visual inspection of Aβ imaging studies, high radiotracer retention in the 

cortical and subcortical grey matter is synonymous of a high Aβ burden.
63

 In 

contrast to [
11

C]PiB or [
18

F]NAV4694, [
18

F]florbetapir, [
18

F]florbetaben and 

[
18

F]flutemetamol present with relatively high white matter uptake. In the 

case of [
18

F]flutemetamol, similar cortical tracer retention than [
11

C]PiB is 

accompanied by higher white matter uptake; while in the cases of 

[
18

F]florbetapir and [
18

F]florbetaben
42,50

 they display lower cortical retention 

than [
11

C]PiB, but white matter uptake is similar. This results in a very sharp 

contrast between grey and white matter in those cases with low or no 

detectable Aβ deposition in the brain, and loss of this normal grey-white 

matter demarcation has been proposed for the correct identification of high 

Aβ burden with these F-18 tracers. 

 

Selective tau tracers 

In AD the prevalent ultrastructural conformation of tau aggregates is PHF, 

therefore most of the focus has been directed at developing selective tau 

imaging radiotracers for PHF-tau. Notwithstanding, some of these tracers 

recognize other conformations of tau aggregates found in non-AD 

tauopathies. While several potential tracers have been proposed by 

research groups working on anti-tau therapeutics (for review, see
26

), only a 

few tau tracers amenable to radiolabeling made the transition into human 

trials.
64-66
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Figure 1. Selective Aβ radiotracers. On the left, representative sagittal and transaxial PET 

images in Alzheimer’s disease (AD) patients assessed with (from top to bottom) [
11

C]PiB, 

[
18

F]NAV-4696, [
18

F]flutemetamol, [
18

F]florbetaben, and [
18

F]florbetapir. All the AD patients 

harbored high Aβ burden, reflected in marked radiotracer retention in cortical and subcortical 

grey matter areas. On the right, the respective chemical structure for each radiotracer. 

[
18

F]Florbetapir (Amyvid®), [
18

F]flutemetamol (Vizamyl®), and [
18

F]florbetaben (Neuraceq®), 

have already been approved for clinical use by the FDA and EMEA. 

 

 

For more than a decade, Kudo and colleagues at Tohoku University, Sendai, 

Japan, have been designing, developing and screening small binding 

molecules targeting misfolded proteins.
66,67

 The first candidate, [
18

F]THK523, 

showed low nanomolar affinity to tau fibrils, a 12-fold selectivity for tau over 

Aβ and significant in vivo tracer retention in a tau transgenic mouse model.
68

 

In vitro studies demonstrated that while [
18

F]THK523 bound selectively to 

PHF-tau,
69

 it did not bind to α-synuclein deposits
70

 nor other non-AD tau 

lesions. Initial PET studies showed significantly higher [
18

F]THK523 retention 

in hippocampi, temporal, parietal, and orbitofrontal regions of AD patients, 

but because cortical retention was significantly lower than white matter 

retention it was impossible to discriminate tracer retention by visual 
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inspection of the images.
71

 Notably, in healthy controls with high Aβ burden 

as assessed by [
11

C]PiB, while cortical [
18

F]THK523 retention was low, 

[
18

F]THK523 retention in hippocampus and insula was similar to the one 

observed in AD.
71

 Two improved derivatives, [
18

F]THK5105 and 

[
18

F]THK5117, were developed and tested.
66

 Both tracers displayed higher 

binding affinity to tau-rich AD brain homogenates than [
18

F]THK523.
66

 Initial 

human PET studies with [
18

F]THK5105 and [
18

F]THK5117 demonstrated a 

substantially lower retention in subcortical white matter and cortical retention 

in AD patients analogous to the pattern of tau deposits described by Braak & 

Braak
72

 or Delacourte,
14

 leading to a robust visual and quantitative 

separation between AD patients and healthy controls, while also correlating 

with dementia severity and brain atrophy,
73

 and showing a different pattern 

of retention between tau and Aβ imaging with PiB.
73,74

 Faster tracer kinetics 

and higher signal-to-noise ratios indicate [
18

F]THK-5117 to be a superior tau 

tracer than [
18

F]THK5105.
73,74

 

 

Kolb and colleagues, first at Siemens and then at Avid/Lilly, have developed 

[
18

F]T807 and [
18

F]T808, two novel benzimidazole-pyrimidines derivatives 

with nanomolar affinity and more than a 25-fold selectivity for PHF-tau over 

Aβ.
64,75,76

 Initial human PET studies showed very low [
18

F]T807 white matter 

retention, and cortical retention in AD that followed the known distribution of 

tau deposits in the brain, retention that was also associated with disease 

severity.
64

 The largest series of head-to-head [
18

F]T807 and [
11

C]PiB PET 

studies in controls, MCI and AD patients is being performed by Prof. 

Johnson at the Massachusets General Hospital in Boston.
77

 At the same 

institution, [
18

F]T807 PET studies in non-AD tauopathies and other 

dementias, are being led by Prof Brad Dickerson
78

. On preliminary 

evaluation, [
18

F]T808 displayed faster tracer kinetics than [
18

F]T807, 

reaching steady state during the scanning period.
76

 Unfortunately, 

substantial defluorination was observed in some cases.
76

  

 

More recently, Maruyama and colleagues from the National Institute of 

Radiological Sciences, Chiba, Japan described the preclinical and initial 

clinical characterization of a novel C-11 labeled selective tau tracer, 

[
11

C]PBB3.
65,79

 The comprehensive preclinical evaluation involved in vitro 

autoradiography, two-photon laser scanning fluorescence microscopy and 

small animal PET studies, showing higher PBB3 binding in the spinal cord of 

a tau transgenic mouse model.
65

 While 70% of unchanged [
11

C]PBB3 was  
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Figure 2. Chemical structure of selective tau radiotracers that have been evaluated in clinical 

studies. 

 

 

found in mice brain homogenates, metabolite analysis showed that only 2% 

of the parent compound remained in plasma at 5 minutes after injection.
79

 

Preliminary clinical studies with both [
11

C]PBB3 and [
11

C]PiB in healthy 

controls and AD patients showed a distinct pattern of brain retention 

between the two tracers suggesting that, and despite marked [
11

C]PBB3 

retention in the venous sinuses, [
11

C]PBB3 selectively binds to tau at high 

specific activities.
65

 A completely different [
11

C]PBB3 regional retention 

pattern was observed in a CBS patient, suggesting [
11

C]PBB3 might also 

bind other non-PHF tau conformations. Development of more selective and 

fluorinated derivatives will further confirm the usefulness of the PBB scaffold.  

 

Non-selective pan-amyloid tracers 

[
18

F]FDDNP is a naphthol derivative synthesized and characterized by Barrio 

and colleagues at UCLA.
80

 [
18

F]FDDNP was initially reported to bind non-

selectively to both extracellular Aβ plaques and intracellular NFT
81,82

 and 
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has been applied to the evaluation of a wide spectrum of neurodegenerative 

conditions such as AD,
83

 CTE,
84

 Down syndrome,
85

 Gerstmann-Straussler-

Scheinker disease,
86

 Creutzfeld-Jakob Disease (CJD),
87

 FTLD and PS.
88

 

Human PET studies showed [
18

F]FDDNP to have a very narrow dynamic 

range,
83,89

 to correlate
 

with CSF-tau,
90

 while in vitro assessments in 

concentrations similar to those achieved during a PET scan showed limited 

binding to both Aβ plaques and NFT.
91

 Given is a non-selective pan-amyloid 

tracer, [
18

F]FDDNP counterbalances its inability to identify the misfolded 

protein responsible for a specific phenotype by using the regional retention 

of [
18

F]FDDNP in the brain as the only useful way to discriminate amid 

different neurodegenerative conditions. 

 

 

Aβ IMAGING 

 

On visual inspection, as well as in quantitative and semiquantitative PET 

studies of different Aβ radiotracers there is a robust difference in tracer 

retention between AD patients and age-matched controls,
13,24,92

 with cortical
 

Aβ tracer retention higher in frontal, cingulate, precuneus, striatum, parietal, 

and lateral temporal cortices, while occipital, sensorimotor and mesial 

temporal cortices are much less affected. These PET images present a 

pattern of radiotracer retention that seems to replicate the sequence of Aβ 

deposition found at autopsy,
72

 but also similar to the anatomy of the ‘default 

network’.
93

 The regional distribution of these tracers varies with the 

characteristics of Aβ distribution among the different genotypes and 

phenotypes. For example, carriers of mutations associated with familial 

AD,
94,95

 subjects with posterior cortical atrophy,
96,97

or CAA
98,99

 present with a 

different pattern of
 
tracer retention to the one observed in sporadic AD.

13,24
 

While the accuracy of clinical assessments for the diagnosis of AD ranges 

between 70-90%, the regional retention of Aβ radiotracers is highly 

correlated with regional Aβ plaques as reported at autopsy or 

biopsy,
33,40,100,101

 with higher Aβ burden in the frontal cortex than in 

hippocampus, consistent with previous reports.
102

  

 

About 25-35% of cognitively unimpaired elderly subjects present with high 

Aβ burden,
13,103-106

 in perfect agreement with post mortem reports,
107,108

 and 

likely to reflect preclinical AD.
9
 While neuropsychological examination show 

that individuals with high Aβ burden perform within the normal limits, they do 

perform worse, and have a higher risk for disease progression than those 

with low Aβ burden.
44,109

 The detection of Aβ pathology at the 
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presymptomatic stage is of crucial importance because if this group truly 

represents preclinical AD,
9,110

 it is precisely the group that may benefit the 

most from therapies aimed at reducing or eliminating Aβ from the brain.
47

 

Furthermore, and one of the most important conclusions to be drawn from all 

these Aβ imaging studies, is that the likelihood of a cognitively unimpaired 

individual with low Aβ burden in the brain developing AD dementia is 

extremely small.
12,109

 Aβ imaging has proven useful in identifying AD 

pathology in about 50-70% of individuals fulfilling criteria for MCI.
111-116

 Most 

studies reported that subjects classified as non-amnestic MCI -and more 

specifically those classified as non-amnestic single domain MCI- show low 

Aβ burden in the brain, consistent with a non-AD underlying pathological 

process.
12,114

 Although at the early MCI stages Aβ and hippocampal volume 

have independent effects on cognition,
117

 at the late MCI stage, is thought 

that the Aβ-related impairment is mediated by hippocampal atrophy,
54,116

 

and modulated by cognitive reserve.
118,119

 

 

Both post-mortem
8,9

 and Aβ imaging studies
10,11

 indicate that Aβ deposition 

starts decades before the dementia phenotype is manifested, and non-

demented individuals with high Aβ burden in the brain are at a much greater 

risk of cognitive decline,
12,104,109,120

 highlighting the clinical relevance and 

potential impact in patient management of Aβ imaging.
12,115,121,122

 The fact 

that high Aβ burden relates to episodic memory impairment in non-

demented individuals, which is associated with a significant higher risk of 

cognitive impairment, emphasizes the non-benign nature of Aβ, and 

supports the hypothesis that Aβ deposition occurs well before the onset of 

symptoms, further suggesting that early disease-specific therapeutic 

intervention at the presymptomatic stage might be the most promising 

approach to either delay onset or halt disease progression.
47

 On the other 

hand, the prevalence of high Aβ deposition among non-demented 

individuals, added to the absence of a strong association between Aβ 

deposition and measures of cognition, synaptic activity and 

neurodegeneration in AD, suggests that Aβ is an early and necessary, 

though not sufficient, cause for cognitive decline in AD,
104,123

 indicating that 

other -Aβ dependent or independent- factors, such as acceleration and/or 

spreading of tau aggregation beyond the MTL, lead to synaptic failure and 

eventually neuronal loss in cortical association areas, play a crucial role in 

cognitive decline and disease progression. Other factors such as age, years 

of education, IQ, occupational level, and brain volume among others, under 

the umbrella of ‘cognitive reserve’, appear to play a modulatory role between 

Aβ deposition and cognition.
119,124
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In regards to some of these environmental variables, age is the strongest 

risk factor in sporadic AD, with the prevalence of the disease increasing 

exponentially with age. These risks are increased in the presence of the 

most consistent genetic risk factor associated with sporadic AD, the ApoE ε4 

allele.
125

 The presence of the ApoE ε4 allele has been associated with an 

earlier age of onset, and a gene dose dependent higher risk of developing 

AD.
125

 Examination of ApoE ε4 allele status revealed that, independent of 

clinical classification, ε4 carriers present with significantly higher Aβ burdens 

than ε4 non-carriers, further emphasizing the crucial role ApoE plays in Aβ 

metabolism.
106,126,127

 Although ApoE ε4 carriage is associated with higher Aβ 

burdens and early disease onset, it has no effect on the rates of Aβ 

deposition.
11

 Aβ imaging is also proving useful in the characterization of 

autosomal mutations in APP or presenilin 1 or 2 genes that lead to the 

overproduction of Aβ, where mutation carriers present with abnormal Aβ 

deposition up to 25 years before the onset of dementia.
128,129

 These studies 

are helping validate the relevance and change over time of several 

biomarkers,
128,130

 assessments that are being applied to better-targeted 

disease specific therapeutic strategies.
131

 

 

Aβ imaging has also been applied to a wide spectrum of neurodegenerative 

conditions (figure 3). Although lower than in AD, similar patterns of Aβ 

deposition are usually observed in DLB.
13,132,133

 While there is usually no 

detectable Aβ burden in patients with sporadic CJD
134

 or those diagnosed 

with FTLD
13,135,136

 with the exception of patients presenting with logopenic 

aphasia that do have high Aβ burden in the brain, and are thought to 

represent a language-onset variant of AD.
137,138

 In contrast with FTLD, and 

as confirmed by autopsy and Aβ imaging studies, more than half of DLB 

patients present with high Aβ deposition.
13,139

 Therefore, differential 

diagnosis from AD can be better accomplished by assessing the integrity of 

the dopaminergic nigrostriatal terminals.
140

 Aβ imaging has also facilitated 

differential diagnosis in cases of in patients with atypical presentations of 

dementia.
96,141
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Figure 3. Prevalence of brain amyloidosis in ageing and neurodegenerative diseases. Bar 

graph displaying the respective prevalence of high (red) and low (blue) Aβ burdens in elderly 

control subjects and several neurodegenerative conditions. Patients diagnosed with Alzheimer’s 

disease (AD), posterior cortical atrophy (PCA), and dementia with Lewy bodies (DLB) usually 

present with high Aβ burdens in the brain. Conversely, patients diagnosed with Parkinson’s 

disease (PD), sporadic Creutzfeldt-Jakob disease (spCJD), show very low prevalence of Aβ in 

the brain, although this is much more variable in patients diagnosed with Parkinson’s disease 

dementia (PDD) or corticobasal syndrome (CBS). With the exception of logopenic aphasia (LA) 

-most likely a language onset presentation of AD-, patients diagnosed with frontotemporal lobar 

degeneration, either as behavioural frontotemporal dementia (bvFTD), semantic dementia (SD) 

or progressive non-fluent aphasia (PNFA) show very low prevalence of Aβ. Of note, a sizable 

percentage (25-35%) of healthy elderly controls (HC) present with high Aβ burden in the brain. 

 

 

Another rapidly expanding area is the examination of potential association 

between fluid and imaging biomarkers of pathology or neurodegeneration, 

and how these biomarker constructs are used to establish the criteria for the 

different stages of the disease.
1,142-146

   

Aβ imaging is also assisting to the evaluation of anti- Aβ therapies in several 

ways, allowing better subject selection, assessing target engagement and 

evaluating treatment response of patients for therapy trials and providing a 

means to measure their impact on Aβ burden.
147-149
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TAU IMAGING 

 

Tau imaging is a recent addition to the arsenal of tools for the non-invasive 

assessment of neurodegenerative conditions. While several international 

groups are implementing and applying tau imaging for the evaluation of AD 

and non-AD tauopathies, little has been communicated or published beyond 

the in vitro and initial human proof of mechanism studies assessing novel 

tau tracers. However, these initial studies have furnished enough information 

to allow some clearer speculation on the potential applications of this new 

technique. While most of the potential applications are similar to those of Aβ 

imaging, there are some that seem more appropriate or better suited for tau 

imaging. Given the critical and stereotypical pattern of tau deposition, and in 

contrast with CSF studies, tau imaging studies can assess both the quantity 

and regional brain distribution of tau deposits, features that can be 

potentially used for staging the disease. Given the tight association between 

tau deposition, cognition and neurodegeneration, tau imaging might prove 

essential for assessing disease progression.  

 

The combination of tau with Aβ imaging studies will help ascertain if Aβ 

accelerates and/or triggers the spread of tau deposition outside the mesial 

temporal cortex, and if this initial dissemination into cortical association 

areas is manifested as incipient and insidious objective cognitive impairment 

known as MCI.
9,150

 Further spreading into the remaining cortical areas is 

usually accompanied by severe cognitive deterioration and dementia.
9,150

 

This sequence of events might help explain the preliminary results from 

combined Aβ and tau imaging studies
26,77

 and is one of the essential issues 

to be tackled by the in vivo imaging of tau deposits. 

 

Aβ imaging studies have shown that the actual amount of Aβ in the brain is 

more relevant than the regional Aβ distribution as an early driver of cognitive 

decline. Post-mortem and initial tau imaging PET studies indicate that not 

only the amount of tau deposition, but also -or mainly- their topographical 

distribution in the brain
14,151

 might be more relevant, and more tightly 

associated with neurodegeneration and cognitive decline. In other words, if 

the question with Aβ seems to be “HOW MUCH?,” tau deposition poses an 

additional dimension, one in which the question of “HOW MUCH?” should be 

immediately complemented by asking “WHERE?”. And this extra dimension 

is not limited to the AD spectrum but essentially to all tauopathies, where the 

regional distribution of tau deposits is pathognomonic for a specific 

condition. 
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Figure 4. Aβ and tau imaging in Alzheimer’s disease. Sagittal and transaxial MR and Aβ and 

tau PET images of a 55 year old Alzheimer’s disease patient. Structural volumetric MRI 

(extreme left) show clear signs of neurodegeneration, with marked hippocampal atrophy and 

ventricular dilation. [
11

C]PiB PET study (extreme right) shows the typical pattern of tracer 

retention in AD, with high tracer retention in the posterior cingulate/precuneus temporal and 

frontal regions, with sparing of the mesial temporal cortex (arrow). In the center, early and late 

PET images obtained with [
18

F]THK-5105. Images of the early distribution of [
18

F]THK-5105, 

believed to reflect the regional blood blow, show decrease radiotracer uptake in the mesial 

temporal cortex (arrow). Late images reflect tau concentrations in the brain, where marked 

[
18

F]THK-5105 retention is observed in the temporal and occipital cortices and, more 

significantly, in the mesial temporal cortex (arrow), areas with low [
11

C]PiB retention and 

reduced blood flow. 

 

 

FINAL CONSIDERATIONS 

 

In vivo imaging of Aβ and tau pathology will allow a more profound insight 

into their deposition, facilitating research of the neurobiology, diagnosis and 

treatment of those neurodegenerative conditions where Aβ and/or tau play a 

role. Longitudinal Aβ and tau imaging studies will confirm the stages of Aβ 

and tau deposition
72

 over time, contribute to the differential and early 

diagnosis of these neurodegenerative conditions, and will likely be used for 

disease staging and as predictors of cognitive decline and disease 

progression. In the particular case of AD, the non-invasive assessment of 

regional Aβ and tau burdens will shed light on their particular and combined 

contributions to cognitive impairment and neurodegeneration,
11,64,68

 allowing 

early detection of AD pathology in at-risk individuals therefore improving the 

specificity of diagnosis. Furthermore, Aβ and tau imaging will be crucial in 

elucidating, at least in part, the underlying pathology in those cognitively 
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unimpaired individuals that present with markers of neurodegeneration in the 

absence of Aβ deposition.
152,153

 

 

Disease-specific therapies have a better chance to succeed if given before 

irreversible neuronal damage occurs. Therefore, early detection of Aβ and/or 

tau pathology will be critical for therapeutic trials aimed at modulating Aβ 

and/or tau.
154

 Aβ and tau imaging will help identify those individuals most 

likely to benefit from treatment, playing a crucial role in subject selection for 

therapeutic trials, while also being a surrogate outcome measure of efficacy 

for anti-Aβ or anti-tau therapeutics, where target engagement and changes 

in Aβ or tau burden will be a more accurate, stable and reliable statement 

about therapeutic response than cognition. 

 

In AD, Aβ and tau imaging will disentangle or shed light into the complex 

interplay between Aβ and tau, clarifying if Aβ and tau accumulation are part 

of the normal aging process or if -or under what circumstances- they 

represent a pathological process, while assessing how, and it what 

sequence, detectable Aβ and tau accumulation relates to cognitive decline, 

disease progression and neurodegeneration. Furthermore, it will help 

establish how many cases with clear neurodegenerative changes but no Aβ 

deposition
152

 can be attributed to tau accumulation. Longitudinal assessment 

of these subjects will be crucial to determine what cognitive domains 

become impaired over time, as well as evaluation of progressive 

neurodegeneration. 

 

While Aβ imaging is steadily moving into clinical practice and is used in anti- 

Aβ therapeutic trials, either as an outcome measure or just for the selection 

of participants, significant progress has been achieved in the field of tau 

imaging in the last few years. But early results from preliminary human 

studies suggest we might not be there yet. In other words, we do not have 

yet a tau tracer equivalent to [
11

C]PiB. Designing and evaluating new leads 

and new scaffolds might result in better tracer performance, higher 

selectivity and/or specificity, reduced non-specific binding, and improved 

tracer kinetics, therefore allowing a more robust assessment of tau deposits 

in AD and non-AD tauopathies. 

 

As seen with the new diagnostic criteria for AD,
1
 diagnosis is moving away 

from identification of signs and symptoms of neuronal failure -indicating 

exhausted central compensatory mechanisms and extensive synaptic and 

neuronal loss- to the non-invasive detection of specific biomarkers for 
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particular traits underlying the pathological process.
143

 Given the complexity 

and sometimes overlapping characteristics of these disorders, and despite 

recent advances in molecular neurosciences, it is unlikely that a single 

biomarker will be able to provide the diagnostic certainty required for the 

early detection of neurodegenerative diseases like AD; especially for the 

identification of at-risk individuals before the development of the typical 

phenotype. Therefore, a multimodality approach combining biochemical and 

neuroimaging methods is warranted.
155

 Not paradoxically, the same 

approach might apply to therapeutic approaches, where targeting different 

features of the disease might prove more effective than monotherapy.
156

 

Another related aspect to be considered is prediction of treatment response. 

As stated before, therapies, especially those targeting irreversible 

neurodegenerative processes, have a better chance to succeed if applied 

early, making early detection of the underlying pathological process crucial. 

Aβ and tau imaging might be the most appropriate tools to assess eligibility 

of adequate candidates for disease specific therapeutic trials, while also 

allowing monitoring -and potentially predicting- treatment response, thus 

aiding in reducing sample size, minimizing costs while maximizing 

outcomes. In the case of Aβ, results from longitudinal Aβ imaging studies,
10-

12
 along the results from anti-Aβ trials,

147-149
 support the notion that anti-Aβ 

therapy may need to be administered at the presymptomatic stages of the 

disease. Furthermore, in order to be effective, downstream mechanisms 

may also need to be addressed to successfully prevent the development of 

AD. Given the slow rate of Aβ deposition,
10-12

 a wide time window for altering 

Aβ accumulation before the full manifestation of the clinical phenotype is 

available. Aβ and tau imaging with PET will extend our insight into A and 

tau deposition in the brain, allowing a better evaluation of the causes, 

differential diagnosis and treatment alternatives in those neurodegenerative 

conditions where A and/or tau play a role.  
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ABSTRACT 

 

Background 

Two approaches are available for measuring Alzheimer pathology in vivo. 

Biomarkers in cerebrospinal fluid (CSF) include amyloid β(1-42) (Aβ42) and 

tau. Furthermore, amyloid deposition can be visualized using PET and 

[
11

C]Pittsburgh compound-B ([
11

C]PIB).  

Objective: We investigated concordance between CSF biomarkers and 

[
11

C]PIB PET as markers for Alzheimer’s Disease (AD) pathology in a 

memory clinic cohort. 

Methods 

We included 64 AD patients, 34 non-AD dementia patients, 22 patients with 

mild cognitive impairment (MCI), and 16 controls. [
11

C]PIB scans were 

visually rated as positive or negative. CSF biomarkers were considered 

abnormal based on Aβ42 alone (<550 ng/L), a more lenient Aβ42 cut-off 

(<640 ng/L) or a combination of both Aβ42 and tau ((373+0.82tau)/Aβ42>1). 

Concordance between CSF biomarkers and [
11

C]PIB PET was determined. 

Results 

Overall, concordance between [
11

C]PIB PET and CSF Aβ42 (<550 ng/L) 

was 84%. In discordant cases, [
11

C]PIB PET was more often Alzheimer-

positive than Aβ42. When a more lenient Aβ42 cut-point (<640 ng/L) or a 

combination of Aβ42 and tau was used, concordance with [
11

C]PIB PET 

appeared to be even higher (90% and 89%). This difference is explained by 

a subgroup of mostly MCI and AD patients with Aβ42 levels just above cut-

off. Now, in discordant cases CSF was more often Alzheimer-positive than 

[
11

C]PIB PET.  

Conclusion 

Concordance between CSF Aβ42 and [
11

C]PIB PET was good in all 

diagnostic groups. Discordance was mostly seen in MCI and AD patients 

close to the cut-point. These results provide convergent validity for the use 

of both types of biomarkers as measures of AD pathology. 
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INTRODUCTION 

 

To date, two approaches are available to measure AD pathology in vivo. 

Patients with AD have decreased amyloid-β 1-42 (Aβ42) and increased tau 

levels in cerebrospinal fluid (CSF). In addition, cortical amyloid deposition 

can be visualized using positron emission tomography (PET) and 

[
11

C]Pittsburgh compound-B ([
11

C]PIB PET).
1
 Both neuropathophysiological 

markers have recently been incorporated in new diagnostic research criteria 

for AD. However, the interchangeability of these biomarkers for clinical 

purposes is not yet clear.   

Previous studies have shown that quantitative amyloid measures in CSF are 

related to cortical [
11

C]PIB binding.
2-8

 In clinical practice, however, CSF Aβ42 

levels often are interpreted as normal or abnormal based on a cut-off. 

Amyloid PET scans can be visually interpreted as amyloid positive or 

negative. Former studies have shown high concordance of amyloid positivity 

as measured using CSF and PET, suggesting convergent validity of both 

types of biomarkers.
4,9

 However, most sample sizes were relatively small 

and studies were performed in highly selected research settings, limiting 

generalizability. 

In addition to Aβ42, tau can also be determined in CSF. At present, no fully 

validated tau PET tracer is available and, therefore, PET imaging is 

restricted to visualization of amyloid pathology. A former study reported that 

combined CSF Aβ42 and tau better discriminated patients with and without 

cortical amyloid deposition than CSF Aβ42 alone, suggesting that CSF 

biomarkers are preferentially evaluated in concert.
10

 The present study 

investigated concordance between CSF Alzheimer biomarkers (both Aβ42 

alone and combined Aβ42 and tau) and [
11

C]PIB PET in a mixed memory 

clinic sample. 

 

 

METHODS 

 

Patients 

A total of 136 patients with both CSF and [
11

C]PIB PET data available were 

included from the memory clinic-based Amsterdam Dementia Cohort. All 

patients received a standard dementia screening that included medical 

history, informant-based history, physical and neurological examinations, 

screening laboratory tests, brain magnetic resonance imaging (MRI) and 

neuropsychological testing. Clinical diagnosis was established by consensus 

in a multidisciplinary meeting without knowledge of PET or CSF results. 
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Sixty-four patients met National Institute of Neurological and Communicative 

Disorders and Stroke, and the Alzheimer's Disease and Related Disorders 

Association (NINCDS-ADRDA) criteria for probable AD.
11

 They also fulfilled 

the core clinical criteria of the National Institute on Aging-Alzheimer's 

Association workgroup (NIA-AA).
 12

 Thirty-four patients were diagnosed as 

non-AD dementia including twenty patients with frontotemporal dementia 

according to criteria of Neary,
13

 eight patients with dementia with Lewy 

bodies (DLB) according to criteria of McKeith,
14

 four patients with 

corticobasal degeneration (CBD) according to criteria of Boeve,
15

 two 

patients with progressive supranuclear palsy (PSP) according to the 

NINDS–Society for Progressive Supranuclear Palsy criteria,
16

 and one 

patient with vascular dementia (VaD) according to the criteria of the NINDS-

Association Internationale pour la Recherché et l'Enseignement en 

Neurosciences.
17

 Twenty-two patients met the Petersen’s criteria
18

 for mild 

cognitive impairment (MCI). The control group consisted of 16 patients who 

were diagnosed with subjective memory complaints. Patients were 

diagnosed with subjective memory complaints when they presented with 

cognitive complaints but cognitive, neurological and psychiatric 

investigations were normal after standardized dementia screening (i.e. 

criteria for MCI or any major psychiatric disorder not fulfilled). Written 

informed consent allowing use of their clinical data for research purposes 

was obtained from all patients. The study was approved by the Medical 

Ethics Review Committee of the VU University Medical Center. 

 

PET 

PET scans were performed on an ECAT EXACT HR+ scanner 

(Siemens/CTI, Knoxville, TN, USA) equipped with a neuroinsert to reduce 

the contribution of scattered photons. This scanner enables the acquisition 

of 63 transaxial planes over a 15.5 cm axial field of view, thus allowing the 

whole brain to be imaged in one bed position. The properties of this scanner 

have been reported elsewhere.
 19

 All patients received a venous cannula for 

tracer injection. First, a 10 minute transmission scan was performed in 2-

dimensional acquisition mode using three retractable rotating line sources in 

order to correct the subsequent emission scan for photon attenuation. Next, 

starting at the same time of [
11

C]PIB injection, a dynamic emission scan in 3-

dimensional acquisition mode was performed. Using an infusion pump (Med-

Rad; Beek, the Netherlands), 376±20 (mean±SD) MBq was administered at 

a rate of 0.8 ml/s, followed by a flush of 42 mL saline at 2.0 mL·s
-1

. The 

[
11

C]PIB scan consisted of 23 frames with progressive increase in duration 

(1 x 15, 3 x 5, 3 x 10, 2 x 30, 3 x 60, 2 x 150, 2 x 300, 7 x 600 s) for a total 
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scan duration of 90 minutes. During scanning patient motion was restricted 

by a head holder and regularly checked using laser beams. 

All PET sinograms were corrected for dead time, tissue attenuation using 

the transmission scan, decay, scatter, and randoms and were reconstructed 

using a standard filtered back projection algorithm and a Hanning filter with a 

cut-off at 0.5 times the Nyquist frequency. A zoom factor of 2 and a matrix 

size of 256 x 256 x 63 were used, resulting in voxel size of 1.2 x 1.2 x 2.4 

mm and spatial resolution of approximately 7-mm full width at half-maximum 

at the center of the field of view. Parametric images of non-displaceable 

binding potential (BPND) of 90 minutes were generated using receptor 

parametric mapping with fixed efflux rate (RPM2).
20

 Cerebellar gray matter 

was used as reference region. 

Images were assessed visually and scored as either positive or negative by 

an experienced nuclear medicine physician blinded for clinical information 

and MRI results. Images were considered positive if there was binding in 

more than one brain region (e.g. frontal, parietal, temporal or occipital) to 

such an extent that differentiation between grey and white matter was either 

blurred or absent, indicating substantial cortical uptake. 

 

CSF 

[
11

C]PIB PET and lumbar puncture were performed within (mean±SD) 4±3 

months. CSF samples were obtained by lumbar puncture using a 25-gauge 

needle and collected in polypropylene tubes. CSF was centrifuged at 1800 g 

for 10 minutes at 4°C and afterwards the supernatant was stored at -20° C 

until further analysis. Aβ42 was measured with commercially available 

ELISAs (Innotest β-amyloid(1-42), Innotest hTAU-Ag and Innotest 

Phosphotau(181P); Innogenetics, Ghent, Belgium) on a routine basis as 

described previously.
21

 Performance of these assays was monitored with 

internal quality control pools of surplus CSF (high and low biomarker 

values). Inter assay coefficients of variation (CV) (mean±SD) was 

11.3±4.9% for Aβ42 and 9.3±1.5% for tau. CSF biomarkers were used as 

follows: (i) based on Aβ42 only, according to a previously published cut-off 

of <550 ng/L.
21

 (ii) In addition, we applied a more lenient cut-off of <640 

ng/L. (iii) Finally, we used a combination of Aβ42 and tau, based on a 

previously validated regression formula with a cut-off of 

(373+0.82tau)/Aβ42>1 indicative for AD.
21

 

 

Statistics 

Statistical analyses were performed using SPSS version 20.0 (Armonk, NY: 

IBM Corp). Baseline characteristics were compared using analysis of 
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variance (ANOVA) with post-hoc Bonferroni tests and χ² tests, where 

appropriate. Concordance of CSF biomarkers and [
11

C]PIB PET was defined 

as the proportion of individuals with an identical classification of both 

biomarkers, e.g. normal CSF biomarkers and negative [
11

C]PIB PET or 

abnormal CSF biomarkers and positive [
11

C]PIB PET. Discordance of CSF 

biomarkers and [
11

C]PIB PET was defined as the proportion of individuals 

with only one abnormal biomarker, while the other one was normal. 

 

 

RESULTS 

 

Patient characteristics according to diagnostic group are presented in Table 

1. Groups did not differ with respect to age or gender. As expected, AD and 

non-AD dementia patients had lower MMSE scores than MCI patients and 

controls. AD patients had lower levels of CSF Aβ42 and higher levels of CSF 

tau compared to the other groups. Furthermore, AD patients showed more 

often a positive [
11

C]PIB scan than MCI patients, who in turn had more often 

a positive [
11

C]PIB scan than the non-AD dementia group and controls.  
 

 

Table 1.  Demographic and clinical characteristics according to diagnostic group. 

 

Data are presented as mean ± SD, or n(%). MCI, mild cognitive impairment; AD, Alzheimer’s 

disease; non-AD, non-AD dementia; f, female; MMSE, Mini-Mental-State Examination. 

Differences between groups were assessed using ANOVA with post hoc Bonferroni t-tests 

(Age, log transformed CSF Aβ42 and tau (untransformed CSF levels are shown), and MMSE), 

and χ² (gender and %). 

* Education using Verhage’s classification (Verhage, 1964) 
a
 compared to controls: p<0.05 

b
 compared to MCI patients: p<0.05 

c
 compared to non-AD dementia patients: p<0.05 

d
 compared to AD patients: p<0.05  

 

 

 Controls MCI AD Non-AD 

N 16 22 64 34 

Age, years 617 649 637 648 

Gender, f 8 (50%) 8 (37%)
 

24 (38%) 8 (31%) 

MMSE 282 282 235 
a,b

 244 
 a,b

 

CSF Aβ42 809284 750325 488158 
a,b,c

 827219 

CSF tau 291168
 

422230 624408 
a,b,c

 329159 

% positive [
11

C]PIB PET 3 (19%) 10 (45%) 
a,c,d

 56 (88%) 
a,b,c

 4 (12%) 

% abnormal CSF Aβ42 4 (25%)   7 (32%) 50 (78%)
 a,b,c

 4 (12%) 

% abnormal CSF profile 4 (25%) 11 (50%) 59 (92%)
 a,b,c

 6 (18%) 
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Across groups, concordance between CSF Aβ42 and [
11

C]PIB PET was 

84% (Table 2). When discordant, PET was more often Alzheimer-positive 

than CSF. Within groups, concordance of CSF Aβ42 and [
11

C]PIB PET was 

highest for non-AD dementia (94%), followed by both AD and controls 

(81%), and finally MCI (77%).  

When we applied a more lenient cut-off (<640 ng/L) or a combination of CSF 

Aβ42 and tau, concordance appeared to be even higher (90% and 89%). 

Now most discordant patients showed abnormal CSF biomarkers but 

negative [
11

C]PIB scan. For the lenient Aβ42 cut-off, agreement was highest 

in MCI (95%), followed by AD (92%), non-AD dementia (91%) and controls 

(75%). For the combination of CSF Aβ42 and tau, concordance was highest 

for AD (94%), followed by non-AD dementia (88%), MCI (86%), and controls 

(81%).  
 

Characteristics of discordant patients can be found in Table 3. No 

differences between concordant and discordant patients were found for age, 

gender or MMSE scores. Figure 1 shows patients concordant and 

discordant for Alzheimer biomarkers in a scatter plot of CSF Aβ42 by tau. 

Fifteen (68%) out of 22 patients with discordant Alzheimer biomarkers had a 

positive [
11

C]PIB scan and normal CSF Aβ42 (<550 ng/L). Most of these 

patients had borderline normal CSF Aβ42 levels (mean±SD: 596±40) and 

predominantly had a diagnosis of MCI or AD.  
 

 

Table 2. Concordance of [
11

C]PIB PET with either CSF Aβ42 alone or the CSF profile for 

diagnostic groups. 

 

[
11

C]PIB PET 
 

All Controls MCI AD Non-AD 

CSF Aβ42 <550  84% 81% 77% 81% 94% 

CSF Aβ42 <640  90% 75% 95% 92% 91% 

CSF profile 89% 81% 86% 94% 88% 

 

All, all groups; MCI, mild cognitive impairment; AD, Alzheimer’s disease; non-AD, non-AD 

dementia; CSF Aβ42<550, CSF cut-off based on <550 ng/L for abnormal biomarker; CSF 

Aβ42<640, CSF cut-off based on <640 ng/L for abnormal biomarker; CSF profile, CSF profile 

based on (373+0.82tau)/Aβ42>1 for abnormal biomarker.  
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Figure 1. Scatterplot reflecting concordance of [
11

C]PIB PET and CSF Aβ42 (cut-off <550 ng/L). 

White squares indicate subjects with concordant Alzheimer biomarkers; grey diamonds reflect 

discordant subjects with normal CSF and positive [
11

C]PIB PET; black circles reflect discordant 

subjects abnormal CSF and negative [
11

C]PIB PET. Solid line reflects cut-off for abnormal CSF 

based on cut-off Aβ42<550 ng/L; dotted line reflects cut-off for abnormal CSF based on cut-off 

Aβ42<640 ng/L. 
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Table 3. Demographic and clinical characteristics of patients with discordant Alzheimer 

biomarkers. 

 

Diagnosis  Sex Age MMSE PET CSF 

     Aβ42<550 Aβ42<640  profile 

control f 60 27 – – + – 

control m 47 29 – + + + 

control m 58 30 – + + + 

MCI f 66 27 – – – + 

MCI m 51 28 – + + + 

AD f 62 27 – + + + 

AD m 50 24 – + + + 

AD m 68 20 – + + + 

AD m 65 25 – – + + 

Non-AD f 66 24 – + + + 

Non-AD f 60 22 – – + – 

Non-AD m 63 18 – – + + 

Non-AD m 67 27 – – – + 

control m 59 27 + – – – 

MCI f 63 28 + – + + 

MCI f 65 29 + – + + 

MCI m 58 27 + – + + 

MCI m 73 28 + – + – 

AD f 75 26 + – + + 

AD f 68 21 + – – + 

AD m 56 16 + – + + 

AD m 78 27 + – + + 

AD m 70 24 + – + + 

AD m 64 13 + – + + 

AD m 63 29 + – + + 

AD m 52 18 + – + + 

AD m 65 23 + – + + 

AD m 54 25 + + + – 

Non-AD f 62 24 + – + – 

 

MCI, mild cognitive impairment; AD, Alzheimer’s disease; non-AD, non-AD dementia; MMSE, 

Mini-Mental-State Examination; m, male; f, female; −, normal biomarker ; +, abnormal 

biomarker; CSF Aβ42<550, CSF cut-off based on <550 ng/L for abnormal biomarker; CSF 

Aβ42<640, CSF cut-off based on <640 ng/L for abnormal biomarker; CSF profile, CSF profile 

based on (373+0.82tau)/Aβ42>1 for abnormal biomarker. 
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DISCUSSION 

 

The main finding of our study was good concordance between CSF Aβ42 

and [
11

C]PIB PET in a large, mixed memory clinic population. Concordance 

appeared to be even better when we used either a more lenient cut-off of 

Aβ42 or a CSF biomarker profile based on the combination of Aβ42 and tau. 

These findings are in line with previous studies showing high concordance 

between CSF Aβ42 and [
11

C]PIB PET,
2-7

 and they confirm a previous report 

indicating that CSF Aβ42 in combination with tau performed better in 

discriminating patients with and without cortical amyloid deposition than CSF 

Aβ42 alone.
9
 We extend on these former findings as we evaluated a sample 

representative of a true memory clinic population, including AD an non-AD 

dementia, MCI and patients with subjective complaints. We found that 

especially for MCI and AD patients, use of the more lenient CSF Aβ42 cut-

off or a CSF profile resulted in better concordance with [
11

C]PIB PET than 

the conservative and previously published CSF Aβ42 cut-off,
21

  while we did 

not observe this in non-AD dementia and controls.  

 

This finding may have several explanations. First, it is generally assumed 

that cortical amyloid burden reaches a plateau early on in the cascade of 

events. It is conceivable however, that amyloid is still accumulating in the 

stages of MCI and mild AD.
21

 This would explain the common observation of 

borderline normal CSF Aβ42 levels in these patient categories and might 

even suggest that a more lenient cut-off should be applied in the diagnostic 

work-up of dementia. 

 

Second, some studies suggest an chronological order in amyloid measures, 

more specifically, that CSF Aβ42 levels become abnormal prior to [
11

C]PIB 

PET.
23

 In our study however, discordant subjects predominantly showed 

positive [
11

C]PIB PET and normal CSF Aβ42, suggesting, if anything, an 

opposite order of events. Of note however, most discordant subjects had a 

diagnosis of MCI or AD, disease stages where CSF and [
11

C]PIB PET both 

would be expected to be abnormal.
24,25

 Finally, we cannot exclude the 

possibility of a measurement error, with larger variance in CSF biomarkers 

due to lot-to-lot variation. Our high-level internal quality control program 

renders this very unlikely.  

 

Our results showed that neither the more lenient CSF Aβ42 cut-off nor 

adding CSF tau to the CSF profile increased concordance with [
11

C]PIB PET 

in non-AD dementia or controls. In non-AD dementia, adding tau resulted in 
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an increase in abnormal CSF profiles in patients with a negative [
11

C]PIB 

scan. This is probably caused by tauopathies other than AD, which may 

present with clearly increased tau levels but normal CSF Aβ42.
26,27

 Adding 

tau did hardly have any effect on concordance in controls, which is probably 

explained by high prevalence of (relative) normal CSF biomarkers found in 

these patients.  

 

It is known from previous studies that [
11

C]PIB PET and CSF Aβ42 can be 

discordant in some patient populations. For example, lowered CSF Aβ42 

and negative [
11

C]PIB scan have been found in carriers of the arctic APP 

mutation, probably because they measure different formations of the 

amyloid protein.
28

 Furthermore, contrary to non-carriers, PSEN mutation 

carriers show amyloid plaques in the cerebellum and pons. This results in an 

underestimation of cortical amyloid burden as cerebellum and pons are often 

used as reference regions for assessment of [
11

C]PIB scans. In the present 

study, genetic research was not performed in the discordant patients except 

for one AD patient for whom no mutations were found.  

Our study has important clinical implications, as the present study provides 

evidence for convergent validity of both CSF Aβ42 and [
11

C]PIB PET as 

biomarkers for AD pathology in dementia. High concordance between both 

markers suggests that they can be used interchangeably in the diagnostic 

work-up of dementia. Caution is needed when interpreting CSF amyloid 

biomarkers close to the cut-point, especially in MCI and AD patients, as 

borderline abnormal CSF Aβ42 levels can already be indicative of underlying 

Alzheimer pathology.  
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ABSTRACT 

 

Objectives 

 To define CSF Aβ42 cut-points to detect cortical amyloid deposition as 

assessed by [
11

C]PIB-PET and to compare these calculated cut-points with 

cut-points currently used in clinical practice. 

Methods 

We included 433 participants (57 controls, 99 mild cognitive impairment 

(MCI) patients, 195 Alzheimer’s disease (AD) dementia patients and 82 

patients with non-AD dementia) from 5 European centers. We calculated for 

each center and for the pooled cohort CSF Aβ42 and Aβ42/tau ratio cut-points 

for cortical amyloid deposition based on visual interpretation of [
11

C]PIB-PET 

images.  

Results 

Amyloid-PET based calculated CSF Aβ42 cut-points ranged from 521-611 

pg/mL, compared to existing clinical-based cut-points, which ranged from 

400-550 pg/mL. Using the calculated cut-point from the pooled sample (557 

pg/mL), concordance between CSF Aβ42 and amyloid-PET was 84%. Similar 

concordance was found when using a dichotomized Aβ42/tau ratio. 

Exploratory analysis showed that participants with a positive amyloid-PET 

and normal CSF Aβ42 levels had higher CSF tau and p-tau levels and were 

more often MCI or AD dementia patients compared to participants with 

negative amyloid-PET and abnormal CSF Aβ42 levels. 

Conclusions 

Amyloid-PET based CSF Aβ42 cut-points were higher and reduced inter-

center variability when compared to clinical-based cut-points. Discordant 

participants with normal CSF Aβ42 and a positive amyloid-PET may be more 

likely to have AD-related amyloid pathology than participants with abnormal 

CSF Aβ42 and a negative amyloid-PET. 

Classification of Evidence 

This study provides Class II evidence that an amyloid-PET based CSF Aβ42 

cut-point identifies individuals with amyloid deposition with a sensitivity of 

87% and specificity of 80%. 
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INTRODUCTION 

 

Amyloid-beta (Aβ) aggregates are a histopathological hallmark of 

Alzheimer's disease (AD) and present decades before clinical symptoms 

occur.
1,2

 Biomarkers to detect Aβ pathology are cortical retention of an 

amyloid-PET tracer such as 
11

C-Pittsburgh Compound-B ([
11

C]PIB) and 

decreased levels of amyloid-beta1-42 (Aβ42) in cerebrospinal fluid (CSF). 

Furthermore, in clinical practice amyloid-PET can be interpreted as amyloid 

positive or negative based on the presence or absence of cortical Aβ 

retention determined by visual inspection. In contrast, for CSF Aβ42 there is 

no general cut-point and the existing cut-points show high variability among 

centers.
3
 

Variability in the existing CSF Aβ42 cut-points may have two explanations. 

First, differences in pre-analytical and analytical procedures for measuring 

CSF biomarkers may lead to inter-laboratory variability up to 35%.
4,5

 

Second, as CSF Aβ42 cut-points are derived from a comparison between 

participants with AD-type dementia and a control group, variability in the 

selection of these groups may introduce variability.
6-9

 

In the present study, we hypothesized that the use of amyloid-PET as a 

reference for CSF cut-point calculation will reduce between-center 

variability, as it is independent of clinical diagnosis. Another advantage of 

the use of amyloid-PET is its high agreement with histopathological amyloid 

aggregates.
10,11

 In contrast, clinical diagnosis may not accurately reflect 

cerebral amyloidosis, as cognitively normal elderly may present with amyloid 

pathology while AD-type dementia patients may lack evidence of amyloid 

pathology.
12,13

  

The primary aim of the present study was to define a cut-point for CSF Aβ42 

to detect cortical amyloid deposition as assessed by [
11

C]PIB-PET images 

and to compare this cut-point with cut-points currently used in clinical 

practice. 

 

 

METHODS 

 

Participants 

We included 433 participants from 5 memory clinic cohorts (n=163, 

Amsterdam Dementia Cohort; n=125, Turku University Hospital; n=73, 

Copenhagen University Hospital; n=44, Karolinska University Hospital; 

n=28, Hospital de Sant Pau). Part of the participants of the Amsterdam 

Dementia Cohort and Karolinska University Hospital were previously 



Chapter 2.2 

 

 67 

included in comparison studies of [
11

C]PIB-PET and CSF biomarkers.
14,15

 

Inclusion criteria were the presence of both CSF and [
11

C]PIB-PET 

measures within 1 year. Of the 433 participants 278 were demented, of 

which 195 participants had probable AD.
16,17

 Eighty-three had non-AD 

dementias including 30 participants with frontotemporal dementia (FTD),
18

 

fourteen with vascular dementia (VaD),
19

 twelve with dementia with Lewy 

bodies (DLB),
20

 seven with corticobasal degeneration (CBD),
21

 three with 

progressive supranuclear palsy (PSP),
22

 and seventeen with other types of 

non-AD dementia. Furthermore, 98 had mild cognitive impairment (MCI) 

according to Petersen’s criteria,
23

 and 57 participants were cognitively 

normal controls. 

All participants underwent a standard diagnostic dementia workup, including 

clinical history, medical and neurological examination, clinical chemistry, 

cognitive evaluation using the Mini-Mental State Examination (MMSE), and 

rating scales for depression and neuropsychiatric symptoms. Patients were 

diagnosed without knowledge of PET or CSF results, except for participants 

included in Copenhagen and Stockholm. Therefore, participants from these 

centers were excluded from the analysis using diagnosis as predictor for 

biomarkers.  

 

Classification of evidence 

This study provides Class II evidence that a cut-point for CSF Aβ42 (as 

measured by Innotest b-amyloid 1-42 assay) identifies individuals visiting a 

memory clinic with amyloid deposition based on amyloid PET (using 

[
11

C]PIB-PET and visually rated as amyloid positive or negative) with a 

sensitivity of 87% and specificity of 80%. 

 

Standard Protocol Approvals, Registrations, and Patient Consents 

This study was approved by the local Medical Ethics Review Committees. 

Written informed consent allowing use of their clinical data for research 

purposes was obtained from all patients. 

 

PET 

Participants were scanned according to the routine local [
11

C]PIB-PET 

protocol as described elsewhere
15,24-26

 except for Barcelona, where SUVr 

images were generated from the interval from 60 to 90 minutes after 

injection. [
11

C]PIB-PET images were rated by a local expert reader as either 

amyloid positive (abnormal) or amyloid negative (normal) blinded for CSF 

results.  
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A test set of 20 SUVr [
11

C]PIB-PET images (comprising a mixture of amyloid 

positive and amyloid negative scans) was visually assessed by the expert 

reader of each center in order to assess the inter-rater agreement between 

centers. These SUVr images were generated of the interval from 60 to 90 

minutes after injection with cerebellar grey matter as reference tissue and 

rated as positive or negative.  

 

CSF 

[
11

C]PIB-PET was performed within (mean±SD) 74±76 days of the lumbar 

puncture, with a maximum delay of 351 days. CSF was collected by lumbar 

puncture and levels of Aβ42, total tau (t-tau), and phosphorylated tau (p-tau) 

in CSF were measured locally using commercially available sandwich 

enzyme-linked immunosorbent assays (Innotest b-amyloid 1-42; Innotest 

hTAU-Ag; Innogenetics, Ghent, Belgium) CSF Aβ42 levels were 

dichotomized as normal or abnormal based on clinical-based cut-points 

(Amsterdam, <550 pg/mL; Turku, <450 pg/mL; Copenhagen <400 pg/mL; 

Stockholm <450 pg/mL; Barcelona, <550 pg/mL. Detailed prescriptions of 

approaches used to determine clinical-based cut-points were described 

previously.
6-9

 

 

APOE genotype 

In a subset (n=242) of participants, APOE genotype was determined by 

polymerase chain reaction of genomic DNA extracted from 

ethylenediaminetetraacetic acid (EDTA)–anticoagulated blood. Participants 

were classified as APOE-ε4 carriers or non-carriers. APOE genotyping was 

not performed in 29 cognitively normal controls, 27 patients with MCI, 82 AD 

dementia patients and 43 non-AD dementia patients. 

 

Statistics 

Statistical analyses were performed using SPSS version 20.0 (Armonk, NY: 

IBM Corp), except for the Fleiss Kappa, which was calculated using the SAS 

for Windows version 9.2 (SAS Institute, Cary, N.C., USA). Baseline 

characteristics were compared using χ² tests and analysis of variance 

(ANOVA) with post hoc Bonferroni corrections. CSF biomarkers were log 

transformed for these analyses because of positively skewed values. 

 

We calculated the area under the curve (AUC) of the CSF Aβ42 and the CSF 

Aβ42/tau ratio for amyloid-PET positivity using receiver-operating-

characteristic (ROC) analysis. We defined cut-points that maximized the 

Youden Index (sensitivity + specificity –1) for predicting amyloid-PET 
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positivity and cut-points that predicted amyloid-PET positivity with a 

sensitivity of 85%. Cut-points were calculated in each cohort separately and 

in the whole sample. Using the dichotomized CSF biomarkers we calculated 

sensitivity, specificity, positive predictive value (PPV), negative predictive 

value (NPV) and odds ratio (OR). Statistical difference was detected by non-

overlapping confidence intervals (95% CIs). 

 

Concordance of CSF biomarkers and [
11

C]PIB-PET was defined as the 

proportion of individuals with an identical classification of both biomarkers, 

e.g. normal CSF biomarkers (not Alzheimer-like) (either Aβ42 alone or 

Aβ42/tau) and abnormal (positive) amyloid-PET or abnormal (Alzheimer-like) 

CSF biomarkers (either Aβ42 alone or Aβ42/tau) and normal (negative) 

amyloid-PET. Discordance of CSF biomarkers and [
11

C]PIB-PET was 

defined as the proportion of individuals with only one abnormal or ‘AD-

positive’ biomarker, while the other one was normal or ‘AD-negative’.  

 

 

RESULTS 

 

Participant characteristics  

Participant characteristics according to diagnostic group are presented in 

table 1. Groups did not differ with respect to age or gender. As expected, 

both AD and non-AD dementia patients had lower MMSE scores than 

participants with MCI and controls. In addition, participants with AD 

dementia showed higher CSF tau levels and lower CSF Aβ42 levels 

compared to the other groups. Controls had higher CSF Aβ42 levels than 

participants with MCI and non-AD dementia, while tau levels did not differ 

between these groups. Participants with AD dementia and MCI were more 

often APOE 4 carriers than participants with non-AD dementia and healthy 

controls. Participants with AD dementia and MCI more often had an 

abnormal amyloid-PET scan, compared to participants with non-AD 

dementia and controls.  

 

Inter-reader agreement of PET images 

The inter-center agreement of the rating of the test-set of 20 SUVr [
11

C]PIB-

PET images was 100% (Fleiss Kappa=1.0).  
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Table 1. Demographic and clinical characteristics according to diagnostic groups.  

 

 

Data are presented as mean±SD, or n (%). Differences between diagnostic groups were 

assessed using ANOVA with post hoc Bonferroni correction (age, log transformed CSF Aβ42, 

tau and p-tau (untransformed CSF levels are shown), and MMSE), and χ² (gender,  APOE ε4 

carrier and amyloid-PET positive).  

 MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia; non-AD, non-AD dementia; 

MMSE, Mini-Mental-State Examination.  

Significantly different from 
a
controls, 

b
MCI patients, 

c
non-AD dementia patients (p<0.05). 

* APOE genotype was determined in a subset of the sample. 

 

 
Accuracy of CSF Aβ42 for detection of amyloid PET positivity  

CSF Aβ42 levels were significantly lower in the amyloid-PET positive 

participants (average CSF Aβ42 levels of centers ranging from 336-475 

pg/mL) compared to the amyloid-PET negative participants (average CSF 

Aβ42 levels ranging from 634-844 pg/mL; p<0.01) in each center. The AUC 

for detection of amyloid-PET positivity was 0.89 (95%CI=0.83-0.96) for 

Amsterdam, 0.86 (95%CI=0.78-0.93) for Turku, 0.80 (95%CI=0.69-0.90) for 

Copenhagen, 0.84 (95%CI=0.65-1.00) for Stockholm, and 0.97 

(95%CI=0.91-1.00) for Barcelona, and 0.86 (95%CI=0.82-0.90) in the whole 

sample. 

 

Clinical-based cut-points 

When using center-specific clinical-based cut-points ORs for amyloid-PET 

positivity varied between 3.6-75.0, sensitivity between 47-88%, specificity 

between 70-91%, PPV between 74-94%, and NPV between 27-83% (table 

2). In the whole sample using the average of the center-specific cut-points 

(480 pg/mL), the OR was 10.4, with a sensitivity of 66%, specificity of 84%, 

PPV of 87% and NPV of 60%.  

 

 

 

 Controls MCI AD Non-AD 

N 57 98 195 83 

Age (years) 659 659 658 6310 

Gender (female) 24 (42%) 40 (41%) 84 (43%) 29 (35%) 

MMSE 291 272 234
a,b,c

 254
a,b

 

APOE ε4 carrier* 9 (32%) 36 (59%) 66 (58%) 11 (28%) 

CSF Aβ42 (pg/mL) 763247 608266
a
 414166

a,b,c
 633314

a
 

CSF tau (pg/mL) 286172
 

380219 593344
a,b,c

 278158 

CSF p-tau (pg/mL) 4922
 

6528
a,c

 8738
a,b,c

 4520 

Amyloid-PET positive 10 (18%) 58 (59%)
a,c

 183 (94%)
a,b,c

 18 (22%) 
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Amyloid-PET based cut-points 

All center-specific Aβ42 cut-points that maximized the Youden index for 

predicting amyloid-PET positivity (521-616 pg/mL) were higher than the 

clinical-based cut-points in each center (400-550 pg/mL). In addition, when 

maximizing the Youden index for predicting amyloid-PET positivity, the 

variability between centers in cut-off points was lower (variability=95 pg/mL) 

than for clinical-based cut-points (variability=150 pg/mL). 

 

Center-specific ORs for amyloid-PET positivity using the Youden-based Aβ42 

cut-points varied between 20.0 and 160.0. Sensitivity ranged between 84-

95%, specificity between 60-91%, PPV between 77-94%, and NPV between 

60-92% (table 2). In the pooled sample, the optimal Aβ42 cut-point based on 

the Youden index was 557 pg/mL and had an OR of 26.5. Compared to the 

average clinical-based cut-point, the overall Youden-based cut-point 

increased sensitivity (66% to 87%, p<0.05) and NPV (60% to 79%, p<0.05), 

while specificity and PPV remained similar. Within centers, Youden-based 

Aβ42 cut-points increased sensitivity for amyloid-PET in Amsterdam, 

Copenhagen and Stockholm. 

 
Center-specific Aβ42 cut-points that predicted amyloid-PET positivity with 

85% sensitivity were somewhat lower compared to the Youden-based cut-

points except for one center (TUR), but were all higher than the clinical-

based cut-points. Center-specific ORs for amyloid-PET positivity varied 

between 9.3-75.0, specificity between 60-91%, PPV between 76-94%, and 

the NPV between 50-83% (table 2). In the pooled sample, the optimal Aβ42 

cut-point based on 85%-sensitivity was 551 pg/mL and had an OR of 25.9, 

with a specificity of 80%, PPV of 88% and NPV of 78%. Compared to 

clinical-based cut-points, and similar to the Youden-cut point, the 85% 

sensitivity-based overall cut-point increased sensitivity (66% to 86%, 

p<0.05) and NPV (60% to 78%, p<0.05), while specificity and PPV remained 

similar. Within centers, this cut-point yielded a higher sensitivity in one 

center (STO; p<0.05) compared to the clinical based cut-point, while no 

differences in accuracy measures were found when compared to the 

Youden cut-points overall and within centers.  
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Table 2. Performances of CSF Aβ42 cut-points for detection of amyloid-PET positivity. 

 

Cut-point is presented as CSF Aβ42 level (pg/mL). SE=sensitivity; SP= specificity; PPV, positive 

predictive value; NPV, negative predictive value; OR, odds ratio; AMS, Amsterdam; TUR, 

Turku; COP, Copenhagen; STO, Stockholm; BAR, Barcelona; All, all centers. 

 

 

Accuracy of CSF Aβ42/tau ratio for detection of amyloid-PET positivity  

The AUC of CSF Aβ42/tau ratio for amyloid-PET positivity was 0.92 

(95%CI=0.86-0.96) for Amsterdam, 0.88 (95%CI=0.78-0.93) for Turku, 0.94 

(95%CI=0.89-0.99) for Copenhagen, 0.86 (95%CI=0.68-1.00) for Stockholm, 

1.00 (95%CI=1.00-1.00) for Barcelona, and 0.91 (95%CI=0.88-0.94) in the 

whole sample, which did not differ from those based on CSF Aβ42 only for 

detection of amyloid-PET positivity. None of the centers used a clinical-

based cut-point for a CSF Aβ42/tau ratio.  

 

Amyloid-PET based cut-points 

Center-specific cut-points varied between 1.16-2.38 and had an OR for 

amyloid-PET positivity between 47.2 and ∞, sensitivity between 85-100%, 

specificity between 75-100%, PPV between 91-100% and NPV between 78-

100% (table 3). In the pooled sample, the optimal Aβ42/tau cut-point based 

on the Youden index was 1.58, and had an OR of 46.0, sensitivity of 85%, 

specificity of 89%, PPV of 93% and NPV of 78%.  

 

 

Aβ42 Center Cut-off SE, % SP, % PPV, % NPV, % OR 

Clinical All 480 66 (60-72) 84 (78-89) 87 (82-92) 60 (54-67) 10.4 

AMS 550 80 (71-88) 89 (79-95) 90 (82-96) 78 (67-86) 32.4 

TUR 450 72 (61-81) 84 (70-93) 89 (79-96) 62 (48-74) 13.3 

COP 400 61 (44-75) 70 (51-85) 74 (57-87) 55 (38-71) 3.6 

STO 450 47 (30-65) 88 (47-97) 94 (72-99) 27 (12-48) 6.3 

BAR 550 88 (64-98) 91 (59-98) 94 (70-99) 83 (52-97) 75.0 

Youden

-PET 

All 557 87 (82-91) 80 (73-86) 88 (83-91) 79 (72-85) 26.5 

AMS 616 95 (88-98) 82 (71-90) 87 (79-93) 92 (82-97) 77.6 

TUR 521 84 (74-91) 84 (70-93) 91 (82-96) 74 (60-85) 27.7 

COP 562 93 (81-98) 60 (41-77) 77 (63-87) 86 (64-97) 20.0 

STO 570 89 (74-97) 75 (35-96) 94 (80-99) 60 (26-88) 24.0 

BAR 571 94 (71-99) 91 (59-98) 94 (71-99) 91 (59-98) 160.0 

85% 

SE-PET 

All 551 86 (82-90) 80 (74-86) 88 (83-92) 78 (71-84) 25.9 

AMS 557 85 (76-91) 89 (79-95) 91 (82-96) 82 (71-90) 43.9 

TUR 551 85 (76-92) 80 (65-90) 88 (79-95) 74 (60-86) 22.4 

COP 526 86 (72-95) 60 (41-77) 76 (61-87) 75 (53-90) 9.3 

STO 555 85 (67-94) 75 (35-96) 94 (79-99) 50 (21-79) 15.0 

BAR 533 88 (64-98) 91 (59-98) 94 (70-99) 83 (52-97) 75.0 
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Furthermore, center-specific cut-points for 85%-sensitivity varied between 

1.16-2.21 and had ORs between 18.00-∞, specificity between 75-100%, 

PPV between 89-100% and NPV between 55-100% (table 3). In the pooled 

sample, the optimal Aβ42/tau cut-point based on 85%-sensitivity was 1.61, 

and had an OR of 38.3, specificity of 87%, PPV of 92% and NPV of 78%. 

Concordance between CSF Aβ42 and amyloid-PET 

Clinical-based cut-points showed an overall agreement with amyloid-PET of 

76%, which was highly variable between centers (55%-89%). When CSF 

Aβ42 levels were dichotomized according to the cut-point that maximized the 

Youden index in the whole sample, 366 (84%) participants had concordant 

markers (n=132 (30%) both normal; n=234 (54%) both abnormal), and 68 

(16%) had discordant markers (n=35 (8%) positive amyloid-PET and normal 

CSF Aβ42, n=33 (8%) negative amyloid-PET and abnormal CSF Aβ42), as 

shown in table 4.  

Of the 35 participants with a positive amyloid-PET but normal CSF Aβ42, 

62% had an abnormal CSF tau, 83% abnormal p-tau. Of these participants, 

n=23 were genotyped and 11 (48%) of them carried at least one APOE-ε4 

allele. Of the 33 participants with a negative amyloid-PET but abnormal CSF 

Aβ42, 16% showed an abnormal CSF tau, 40% abnormal p-tau. Furthermore, 

n=11 were genotyped and 7 (64%) of them carried at least one APOE-ε4 

allele. In addition, clinical diagnosis differed between groups, as participants 

with a positive amyloid-PET but normal CSF Aβ42 were more often classified 

as MCI or AD dementia, whilst participants with a negative amyloid-PET but 

abnormal CSF Aβ42 were more often controls or diagnosed with non-AD 

dementia (p <0.05). 

Concordance between CSF Aβ42/tau ratio and amyloid-PET 

With use of the Aβ42/tau ratio, 353 (85%) participants showed concordant 

markers (n=138 (39%) both normal; n=215 (61%) both abnormal), and 61 

(15%) participants showed discordant markers (n=42 (69%) positive 

amyloid-PET and normal CSF Aβ42/tau, n=19 (31%) negative amyloid-PET 

and abnormal CSF Aβ42/tau). Participant characteristics of each group are 

shown in table 5.  
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Table 4. Characteristics of concordant and discordant participants based on CSF Aβ42 levels 

and amyloid-PET positivity.  

Data are presented as mean±SD, or n (%). CSF Aβ42 levels were dichotomized according to 

overall Youden-based cut-point (557 pg/mL). Differences between diagnostic groups were 

assessed using ANOVA with post hoc Bonferroni correction (age, log transformed CSF Aβ42, 

tau and p-tau (untransformed CSF levels are shown), and MMSE), and χ² (gender and APOE 

ε4 carrier). 

CSF- / PET+, normal CSF Aβ42 and positive amyloid-PET; CSF+ / PET-, abnormal CSF Aβ42 

and negative amyloid-PET; MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia; 

non-AD, non-AD dementia; MMSE, Mini-Mental-State Examination. 

Significantly different from 
a
CSF- / PET-, 

b
CSF+ / PET+, 

c
CSF- / PET+, 

d
CSF+ / PET- (p<0.05). 

*Data from Copenhagen and Stockholm were excluded from this analysis as PET and/or CSF

results were used to establish a diagnosis. 

Concordant Discordant 

CSF- / PET- CSF+ / PET+ CSF- / PET+ CSF+ / PET- 

N 132 234 35 33 

Age (years) 65±10 65±9 66±7 61±10 

Gender (female)  41 (31%) 112 (48%)
a,c,d

 12 (35%) 12 (36%) 

MMSE 26±3 24±4
a,d

 25±4 26±3 

CSF Aβ42 (pg/mL) 854±211
b,c,d

 377±120 683±126
 b,d

 375±101 

CSF tau (pg/mL) 288±141 540±307
a,d

 559±448
a,d

 269±230 

CSF p-tau (pg/mL) 51±22 81±37
a,d

 82±36
a,d

 42±28 

APOE ε4 carrier 22 (28%)
 b,c,d

 82 (65%) 11 (48%) 7 (64%) 

Diagnoses (N)* 

- Controls (46) 30 (65%) 7 (15%) 2 (5%) 7 (15%) 

- MCI (74) 28 (38%) 32 (43%) 11 (15%) 3 (4%) 

- AD (133) 6 (4%) 110 (83%) 14 (11%) 3 (2%) 

- Non-AD (63) 43 (68%) 14 (22%) 0 (0%) 6 (10%) 
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Table 5. Characteristics of concordant and discordant participants based on CSF Aβ42/tau ratio 

and amyloid-PET positivity. 

Data are presented as mean±SD, or n (%). The CSF Aβ42/tau ratio was dichotomized according 

to overall Youden-based cut-point (1.58). Differences between diagnostic groups were 

assessed using ANOVA with post hoc Bonferroni correction (age, log transformed CSF Aβ42, 

tau and p-tau (untransformed CSF levels are shown), and MMSE), and χ² (gender and APOE 

ε4 carrier). 

CSF- / PET-; Both markers normal, CSF+ / PET+; both markers abnormal, CSF- / PET+, 

normal CSF ratio and positive amyloid-PET; CSF+ / PET-, abnormal CSF ratio and negative 

amyloid-PET; MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia; non-AD, non-

AD dementia; MMSE, Mini-Mental-State Examination. 

Significantly different from
 a 

CSF- / PET-, 
b
CSF+ / PET+, 

c
CSF- / PET+, 

d
CSF+ / PET- (p<0.05). 

*Data from Copenhagen and Stockholm were excluded from this analysis as PET and/or CSF

results were used to establish a diagnosis. 

DISCUSSION 

Calculated CSF Aβ42 cut-points based on amyloid-PET for detection of 

cortical amyloid pathology were higher than the existing clinical-based cut-

points (18-21), while inter-center variability in cut-points was reduced. Using 

CSF Aβ42 cut-points based on amyloid-PET positivity, concordance was 

present in 84% of the participants. Cut-points based on a CSF Aβ42/tau ratio 

showed similar concordance. 

The increase in Aβ42 cut-point based on amyloid-PET compared to the 

clinical-based cut-points can probably be explained by the fact that clinical-

based cut-points often are selected to maximize the discriminability between 

cognitively normal participants and participants diagnosed with AD 

Concordant Discordant 

CSF- / PET- CSF+ / PET+ CSF- / PET+ CSF+ / PET- 

N 140 218 39 17 

Age (years) 64±10 65±8 65±8 67±8 

Gender (female)  45 (32%) 104 (48%)
a
 14 (36%) 6 (35%) 

MMSE 26±4 24±4
b
 26±4 26±3 

CSF Aβ42 (pg/mL) 791±258
b,c,d

 396±142
c
 550±188 466±146 

CSF tau (pg/mL) 250±112
b,d

 599±324
c
 230±72d

d
 567±227 

CSF p-tau (pg/mL) 45±19
 b,d

 87±36
c
 47±14

d
 79±34 

APOE ε4 carrier 21 (27%)
b,c,d

 78 (62%) 12 (63%) 8 (80%)
b,c

 

Diagnosis (N)* 

- Controls (46) 35 (76%) 6 (13%) 3 (7%) 2 (4%) 

- MCI (70) 27 (38%) 25 (36%) 14 (20%) 4 (6%) 

- AD (126) 5 (4%) 109 (87%) 8 (6%) 4 (3%) 

- non-AD (56) 41 (72%) 7 (13%) 7 (13%) 1  (2%) 
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dementia. However, since 20-30% of the cognitively normal controls have 

abnormal CSF Aβ42 levels
13

 this cut-point calculation method may result in a 

more conservative and lower CSF Aβ42 cut-point. The use of amyloid-PET 

positivity as a standard of truth overcomes this problem. A previous study 

also found a higher CSF Aβ42 cut-point based on amyloid-PET compared to 

routinely used cut-points,
27

 although our cut-point of 557 pg/mL was lower 

than in the previous study. It should be noted that the present study 

addressed data derived from 5 different laboratories, while in particular Aβ42 

is sensitive to pre-analytical and analytical factors with inter-laboratory 

variability up to 28%.
4,5 

Furthermore, our study included a heterogeneous 

cohort of participants visiting the memory clinics, including both non-

demented and demented participants, while the previous study was 

restricted to non-demented participants only. However, post-hoc analysis 

showed that calculated cut-points did not differ between diagnostic groups 

(data not shown), which renders this explanation less likely. 

 

The high concordance between CSF Aβ42 and amyloid-PET is in line with 

our previous report 
14

 and other studies comparing CSF biomarkers and  

[
11

C]-PIB
28-32

 or [
18

F]-labeled amyloid-PET tracers.
27,33

 Discordant 

participants with a positive amyloid-PET but normal CSF Aβ42 had elevated 

CSF tau and p-tau and were typically diagnosed as MCI or AD dementia. 

Furthermore, these participants often had CSF Aβ42 close to the cut-point, 

which may suggest that in these participants amyloid pathology is related to 

AD dementia. Discordant interpretation of biomarkers may be due to a false-

negative classification of CSF Aβ42, possibly due to the arbitrary nature of a 

cut-point, as continuous measures close to the cut-point suggest near 

pathological levels of CSF Aβ42.  

 

Discordant patients with negative amyloid-PET and abnormal CSF Aβ42 

levels, on the contrary, showed normal levels of both CSF tau and p-tau. 

Furthermore, these patients more often were cognitively normal controls or 

had a non-AD dementia diagnosis. It is possible that these participants are 

in a very early stage of AD in which CSF Aβ42 is abnormal but amyloid-PET 

is not. Another possibility is that these participants have amyloid pathology 

unrelated to AD, or that the low Aβ42 levels in CSF have resulted from 

technical factors as mentioned previously. Furthermore, although both CSF 

Aβ42 and amyloid-PET are considered biomarkers for amyloid pathology, 

some studies suggest that they do not measure the same features of 

pathology. For example, participants with an arctic APP mutation and 

participants with HIV infection have reduced Aβ42 levels in the absence of 
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cortical amyloid burden on PET.
34,35

 A possible explanation is that CSF

reflects only the soluble pool of Aβ42 while amyloid-PET mainly reflects the 

fibrillary component. Furthermore, a recent study showed that CSF Aβ42 and 

amyloid-PET are partly independently and differentially related to other, non-

amyloid, aspects of AD pathology.
36

 This finding underlines the

discrepancies in amyloid biomarker information of both modalities. 

The CSF Aβ42/tau ratio did not increase concordance with amyloid-PET, as 

in line with a previous study.
14

 However, among discordant participants,

participants more often had a positive amyloid-PET and normal CSF 

Aβ42/tau ratio than the other way around. The ratio is not typically used in 

clinical practice and therefore cut-points were not available from our centers. 

A recent multi-center study recommended a cut-point of 1.9 which was 

chosen in order to obtain a sensitivity of 93% for a clinical diagnosis of AD 

dementia.
37

 The present CSF Aβ42/tau ratio cut-point of 1.58 is more

restrictive, and showed a lower sensitivity (85%) but higher specificity (89% 

vs. 81%) while the Youden index was identical (0.74).  

A limitation of this study was the lack of a gold standard for assessment of 

cortical amyloid burden. In the present study, we used visually rated 

[
11

C]PIB-PET images as a reference for CSF biomarkers, as it consistently

have shown high agreement with fibrillary amyloid plaques in post-mortem 

neuropathological studies.
10,11

 Furthermore, multiple [18F]-labeled amyloid

tracers show high agreement with [
11

C]PIB-PET,
33,38,39

 suggesting that these

more widely available amyloid-tracers might be suitable for CSF cut-point 

calculation as well. 

Our findings suggest that amyloid-PET could help define cut-points for CSF 

biomarkers. While the present study showed that variability between clinical-

based cut-points could be reduced, some variability in CSF cut-points 

between centers remained, which may be explained by pre-analytical or 

analytical factors. Therefore, standardization of analytical procedures
5
 and

further harmonization of CSF biomarker measurements is needed.
40
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ABSTRACT 

Introduction 

This study compared several parametric imaging methods to determine the 

optimal approach for visual assessment of parametric 
11

C-PIB PET images

to detect cortical amyloid deposition in the different memory clinic patient 

groups.  

Methods 

Dynamic 
11

C-PIB scans were performed in 120 memory-clinic patients. 

Parametric non-displaceable binding potential (BPND) images were 

compared to standardised uptake value (SUV) and SUV ratio (SUVr) 

images. Images were visual assessed by three independent readers and 

both inter-reader and inter-method agreement was determined.  

Results 

Both 90-minute (Fleiss κ=0.88) and 60-minute BPND images (Fleiss κ=0.89) 

showed excellent inter-reader agreement, while agreement was good to 

moderate for SUVr images (Fleiss κ=0.68) and SUV images (Fleiss κ=0.59). 

Inter-method agreement varied substantially between readers, although 

BPND images consistently showed best performances.  

Conclusions 

Interpretation of 
11

C-PIB BPND images provides highest inter-reader and

inter-method agreement and is therefore the method of choice for optimal 

visual interpretation of 
11

C-PIB PET scans.
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INTRODUCTION 

 

Alzheimer’s disease (AD) is the most common cause of dementia. AD is 

characterized by accumulation of the protein amyloid-beta, which starts 

more than a decade before clinical symptoms occur.
1
 Recently, it has 

become possible to visualize and quantify this deposition in vivo using 

positron emission tomography (PET) and the radiotracer Pittsburgh 

compound-B (
11

C-PIB).
2
 

11
C-PIB PET may be useful for distinguishing AD 

from other types of dementia, such as frontotemporal dementia and 

corticobasal degeneration.
3,4

 In patients with mild cognitive impairment (MCI) 

increased 
11

C-PIB binding is predictive of conversion to AD.
5,6

 These 

findings underline the great potential of 
11

C-PIB PET for early and accurate 

diagnosis of AD in the different memory clinic patient groups. 

In research applications, emphasis has been on (semi)-quantitative analysis 

of 
11

C-PIB images. Receptor parametric mapping with fixed efflux rate 

constant (RPM2) showed to be more reliable for quantification,
7
 although the 

main disadvantage of RPM2 over SUVr is that it requires a longer scan 

duration. For clinical purposes visual interpretation of 
11

C-PIB images may 

be sufficient rather than deriving quantitative measures. Previous studies 

have found good correlation between visual interpretation of 
11

C-PIB images 

and clinical diagnosis using either SUVr or RPM2 images.
8-10

 The aim of the 

present study was to compare the different parametric imaging methods to 

determine the optimal approach for visual assessment of 
11

C-PIB images. 

 

 

METHODS 

 

Subjects 

A total of 120 subjects with 
11

C-PIB PET data available were included from 

the memory clinic-based Amsterdam Dementia Cohort. Clinical diagnosis 

was established without awareness of PET results and after a standard 

dementia screening.
11

 Thirty patients met NIA-AA criteria for probable AD.
12

 

Thirty patients were diagnosed as non-AD dementia including 

frontotemporal lobe dementia,
13

 Lewy body dementia,
14

 corticobasal 

degeneration,
15

 progressive supranuclear palsy,
16

 and vascular dementia.
17

 

Thirty patients met the criteria of Petersen
18

 for MCI. The control group 

consisted of thirty subjects with subjective complaints or controls who had 

been recruited through advertisements in newspapers. Written informed 

consent was obtained from all patients. The Medical Ethics Review 

Committee of the VU University Medical Center approved this study.  
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PET 

Dynamic PET scans were obtained using an ECAT EXACT HR+ scanner 

(Siemens/CTI, Knoxville, TN, USA).
19

 The mean (±SD) injected activity was

369±25 MBq and did not differ between groups (p=0.57). Scans were 

performed 4±3 months after the clinical diagnosis was made. After 
11

C-PIB

injection, four different parametric 
11

C-PIB images were generated: BPND 

images using RPM2 applied to data from 0-60 minutes; BPND images using 

RPM2 applied to data from 0-90 minutes;  SUV images of the 60-90 minutes 

interval (adjusted for injected mass and body weight); and SUVr images of 

the 60-90 minutes interval. For RPM2 and SUVr, cerebellar grey matter was 

used as reference tissue. 

Three independent nuclear medicine physicians blinded for clinical 

information and MRI assessed all images. The level of experience in visual 

reading of 
11

C-PIB images differed between readers. The most experienced

reader rated multiple 
11

C-PIB images each week, the second had substantial

experience and the third reader was a nuclear medicine physician in 

training. Tranverse, saggital, and coronal views were shown in software 

package Vinci 2.56 (MPI für neurologische Forschung, Cologne, Germany, 

see Figure 1). Raters were able to scroll through the slices in the above 

mentioned orientations and scale images manually with use of rainbow 

colour scaling in order to optimize the contrast between grey and white 

matter. Images were rated as either positive (binding in more than one 

cortical brain region; i.e., frontal, parietal, temporal, or occipital) or PIB-

negative (predominantly white matter binding). 

Prior to definitive visual reading, a training session was conducted which 

consisted of 60 
11

C-PIB images presented in a randomised order which were

generated by all four parametric methods based on data from 15 subjects 

not included in this study.  

Statistics 

Differences between groups for baseline characteristics were assessed 

using analysis of variance (ANOVA) with post-hoc Bonferroni, Kruskal Wallis 

and χ² tests, where appropriate. A p-value <0.05 was considered significant. 

Cohen’s Kappa (Cohen’s κ) was used for assessment of  inter-method 

agreement of 2 methods and Fleiss Kappa (Fleiss κ) for assessment of inter-

reader agreement between 3 readers. Both were considered poor if κ<0.20, 

satisfactory if κ=0.21-0.40, moderate if κ=0.41-0.60, good if κ=0.61-0.80, 

and excellent if κ>0.80.  

http://en.wikipedia.org/wiki/Inter-rater_agreement
http://en.wikipedia.org/wiki/Inter-rater_agreement
http://en.wikipedia.org/wiki/Inter-rater_reliability
http://en.wikipedia.org/wiki/Inter-rater_reliability
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RESULTS 

 

Diagnostic groups did not significantly differ with respect to age (668 yrs) 

and gender (33% female). As expected, controls (MMSE=29) scored higher 

on MMSE than MCI patients (MMSE=27, p<0.05), who in turn scored higher 

than AD (MMSE=22, p<0.001) and non-AD dementia (MMSE=24, p<0.05) 

patients. Furthermore, using 90-minute BPND images, 93% of the AD 

patients were PIB-positive, followed by MCI patients (50%), healthy subjects 

(33%) and non-AD dementia patients (30%).  

 

Inter-reader agreement 

Inter-reader agreement was excellent for visual assessment of 90-minute 

BPND images (Fleiss κ=0.88) and 60-minute BPND images (Fleiss κ=0.89), 

good for SUVr images (Fleiss κ=0.68) and moderate for SUV images (Fleiss 

κ=0.59; Table 1). Between diagnostic groups, complete inter-reader 

agreement was found in the AD group (Fleiss κ=1.0) for all analytical 

methods. For the other diagnostic groups, highest agreement was found for 

both 60-minute (Fleiss κ=0.82-0.89) and 90-minute BPND images (Fleiss 

κ=0.76-0.91), followed by SUVr images (Fleiss κ=0.52-0.73) and SUV 

images (Fleiss κ=0.44-0.56) (Table 1).  

 

 
Table 1. Inter-reader agreement (Fleiss κ) divided by diagnostics group. 

 

  SUV SUVr RPM2(90) RPM2(60) 

Overall  .59 .68 .88 .89 

          Healthy subjects  .44 .52 .76 .82 

          MCI  .50 .73 .91 .82 

          AD  1.0 1.0 1.0 1.0 

          Non-AD dementia  .56 .57 .80 .82 

 

MCI, mild cognitive impairment; AD, Alzheimer’s disease; SUV, standardized uptake value; 

SUVr, SUV ratio; RPM2(60), receptor parametric mapping applied on 60 minutes scan; 

RPM2(90), receptor parametric mapping applied on 90 minutes scan. 

 

 



Chapter 3.1 

91 

Inter-method agreement 

Inter-method agreement differed between readers, with moderate to good 

agreement (Fleiss κ=0.54) between analytical methods seen in the reader 

with substantial experience and excellent agreement between analytical 

methods (Fleiss κ=0.92) seen in the reader with most experience (Table 2). 

The least experienced reader showed intermediate results with good to 

excellent agreement (Fleiss κ=0.79). Only for the comparison of 60-minute 

and 90-minute BPND images, inter-method agreement was good to excellent 

(Cohen’s κ=0.74-0.88) for all 3 readers. 

Figure 1 shows an example of disagreement in visual rating of 
11

C-PIB 

images of an FTD patient. Overall, images were rated PIB-positive in 57% of 

the SUV images, 59% of the SUVr images, 51% of the 90-minute BPND 

images and 49% of the 60-minute BPND images.  

Table 2. Inter-method agreement divided by reader. 

SUV, standardized uptake value; SUVr, SUV ratio; RPM2(90), receptor parametric mapping 

applied on 90 minutes scan; RPM2(60), receptor parametric mapping applied on 60 minutes 

scan.  

Reader A Reader B Reader C 

Overall .92 .79 .54 

 SUV- SUVr .92 .86 .60 

 SUV - RPM2(90) .93 .80 .51 

 SUVr - RPM2(90) .95 .83 .52 

 SUV - RPM2(60) .92 .68 .41 

 SUVr  - RPM2(60)  .87 .71 .48 

 RPM2(90) - RPM2(60) .88 .83 .74 
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Figure 1. Example of disagreement in visual rating of 
11

C-PIB images. In (from left to right) 

axial, coronal, and sagittal views, images derived from the (from top to bottom) SUV, SUVr, and 

RPM2 (applied both on 90-minute and 60-minute scan) method are shown. Green and red bars 

(right) indicate respectively PIB-positive and PIB-negative ratings of the three independent 

readers. 
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DISCUSSION 

In the present study we found excellent inter-reader agreement for visual 

interpretation of 
11

C-PIB BPND images, and moderate to good agreement for

SUVr and SUV images. Inter-method agreement varied substantially 

between readers, although both 60 and 90-minute BPND images consistently 

showed best performances.  

In accordance with previous studies, we found excellent inter-reader 

agreement for all investigated methods for patients diagnosed with AD. In 

non-AD dementia patients, MCI patients and controls, however, agreement 

between readers was lower. A possible explanation is that amyloid 

deposition is a very early event and therefore borderline amyloid load is 

mostly seen in the prodromal stadia of AD. In addition, amyloid deposition 

can be found also in dementia with Lewy bodies, although this is generally 

lower and more variable than in AD.
20

 This variety in levels of amyloid

deposition may lead to increased difficulty of visual reading resulting in lower 

inter-reader agreement. 

We found substantial variation in reader performances with regard to inter-

method agreement over the various methods, predominantly in the less 

experienced readers. Therefore, reading experience may have impact on 

visual interpretation and extensive training may be necessary to overcome 

the difficulty in reading SUV and SUVr images. 

We found best inter-reader agreement for BPND images. A disadvantage of 

the RPM2 method is the need for longer (dynamic) scans, which increases 

patient burden and the risk for patient motion. In the present study, 90 and 

60-minute BPND images showed comparable results regarding both inter-

reader and inter-method agreement. Therefore, scan duration for BPND 

images used for visual interpretation may be limited to 60 minutes. 

A major limitation of this study is the lack of a gold standard, since no post-

mortem data was available hampering relation to underlying neuropathology. 

Furthermore, as there is a large variety in the time interval commonly used 

to generate SUVr images, results cannot be generalized for SUVr images 

generated using other time intervals. We choose for the 60-90 minutes 

interval, as this is the time period pseudo-equilibrium is nearly achieved. 
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These findings are important in the light of new F-18 labelled amyloid tracers 

as they are expected to become widely available to obtain SUVr images for 

clinical use in the next few years. In addition, these tracers show lower 

target to background ratio compared to 
11

C-PIB and higher white matter 

binding, which may increase reading difficulty. Therefore, caution is 

necessary for accurate reading of these newly available clinical tools. 

CONCLUSION 

BPND images showed highest inter-reader and inter-method agreement in 

visual interpretation of 
11

C-PIB images in the different memory clinical 

patient groups. It is therefore the method of choice for optimal visual 

interpretation of 
11

C-PIB images. Reading experience may have impact on

visual interpretation, especially for SUVr and SUV images. Extensive 

training may be necessary to overcome the difficulty in reading SUV and 

SUVr images. 
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ABSTRACT 

Objectives 

Early-onset dementia patients often present with atypical clinical symptoms, 

hampering an accurate clinical diagnosis. The purpose of the present study 

was to assess the diagnostic utility of the amyloid PET imaging agent 

[
18

F]flutemetamol in early-onset dementia patients, in terms of change in

(confidence in) diagnosis and patient management plan. 

Methods 

We included 211 mild, early-onset patients with possible dementia who 

visited a tertiary memory clinic. Patients were eligible when MMSE≥18 and 

age at diagnosis ≤70 years and in whom the diagnostic confidence was 

<90% after routine diagnostic work-up. Patients underwent [
18

F]flutemetamol

PET, which was interpreted as amyloid negative or positive based on visual 

rating. Before and after disclosing PET results, the diagnostic confidence 

(visual analogue scale 0-100%) and clinical diagnosis was rated. Also, we 

evaluated the impact of [
18

F]flutemetamol PET on patient management plan.

Results 

[
18

F]flutemetamol scans were positive in 133 out of 211 (63%) patients, of

whom 111 out of 145 (77%) patients with a pre-PET AD diagnosis, and 22 

out of 66 (33%) patients with a non-AD diagnosis. After disclosure of PET 

41/211 diagnoses (19%) changed. 

Overall, diagnostic confidence increased from 69±12% to 88±15% after 

disclosing PET results (p<0.001). In 54 (37%) patients, PET results led to a 

change in patient management. A positive PET scan resulted more often in 

the initiation of AD medication (n=49 vs. n=2 with negative PET scan; 

p<0.001). In patients with a pre-PET AD diagnosis and negative PET scan, 

more often ancillary investigations were requested after PET results had 

been disclosed (n=13 vs. n=0 for AD patients with positive PET scan; 

p<0.001).  

Conclusions 

[
18

F]flutemetamol PET has added value over a standardized work-up in

patients suspected of early-onset dementia with uncertain clinical diagnosis, 

as it impacts clinical diagnosis, increases overall diagnostic confidence and 

alters patient management plan in over a third of patients. 
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INTRODUCTION 

In patients suspected of early-onset dementia, accurate clinical diagnosis 

may be challenging. For example, patients with early-onset Alzheimer’s 

disease (AD) more often present with atypical clinical symptoms, such as 

difficulties with vision, speech, behavioral changes, or problems with 

handling tools, compared to older AD patients which typically present with 

memory problems.
1,2

 These atypical clinical symptoms often overlap with

symptoms of other early-onset dementia types, hampering an accurate 

clinical diagnosis necessary for both prognosis and treatment.  

Recently, several fluorine-18 labeled PET tracers, including 

[
18

F]flutemetamol, have become available for clinical practice and

incorporated as amyloid pathology biomarker in the revised research criteria 

for AD.
3
 In addition, criteria for the appropriate use of amyloid PET state a

potential added value of amyloid PET in diagnosing patients with (persistent 

or unexplained) MCI or possible AD with unclear clinical presentation and/or 

young onset of disease,
4
 however at time of publication of these criteria only

little evidence was available and no empirical studies were published. To 

date, only a few studies have evaluated the impact of amyloid PET on 

clinical diagnosis and patient management which were performed in 

selected research cohorts.
5-10

In our previous study we assessed the diagnostic value of PET tracers [
11

C]-

Pittsburgh compound B ([
11

C]PiB) and [
18

F]-fluorodeoxyglucose ([
18

F]FDG)

to detect cortical amyloid deposition and hypometabolic patterns in an 

unselected tertiary memory clinic.
6
 Our findings indicated that PET imaging

had impact on clinical diagnosis only when diagnostic confidence was < 

90% and predominantly in (mildly) demented patients. The present study is 

a cohort study in young-onset and mildly demented patients visiting two 

Dutch tertiary memory clinics. The purpose of this study was to assess the 

impact of [
18

F]flutemetamol PET on (confidence in) clinical diagnosis and

patient management plan. 

METHODS 

Patients 

The present study included patients visiting a Dutch tertiary memory clinic 

and suspected of mild (defined as Mini Mental State Examination (MMSE) 

score ≥18) and early-onset dementia (defined by age at diagnosis ≤ 70 

years), who after the standardized dementia screening had no firm 
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diagnosis, or persisting diagnostic uncertainty (defined as pre-PET 

diagnostic confidence <90%). Seventeen dementia patients with MMSE≥18 

and age at diagnosis ≤70 years were not included, as diagnostic confidence 

after standardized work-up was ≥90% as based on findings in our previous 

study.
6 

We included 211 patients, of whom two hundred patients were recruited 

from the VU University Medical Center as part of the Amsterdam Dementia 

Cohort,
11

 and 11 patients were recruited from the Maastricht University 

Medical Center. All patients received a standard dementia screening that 

included medical history, informant based history, physical and neurological 

examinations, screening laboratory tests, brain magnetic resonance imaging 

(MRI) and neuropsychological testing. In addition, in the absence of 

contraindications, a lumbar puncture was performed for research purposes. 

For the purpose of this study, lumbar puncture results were not disclosed 

before impact of PET results had been assessed. Clinical diagnosis was 

established by consensus in a multidisciplinary meeting using established 

clinical criteria
3,12-16

 without knowledge of either PET or CSF results. 

Diagnostic groups were AD (n=145); frontotemporal dementia (FTD, n=28); 

other-dementia diagnosis (OD, n=18), and other neurological diagnosis (ON, 

n=20). All patients gave written informed consent after they had received a 

complete written and verbal description of the study. The medical ethics 

review committee of the VU University Medical Center approved the study.  

 

Assessment of diagnostic utility 

During a multidisciplinary meeting, at which the initial clinical diagnosis was 

made (and prior to PET), the local study physician (FB or FV) indicated the 

most probable etiologic diagnosis. It was mandatory for the neurologist to 

make a diagnosis and indicate the corresponding diagnostic confidence on a 

visual analogue scale ranging from 0-100%. In addition, the future patient 

management plan was assessed, including the request for ancillary 

diagnostic tests (e.g. [
18

F]fluorodeoxyglucose ([
18

F]FDG) PET), (change in 

prescription of) medication (e.g. cholinesterase inhibitors) and care (e.g. 

case management).  

Mean interval between dementia screening and [
18

F]flutemetamol PET scan 

was 71±136 days. When PET results were disclosed, the neurologist 

responsible for the initial diagnosis re-evaluated the most probable diagnosis 

with corresponding diagnostic confidence and patient management plan, 

now taking into account the PET results. Between baseline dementia 

screening and disclosure of PET results no other diagnostic test results were 

disclosed to the neurologist.  
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PET imaging and interpretation 

In both centers, [
18

F]flutemetamol PET scans were made on a Gemini TF-64

PET/CT scanner (Philips Medical Systems, Best, the Netherlands).
17

 Ninety

minutes after a bolus injection of 191±10 MBq [
18

F]flutemetamol, patients

underwent a low-dose CT scan followed by a 20 minutes (i.e. 4 frames of 5 

minutes) PET scan. Scans were checked for movement and frames were 

summed to obtain a static (20-minute) image for each patient (except for one 

patient in whom the last frame was not used due to extensive head 

movement). Scans were visually assessed and dichotomously rated as 

either amyloid positive or amyloid negative by the local nuclear medicine 

physician, who completed the training program for visual interpretation of 

[
18

F]flutemetamol images. Readers were blinded to clinical information,

except for brain MRI. 

Statistical analysis 

Differences in baseline characteristics between diagnostic groups were 

assessed using analysis of variance (ANOVA), Kruskal–Wallis tests, and 

Pearson 
2
 tests, where appropriate. Differences in diagnostic confidence

prior to PET between clinical diagnoses were assessed using ANOVAs. 

Change in diagnostic confidence after PET was assessed using paired 

samples T-tests. Pearson 
2
 tests were used to assess differences in patient

management plan. The level of significance was set at P<0.05. 

RESULTS 

Patients 

Patient’s demographic and clinical characteristics are presented in Table 1. 

Overall, the age of the patients was 62±6 years, 45% (n=95) were female 

and Mini Mental State Examination (MMSE) was 23±4.  

Impact on diagnosis 

Overall, PET results were consistent with pre-PET clinical diagnosis in 73% 

(153 out of 211 patients). In 41 patients (19%), the initial diagnosis changed 

after disclosing PET results. Table 2 presents an overview of clinical 

diagnoses before and after disclosing PET results. In patients with an initial 

AD diagnosis, 111 out of 145 (77%) had a positive PET scan. A negative 

PET scan in patients with an initial diagnosis of AD led to a change in 

diagnosis in 26 out of 34 patients (76%). In 4 out of 6 (67%) FTD patients 

with a positive PET scan, diagnosis changed to AD. In 2 out of 18 (11%) OD 
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patients, a positive PET scan changed the initial diagnosis after PET, from 

CBD to AD and from PSP to DLB, respectively. In all patients with an ON 

diagnosis and a positive PET scan (n=9), diagnosis after PET changed into 

AD. 

 

 
Table 1. Demographic and clinical characteristics according to clinical diagnosis prior to 

[
18

F]flutemetamol PET. 
 

Pre-PET diagnosis AD FTD OD ON 

 (n=145) (n=28) (n=18) (n=20) 

Age, years [range] 62±6 [45-70] 62±5 [52-69] 63±6 [48-69] 60±5 [49-69] 

Gender, female 71 (49%) 13 (46%) 7 (39%) 4 (20%) 

MMSE  23±3 25±3 24±4 24±4 

CDR 0.7±0.4 0.7±0.4 0.7±0.3 0.6±0.5 

APOE genotype (ε4) 87 (67%) 7 (28%)
*
 10 (63%) 14 (78%) 

Specified diagnosis   3 VaD, 

7 DLB, 

4 CBD, 

4 PSP. 

12 psychiatry, 

3 CTE, 

2 meningeoma, 

1 PTSS, 1 OSAS, 

1 limbic 

encephalitis. 

 

Data are presented as mean±SD or n (%) unless stated otherwise. Differences between groups 

were assessed using ANOVA with post hoc Bonferroni (age and MMSE), 
2
 tests (gender, 

APOE genotype) and Kruskal–Wallis with post hoc Mann-Whitney U tests (CDR). 

MMSE, Mini-Mental State Examination; CDR, clinical dementia rating. AD, Alzheimer’s disease 

dementia; FTD, frontotemporal dementia; OD, other dementia diagnosis; ON, other neurological 

diagnosis; VaD, vascular dementia, DLB, dementia with Lewy bodies; CBD, corticobasal 

degeneration; PSP, progressive supranuclear palsy; CTE, chronic traumatic encephalopathy; 

PTSS, post-traumatic stress syndrome; OSAS, obstructive sleep apnea syndrome. 
* 
FTD < other diagnostic groups; P <0.05. 

 

 

Impact on diagnostic confidence 

Diagnostic confidence prior to PET did not differ between diagnostic groups 

except for the ON group, which showed a significant lower diagnostic 

confidence (57±7%) compared to the other diagnostic groups (71±12%, 

P<0.05). Overall, diagnostic confidence increased from 70±12% before to 

88±15% after PET results were disclosed (P<0.001) and increase was seen 

in 182 patients (86%). A decrease in diagnostic confidence after PET was 

found in 29 (14%) patients, from respectively 72±11% before to 64±13% 

after PET. PET results of these patients were more often discrepant with 

clinical diagnoses and resulted in changed clinical diagnosis after PET 

compared to those with increased diagnostic confidence (P<0.05). 
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Figure 1. Bar diagram indicating diagnostic confidence prior to PET was related to A) changed 

diagnosis and B) altered patient management plan. AD, Alzheimer’s disease dementia. Non-

AD; non-AD diagnosis. 

Figure 2. Circle diagram indicating the impact of PET results on patient management plan. In 

37% of the patients, PET results had an impact on the patient management plan, including 

prescription of medication, care, request for ancillary investigations, or a combination. 

Furthermore, patients in whom diagnosis changed after PET had lower pre-

PET diagnostic confidence (64±10% vs. 71±12%, P=0.102) and greater 

increase in diagnostic confidence (21±14% vs. 13±21%, P=0.031) compared 

with those in whom diagnosis remained unchanged. More specifically, 

diagnostic confidence increased when PET results was consistent with initial 
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diagnosis of AD, FTD or ON (i.e. in AD patients with positive PET and in 

FTD and ON patients with negative PET; P<0.05). Furthermore, there was 

also an increase in diagnostic confidence in patients with a pre-PET 

diagnosis of FTD or ON with a discordant, positive PET result, in which the 

majority of diagnoses (87%) changed to AD. Finally, percent change in 

clinical diagnosis after PET increased with lower pre-PET diagnostic 

confidence (Figure 1).  

Impact on patient management 

PET results impacted the patient management plan in 79 out of 211 patients 

(37%) as presented in Figure 3. Disclosing PET results led to a change in 

prescription of medication in 44 (23%) patients, a change in the request for 

ancillary investigations in 20 (11%) patients, and a change in planned care 

in 15 (8%) patients. There was a trend towards a higher percentage of 

altered patient management plans for patients with a positive PET scan 

compared with those having a negative PET scan (42% vs. 30%, P=0.068). 

A positive PET primarily led to a change in medication plan, whilst a 

negative PET frequently resulted in a request for ancillary investigations, 

predominantly in patients with a pre-PET diagnosis of AD (Table 3). Percent 

change in patient management plan after PET increased with lower pre-PET 

diagnostic confidence (Figure 1). 

DISCUSSION 

The aim of the present study was to assess the diagnostic impact of 

[
18

F]flutemetamol PET imaging in patients suspected of early-onset

dementia, who were visiting a tertiary memory clinic. We found that, after a 

standardized clinical work-up, [
18

F]flutemetamol PET results led to changes

in clinical diagnosis, increases in diagnostic confidence  and alteration of the 

initial patient management plan in a substantial number of patients. 

This prospective study predominantly included patients suspected of early-

onset AD. In most cases, PET results were in agreement with the initial 

clinical diagnosis and resulted in increased diagnostic confidence, as in line 

with previous studies assessing the impact of amyloid PET.
5-10

 In patients in

whom [
18

F]flutemetamol PET confirmed or established a diagnosis of AD,

PET results more often led to the initiation of AD medication, as reported 

previously.
7
 These findings suggest an additive, but primarily confirmatory
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role for amyloid PET as a diagnostic marker in patients suspected of early-

onset AD.  

In both FTD patients and patients classified as ‘other neurological disease’, 

positive PET results frequently led to a change in diagnosis to AD and to 

increased confidence in the post-PET diagnosis. In these patients, PET 

results allowed for symptomatic treatment that would have been avoided 

without knowledge of the PET results. In contrast, in patients classified as 

‘other dementia’ prior to PET, scan results did not increase overall 

diagnostic confidence and rarely led to a change in pre-PET diagnosis. A 

possible explanation for this finding could be that in these patients, AD was 

less often considered as differential diagnosis prior to PET. An alternative 

explanation lies in the composition of the ‘other dementia’ group, as almost 

half of the patients were diagnosed with DLB prior to PET. In these patients, 

neither a positive nor a negative PET scan changed the initial DLB 

diagnosis, indicating that amyloid PET is most useful in the differential 

diagnosis between AD and a non-amyloid etiological diagnosis. 

Furthermore, it underlines the limited value of amyloid PET in discriminating 

AD from DLB, as amyloid PET frequently is positive in patients diagnosed 

with DLB and to a lesser extent in other non-AD dementias.
18

Recently, appropriate use criteria for clinical use of amyloid PET were 

published.
4
 The last part of the appropriate use criteria preamble states that

the expert must expect that determination of amyloid status would 1) 

increase the level of diagnostic confidence and 2) alter the plan for patient 

management. In the present study, however, in patients with an initial 

diagnosis of AD and a negative PET scan, PET results did not lead to an 

increase in diagnostic confidence. Nevertheless, diagnosis frequently 

changed after disclosure of (discrepant) PET results, resulting in more 

requests for further investigations, most probably to seek evidence for an 

alternative (non-amyloid) cause of cognitive impairment. Thus, although 

diagnostic confidence did not increase and therefore patients did not meet 

the preamble of the appropriate use criteria, PET results did alter their 

clinical diagnosis and patient management plan. Diagnostic accuracy of 

Flutemetamol PET in our patients will be assessed based on clinical follow-

up for 2 years. Furthermore, health economic consequences of using PET in 

this setting are of great socio-economic interest and data concerning this 

topic will be gathered after the completion of clinical follow up of this study.  



Diagnostic value of [
18

F]flutemetamol PET 

108 

The present study included a large memory clinic patient sample suspected 

of mild, early-onset dementia, in which uncertainty in diagnostic confidence 

remained after standardized work-up. Therefore, results of the present study 

provide support for 2 out of the 3 clinical scenarios listed in the appropriate 

use criteria for amyloid PET, namely an unclear clinical presentation and 

atypical (early) disease-onset, in the present study defined as onset <70 

years. Furthermore, it is important to underline that patients in the present 

study were in a mild disease stage as indicated by their CDR<1 in 56% of 

the patients. 

We used [
18

F]flutemetamol PET as a surrogate for brain amyloid deposition,

as previous studies have shown high correlation between [
18

F]flutemetamol

retention and neuropathology findings.
19-21

 Furthermore, although evidence

of brain amyloid deposition often changed or confirmed an AD diagnosis, 

amyloid pathology was also present in some patients diagnosed with 

another dementia and interpreted as mixed or co-pathology and not the 

primary cause of the clinical manifestation of dementia.  

The present study was performed in young dementia patients in whom the 

prevalence of ‘age-related’ amyloid pathology is less likely to be present 

compared to older patients in whom (mixed) amyloid pathologies are more 

frequently present, also in non-demented elderly.
22

 Furthermore, the vast

majority of patients were included at the VUmc Alzheimer Center, which is a 

tertiary referral center with a high proportion of (young) patients with 

complex clinical presentations. Therefore, results of the present study are 

probably not an accurate reflection of impact of amyloid PET in a general, 

often older aged, memory clinic population. Instead, it supports the notion in 

the appropriate use criteria for amyloid PET, describing a potential added 

value of amyloid PET in patients with early-onset dementia with unclear 

clinical presentation. 

In conclusion, the findings of this study indicate that [
18

F]flutemetamol PET

has additive value in addition to standardized work-up in patients suspected 

of early-onset dementia, as it has impact on clinical diagnosis, increases 

overall diagnostic confidence and alters patient management plan in over a 

third of patients. This study provides evidence for the recommendations put 

forward in the appropriate use criteria for amyloid PET in clinical practice. 
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ABSTRACT 

 

Background 

APOE ε4 genotype and aging have been identified as risk factors for 

Alzheimer’s disease (AD). In addition, subjective memory complaints (SMC) 

might be a reflection of the first effects of AD pathology on cognitive 

functioning. 

Objective 

To assess associations of APOE ε4 genotype, age, SMC and episodic 

memory with high amyloid-β (Aβ) burden in cognitively normal elderly. 

Methods 

307 cognitively normal participants (72.7±6.8 years, 53% female) from the 

Australian Imaging, Biomarkers and Lifestyle (AIBL) study underwent either 

[
11

C]Pittsburgh compound B or [
18

F]flutemetamol PET, and APOE 

genotyping. Based on the affirmative answer to the question “Do you have 

any difficulty with your memory?”, 55% of participants were identified with 

SMC. 

Results 

Logistic regression analysis showed that odds of high Aβ burden were 

greater at an older age (OR=3.21; 95% CI=1.68-6.14), when SMC were 

present (OR=1.90; 95% CI=1.03-3.48), and for APOE ε4 carriers (OR=7.49; 

95% CI=3.96-14.15), while episodic memory was not associated with odds 

of high Aβ burden. Stratified analyses showed that odds of SMC for high Aβ 

burden were greater both in APOE ε4 carriers (OR=4.58, 95% CI=1.83-

11.49) and younger participants (OR=3.73, 95% CI=1.39-10.01), compared 

to those without complaints.  

Conclusion 

Aging, APOE ε4 genotype and SMC were associated with high Aβ burden. 

SMC were especially indicative of high Aβ burden in younger patients and in 

APOE e4 carriers. These findings suggest that selection based on the 

presence of SMC, APOE ε4 genotype and age may help enrich a healthy 

elderly cohort for high Aβ burden in secondary prevention trials. 
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INTRODUCTION 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, 

characterized by the presence of extracellular amyloid-β (Aβ) plaques.
1

Post-mortem
2-6

 and Aβ imaging
7,8

 studies indicate that Aβ deposition starts

decades prior to the clinical phenotype of dementia, which may explain 

reports of high Aβ burden in approximately 10-30% of the healthy elderly 

population, as burden increases with age.
9-12

 These individuals with high Aβ

burden and normal cognition are likely to represent individuals in the 

preclinical stage of AD.  

Subjective cognitive decline (SCD), a self-reported persistent cognitive 

decline in the absence of objective cognitive impairment, has been 

associated with an increased risk of incident AD.
9,13-16

 Complaints of

memory, rather than another domain (subjective memory complaints; SMC), 

as well as carrying the Apolipoprotein E (APOE) ε4 AD-risk allele and older 

age, have been incorporated in the recently published framework paper as 

‘SCD plus’ features
17

 proposed to be associated with a higher likelihood of

preclinical AD in individuals experiencing SCD.
18

 Although previous studies

consistently found a higher prevalence of high Aβ burden in APOE ε4 

carriers,
19-26

 mixed results were found for SMC.
9,13,27

 Furthermore, conflicting

results were also reported for the relationship between high Aβ burden and 

objective measures of memory performance.
11,21,28-30

A previous Australian Imaging, Biomarkers and Lifestyle (AIBL) cohort study 

found no differences in Aβ burden in participants with SMC compared to 

those without SMC.
10

 The present study represents an extension of this prior

study to a supplementary cohort of cognitively normal AIBL participants who 

underwent an Aβ PET scan. The aim of the present study was to investigate 

‘SCD plus’ features associations SMC, APOE genotype and older age and 

objective memory functioning with Aβ burden in cognitively normal elderly. 

METHODS 

Participants 

The present study included 307 cognitively normal participants from two Aβ 

PET-imaging cohorts of the AIBL study. The first cohort included 174 

participants that underwent 
11

C-Pittsburgh compound B ([
11

C]PiB) PET

imaging, as previously described.
10

 The second cohort comprised 133

participants that underwent [
18

F]flutemetamol PET imaging. A difference in

participant recruitment between cohorts was the preferential enrichment for 
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APOE ε4 genotype in the [
11

C]PiB AIBL cohort. Written informed consent 

was obtained from all participants. Approval for the study was obtained from 

the St Vincent’s Hospital, Melbourne, Austin Health, Edith Cowan University 

and Hollywood Private Hospital Human Research Ethics Committees. 

Participants were recruited by advertisement in the community. Exclusion 

criteria at baseline were excessive alcohol consumption, current diagnosis of 

MCI or a dementia, history of epilepsy or stroke(s), history of other 

neurological conditions likely to affect cognition (i.e. hypoxia, head injury), 

history of obstructive sleep apnea, current diagnosis of clinical depression 

according to DSM-IV criteria for major depressive disorder, or insufficient 

proficiency in English to complete cognitive tests. Participants were further 

divided based on the presence or absence (no memory complaints; nMC) of 

SMC according to their response to the question: “Do you have any difficulty 

with your memory?” APOE ε4 genotype was determined by direct 

sequencing. For nine participants, APOE genotype was not determined due 

to failure of blood sampling. 

 

Neuropsychological evaluation 

All participants were assessed with a standard neuropsychological battery 

as previously described,
31

 including the Mini Mental State Examination. 

Furthermore, episodic memory composite scores were calculated based on 

a previously described method.
28 

Briefly, a composite episodic memory 

score was calculated by taking the average of the z scores (generated in the 

present study using participants with both low Aβ burden and normal MRI 

from our [
11

C]PiB cohort (n=65) as the reference) for Rey Complex Figure 

Test (30 min) long delay and California Verbal Learning Test - Second 

Edition long delay, and the Wechsler Memory Scale Logical Memory II 

(Story A only) 30 min delay.  

 

Image acquisition 

 

Magnetic Resonance Imaging 

All participants received MRI on a 3 Tesla scanner using the ADNI 3-

dimensional (3D) Magnetization Prepared Rapid Gradient Echo (MPRAGE) 

sequence, with 1x1 mm in-plane resolution and 1.2 mm slice thickness, 

TR/TE/T1= 2300/2.98/900, flip angle 9°, and field of view 240x256 and 160 

slices.  
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Positron Emission Tomography 

[
11

C]PiB PET acquisition and image analysis details were described

previously.
10

 For the [
18

F]flutemetamol PET acquisition, a 20-min static

emission scan was acquired as 4x5 min frames starting 90 min after 

injection of 185 MBq of [
18

F]flutemetamol. Transmission scans or CT were

performed for attenuation correction. While [
11

C]PiB PET scans were

performed on a Philips Allegro (Philips Medical Systems, Eindhoven, The 

Netherlands) PET camera, [
18

F]flutemetamol PET scans were performed on

a Siemens Biograph 128 MCT (Siemens Healthcare, USA) PET camera.  

Image analysis 

Coregistration of each individual’s MRI with the PET images with MilxView®, 

developed by the Australian e-Health Research Centre – BioMedIA 

(Brisbane, Australia). A preset in-house template of cortical regions of 

interest was applied to the PET scans via placement on the participant’s co-

registered MRI by an operator (VLV) who was blind to the participant’s 

clinical status as previously described.
32

 For [
11

C]PiB PET, standardized

uptake value (SUV) data were summed and normalized to the cerebellar 

cortex SUV, and the resulting tissue ratio was termed SUV ratio. The 

reference region for [
18

F]flutemetamol PET was the pons.
33 

Composite

neocortical Aβ burden was expressed as the average SUV ratio (SUVR) of 

the area-weighted mean of frontal, superior parietal, lateral temporal, lateral 

occipital, and anterior and posterior cingulate regions. In the present study, 

SUVR was also considered as a dichotomous variable (high or low Aβ 

burden). Participants were classified as high Aβ burden when the SUVR was 

≥ 1.50 for [
11

C]PiB,
10

 and when the SUVR was ≥ 0.62 for [
18

F]flutemetamol.
33

Statistics 

Demographic and clinical characteristics between subgroups were assessed 

using Student’s t-tests, Mann-Whitney U-tests, Analysis of Variance 

(ANOVA) with posthoc Bonferroni tests, and 
2
 tests, where appropriate. We

performed logistic regression analyses with age (dichotomized based on 

median; <73 years or ≥73 years), APOE ε4 genotype (carrier or non-carrier), 

SMC (presence or absence) and episodic memory (dichotomized based on 

z-score; <0 or ≥0) as independent variables and high Aβ burden (classified 

as either high or low based on the previously mentioned cut-off for SUVR) 

as outcome measure. In Model 1 we adjusted each variable for gender 

(female or male), education (dichotomized based on median; ≤14 of >15 

years of education) and tracer ([
18

F]flutemetamol or [
11

C]PiB); in Model 2 we

entered  all variables simultaneously, adjusted for gender, education and 
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tracer). Next, interactions between significant determinants of Model 2 were 

tested by entering two-way interaction terms to Model 2. When we found a 

significant interaction, we performed stratified analyses. In general, 

statistical significance was set at P<0.05. Interactions were considered 

significant when P<0.10.  

RESULTS 

On average, participants were 73±7 years old with a mean MMSE score of 

29±1 and 164 (53%) were female. Furthermore, 103 (34%) participants were 

APOE e4 carrier, 28 (25%) participants showed high amyloid burden on PET 

and 168 (55%) participants presented with SMC. Comparing [
11

C]PiB  and

[
18

F]Flutemetamol cohorts, there were no differences with respect to sex,

education, episodic memory, Mini-Mental State Examination scores, or 

presence of SMC. Individuals in the [
11

C]PiB cohort were slightly younger

(71.5±7.4 vs. 74.3±5.6) and had a higher prevalence of APOE ε4 carriers 

(41% vs. 25%) and high Aβ burden (31% vs. 19%). Data of the two cohorts 

were pooled for the remainder of the analyses. 

Table 1. Demographic and clinical characteristics classified by Aβ burden. 

Groups were compared using Student’s t-tests, Mann-Whitney U-tests and Pearson’s chi-

squared tests where appropriate.  

Abbreviations: MMSE, Mini Mental State Examination; Memory, composite memory z-score; 

SMC, subjective memory complaints. 
a 
low Aβ burden < high Aβ burden: P <0.001; 

b 
trend for low Aβ burden > high Aβ burden: P =0.08; 

c
 trend for low Aβ burden < high Aβ burden: P =0.05. 

Low Aβ burden High Aβ burden 

n (%) 229 (75) 78 (25) 

Age, years (SD) 71.9 (6.5) 75.0 (7.2)
a
 

Sex, female (%) 127 (56) 37 (47) 

Education ,years (SD) 13.9 (3.6) 13.3 (3.6) 

MMSE (SD) 28.8 (1.2) 28.6 (1.3) 

Memory (SD) -0.26 (0.84) -0.48 (1.0)
b
 

SMC (%) 118 (51) 50 (64)
c
 

APOE 4 carrier (%) 54 (24) 49 (65)
a
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Demographic and clinical characteristics of cognitively normal AIBL 

participants with available Aβ PET classified by Aβ burden are shown in 

Table 1. Figure 1 shows representative [
18

F]flutemetamol PET images of low 

and high Aβ burden in cognitively normal participants. Participants with low 

or high Aβ burden did not differ based on sex, education and Mini-Mental 

State Examination scores. Participants with high Aβ burden were slightly 

older and had a higher prevalence of APOE ε4 carriers and SMC compared 

to those with low Aβ burden. Furthermore, there was a trend towards lower 

composite memory scores (P=0.08) and higher prevalence of SMC (P=0.05) 

in participants with high Aβ burden.  

 

Logistic regression analyses adjusted for gender, education and tracer 

showed that older age (odds ratio (OR)=3.21, 95% confidence intervals 

(95% CI)= 1.68-6.14), presence of SMC (OR=1.90; 95% CI=1.03-3.48) and 

APOE ε4 genotype (OR=7.49; 95% CI=3.96-14.15) were associated with 

high Aβ burden (Table 2, Model 2). In contrast, lower memory score was not 

associated with high Aβ burden (OR=1.15, 95% CI=0.65-2.02). 

Subsequently, we entered two-way interaction terms in the multivariate 

model. There was a significant interaction between SMC and APOE ε4 

genotype (P for interaction= 0.002) and between SMC and age (P for 

interaction= 0.08). 
 

 

Stratified analyses showed that in APOE ε4 carriers and in younger 

participants, presence of SMC were associated with higher presence of Aβ 

(OR=4.58, 95% CI=1.83-11.49 for APOE ε4 carriers; OR=3.73, 95% 

CI=1.39-10.01 for younger individuals). Contrary, presence of SMC was not 

associated with high Aβ burden in APOE ε4 non-carriers or older 

participants (respectively OR=0.74, 95% CI=0.31-1.72; and OR=1.24, 95% 

CI=0.53-2.87). When we compared SUVR’s according to APOE e4 status 

and SMC presence, APOE ε4 carriers who presented with SMC showed 

higher [
18

F]flutemetamol SUVR (0.66±0.15 vs. 0.51±0.06) and [
11

C]PiB 

SUVR (1.70±0.48 vs. 1.40±0.36; Figure 2) compared to APOE ε4 carriers 

without SMC, and compared to APOE ε4 non-carriers with or without SMC, 

as was previously reported in the [
11

C]PiB cohort.
10 
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Figure 1. Representative sagittal, transaxial, and coronal [
18

F]flutemetamol PET images from 

cognitively normal participants showing respectively low (left) and high (right) A burden. 

Figure 2. Box-and-whisker plots of [
18

F]flutemetamol (left) and [
11

C]PiB (right) SUV ratios of 

cognitively normal AIBL participants. Participants were classified by the presence (SMC) or 

absence (nMC) of subjective memory complaints and APOE 4. Dotted lines indicate SUV ratio 

cut-off for high A burden. 
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DISCUSSION 

The present study aimed to identify associations of ‘SCD plus’ features 

SMC, APOE genotype and older age with high Aβ burden as measured by 

use of PET in cognitively normal elderly. Our findings demonstrate that 

aging, SMC and APOE ε4 genotype were associated with high Aβ burden. 

SMC were especially indicative of high Aβ burden in younger patients and in 

APOE e4 carriers.  

In agreement with the recently proposed research criteria for SCD plus
17

 and

a previous study, 
34

 our findings provides support for the value of older age,

SMC and APOE ε4 as indicators of preclinical AD, as demonstrated by their 

association with high Aβ burden. In addition, our findings suggest that the 

effect of SMC was modulated by both APOE genotype and age. SMC in 

specifically younger participants and APOE e4 carriers showed increased 

odds for high Aβ burden compared to older participants and APOE e4 non-

carriers. These findings underline the potential of a combination of SCD plus 

features including SMC, APOE e4 genotype and older age for identification 

of cognitively normal elderly at risk of Aβ pathology. 

Previous studies reported SMC as a determinant of high Aβ burden,
9,13

although results were not always consistent.
27,29  

Conflicting results were

also reported for the relationship between Aβ burden and episodic memory 

in individuals with SMC, where some studies found that lower episodic 

memory was related to higher Aβ burden
21,28,29

 while others found no such

effect.
11,30

 In the present study, we found that SMC were associated with

high Aβ burden, while objective performance on an episodic memory task 

was not. As the present study was conducted in cognitively normal 

participants, none of them had significant memory impairment, which might 

explain the lack of association with high Aβ burden. These results also 

provide support for the notion that in the very early stages of preclinical AD, 

subjective experience of memory impairment may be more sensitive to 

decline than objective results on our currently available tests. SMC might be 

related to incipient AD pathology, supported by the findings of the present 

and other studies where participants having SMC showed higher prevalence 

of high Aβ burden,
9,13

 which subsequently puts them at a higher risk of

developing dementia due to AD.  

We found an interaction between SMC and age for the association with high 

Aβ burden. Perhaps counter intuitively, we found that SMC are especially 
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associated with increased risk of high Aβ burden in younger individuals. This 

might indicate that older individuals generally experience SMC, not 

specifically related to preclinical AD. When SMC occur despite a younger 

age, this could be an alarm signal, warranting further study.  

The present findings of increased Aβ retention and a higher prevalence of 

high Aβ burden in APOE ε4 carriers, although restricted to those with SMC, 

are in line with previous studies
19-26

 and comparable to the results from the

[
11

C]PiB AIBL baseline cohort.
10

 It has been reported that in APOE ε4

carriers, Aβ accumulation starts at a younger age than in non-carriers,
35,36

which results in higher Aβ burden in ApoE ε4 carriers at a certain age as 

found in the present study. Furthermore, the prevalence of APOE ε4 in the 

[
18

F]flutemetamol cohort is comparable to findings in other cohorts of healthy

individuals,
19-21,23

 although lower than the APOE ε4 prevalence in the

[
11

C]PiB cohort.
10

 However, these findings can be attributed to the

preferential enrichment for APOE ε4 carriers in the [
11

C]PiB cohort,

enrichment criteria that were not applied to the subsequent recruitment of 

the [
18

F]flutemetamol cohort.

A strength of the present study is that it was carried out in a large sample of 

healthy participants recruited from the PET-imaging cohorts in the AIBL 

study. They will be reassessed at 18-month intervals, which will enable 

further investigation of SMC as indicator for (preclinical) AD. A potential 

limitation is that the present cohort is a convenience sample, which may 

therefore not be a true representation of the population at large.  

The present findings revealed that specifically APOE ε4 carriers with SMC 

showed substantially increased odds of high Aβ burden and therefore 

preclinical AD. This may have important implications, as it suggests that 

screening for SMC and APOE genotype increases efficiency, and thereby 

reducing screening costs, to enrich a cognitively normal elderly cohort for 

high Aβ burden on PET, and are therefore important for identification of 

healthy elderly individuals with evidence of AD pathology for enrollment in 

secondary prevention disease modifying therapies.
37
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ABSTRACT

Alzheimer’s disease with early onset often presents with a distinct cognitive 

profile, potentially reflecting a different distribution of underlying 

neuropathology. The purpose of this study was to examine the relationships 

between age and both in vivo fibrillary amyloid deposition and glucose 

metabolism in patients with Alzheimer’s disease. Dynamic [
11

C]Pittsburgh

compound-B (90 minutes) and static [
18

F]fluorodeoxyglucose (15 minutes)

scans were obtained in 100 patients with Alzheimer’s disease and 20 

healthy controls. Parametric non-displaceable binding potential images of 

[
11

C]Pittsburgh compound-B and standardized uptake value ratio images of

[
18

F]fluorodeoxyglucose were generated using cerebellar grey matter as

reference tissue. Nine [
11

C]Pittsburgh compound-B negative patients were

excluded. The remaining patients were categorized into younger (n=45, age: 

56±4) and older (n=46, age: 69±5) groups, based on the median age (62) at 

time-of-diagnosis. Younger patients showed more severe impairment on 

visuo-spatial function, attention and executive function composite scores 

(p<0.05), while we found a trend towards poorer memory performance for 

older patients (p=0.11). Differences between groups were assessed using a 

general linear model with repeated measures (gender adjusted) with age as 

between subjects factor, region (frontal, temporal, parietal and occipital and 

posterior cingulate cortices) as within subjects factor and [
11

C]Pittsburgh

compound-B binding/[
18

F]fluorodeoxyglucose uptake as dependent

variables. There was no main effect of age for [
11

C]Pittsburgh compound-B

or [
18

F]fluorodeoxyglucose, suggesting that overall, the extent of amyloid

deposition or glucose hypometabolism did not differ between groups. 

Regional distributions of [
11

C]Pittsburgh compound-B binding and

[
18

F]fluorodeoxyglucose uptake (both p for interaction <0.05) differed

between groups, however, largely due to increased [
11

C]Pittsburgh

compound-B binding and decreased [
18

F]fluorodeoxyglucose uptake in the

parietal cortex of younger patients (both p<0.05). Linear regression analyses 

showed negative associations between visuo-spatial functioning and parietal 

[
11

C]Pittsburgh compound-B binding for younger patients (standardized β: -

0.37) and between visuo-spatial functioning and occipital binding for older 

patients (standardized β: -0.39). For [
18

F]fluorodeoxyglucose, associations

were found between parietal uptake with visuo-spatial (standardized β: 

0.55), attention (standardized β: 0.39) and executive functioning 

(standardized β: 0.37) in younger patients, and between posterior cingulate 

uptake and memory in older patients (standardized β: 0.41, all p<0.05). 

These in vivo findings suggest that clinical differences between younger and 
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older Alzheimer’s disease patients are not restricted to topographical 

differentiation in downstream processes, but may originate from distinctive 

distributions of early upstream events. As such, increased amyloid burden, 

together with metabolic dysfunction, in the parietal lobe of younger 

Alzheimer’s disease patients may contribute to the distinct cognitive profile 

in these patients. 
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INTRODUCTION 

Alzheimer’s disease is the most common form of dementia and its 

prevalence increases progressively with age.
1,2

 The first symptom in late-

onset Alzheimer’s disease is usually episodic memory dysfunction, followed 

by deficits in other cognitive domains as the disease progresses. In 

Alzheimer’s disease with early onset, however, a more heterogeneous 

cognitive presentation has been described. In about 30% of these patients, 

focal cortical symptoms such as aphasia, apraxia and agnosia, precede 

memory disturbances.
3-5

 The disparity between early-onset and late-onset

Alzheimer’s disease potentially reflects differences in distribution of 

underlying neuropathology. Post-mortem studies have described higher 

burdens of amyloid plaques and neurofibrillary tangles in early-onset 

Alzheimer’s disease patients.
6-10 

Major disadvantages of post-mortem

studies, however, are that usually only a few slices of a small number of 

brain areas are examined, and that in general they are performed years after 

disease onset. Furthermore, the increased pathological burden in early-

onset Alzheimer’s disease may be explained by a more advanced stage of 

the disease at time of death as older Alzheimer’s disease patients more 

frequently die due to other age related conditions. This may introduce a 

systematic bias in post-mortem studies.
8,11 

Brain amyloid plaque load can be

quantified in vivo using positron emission tomography (PET) and carbon-11-

labelled Pittsburgh compound-B ([
11

C]PIB).
12

 In the first study comparing

[
11

C]PIB retention in early-onset and late-onset Alzheimer’s disease, these

earlier pathological observations could not be replicated in the living human 

brain as no global and regional differences in amyloid burden were found.
13

In line with this finding, amyloid-beta 1-42 and hyperphosphorylated tau 

levels in cerebrospinal fluid (CSF) did not differ according to age-at-onset.
14

The absence of conclusive evidence for an effect of age on deposition of 

amyloid plaques is remarkable given the distinct phenotype often observed 

in early-onset Alzheimer’s disease patients. Differences in downstream 

processes according to age-at-onset, however, have been reported more 

consistently. Early-onset Alzheimer’s disease patients show more severe 

cortical atrophy, cerebral hypoperfusion, and glucose hypometabolism and 

more profound abnormalities on electroencephalography than their late-

onset counterparts.
13,15-22

 Furthermore, in early onset Alzheimer’s disease,

the posterior parts of the brain are affected most prominently, whilst in late-

onset Alzheimer’s disease this is the case for medial temporal 

regions.
13,15,18,23

 The purpose of the present study was to examine the extent

and distribution of specific [
11

C]PIB binding and [
18

F]fluorodeoxyglucose
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(FDG) uptake in order to test the hypothesis that early-onset Alzheimer’s 

disease is associated with more posterior-oriented amyloid load and glucose 

hypometabolism as compared with late-onset Alzheimer’s disease.   

METHODS 

Subjects 

100 Alzheimer’s disease patients and 20 healthy controls were included. 

Patients with Alzheimer’s disease were categorized into younger and older 

groups, based on median age (62 years) at time of diagnosis. All subjects 

received a standard dementia screening that included medical history, 

informant-based history, physical and neurological examinations, screening 

laboratory tests, brain magnetic resonance imaging (MRI) and 

neuropsychological testing.
24

 Clinical diagnosis was established by

consensus in a multidisciplinary team, without awareness of the PET results. 

All Alzheimer’s disease patients met criteria proposed by the National 

Institute on Aging and the Alzheimer’s Association (NIA-AA) workgroup for 

probable Alzheimer’s disease with at least intermediate likelihood due to 

abnormal [
11

C]PIB PET.
25

 Controls were recruited through advertisements in

newspapers and underwent the same diagnostic procedures.  

Exclusion criteria were a history of major psychiatric or neurological (other 

than Alzheimer’s disease) illness, drug and/or alcohol abuse, major vascular 

events such as stroke or haemorrhage, and known genetic mutations 

(presenilin-1, presenilin-2, and amyloid-β precursor protein). Furthermore, 

[
11

C]PIB negative Alzheimer’s disease patients were excluded. Parametric

images of [
11

C]PIB were assessed visually and scored binary (e.g positive or

negative) by an experienced nuclear medicine physician (BvB). [
11

C]PIB

scans were interpreted conservatively and were only considered positive if 

there was binding in more than one brain region (e.g. frontal, parietal, 

temporal, occipital) to such an extent that differentiation between grey and 

white matter was either blurred or absent, indicating substantial cortical 

uptake. Consequently, 9 patients were excluded, leaving 45 younger and 46 

older Alzheimer’s disease patients for analysis. Additional exclusion criteria 

for controls were subjective memory complaints or clinically relevant 

abnormalities on MRI. Written informed consent was obtained from all 

subjects after a complete written and verbal description of the study. The 

study was approved by the Medical Ethics Review Committee of the VU 

University Medical Center. 
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Cognition 

In 43 younger and 44 older Alzheimer’s disease patients, cognitive 

functioning was assessed using a neuropsychological test battery covering 

five major cognitive domains: memory (immediate recall, recognition and 

delayed recall of a Dutch version of the Rey Auditory Verbal Learning Test  

and the Visual Association Test (VAT)), visuo-spatial functioning (number 

location, dot counting and fragmented letters derived from the Visual Object 

Space and Perception (VOSP) battery, and the Rey Complex Figure copy 

test), executive functions (Digit Span backwards, Trail Making Test (TMT) 

part B and Stroop Color-Word card subtask), attention (TMT part A, Stroop 

test Word and Color subtasks, and digit span forward), and language (VAT 

picture naming and category fluency (animals: 1 minute).
26-33

 For each

cognitive task, raw test scores were converted to z-scores.  Next, composite 

z-scores were calculated for each cognitive domain by averaging z-scores 

for all cognitive tasks within a cognitive domain. Composite z-scores were 

calculated when at least one neuropsychological task was available in each 

cognitive domain (n=43 younger, n=44 older Alzheimer’s disease patients). 

Z-transformation was performed within the Alzheimer’s disease group 

without taking into account a normative group. Z=0 therefore reflects the 

average test performance of our Alzheimer’s disease patients in a given 

domain. Level of education was rated according to Verhage.
34

PET 

PET scans were obtained on an ECAT EXACT HR+ scanner (Siemens/CTI, 

Knoxville, TN, USA) equipped with a neuroinsert to reduce the contribution 

of scattered photons. This scanner enables the acquisition of 63 transaxial 

planes over a 15.5 cm axial field of view, thus allowing the whole brain to be 

imaged in one bed position. The properties of this scanner have been 

reported elsewhere.
35

 All subjects received a venous cannula for tracer

injection. First, a 10 minute transmission scan was obtained in 2-

dimensional acquisition mode using three retractable rotating line sources in 

order to correct the subsequent emission scan for photon attenuation. Next, 

a dynamic emission scan in 3-dimensional acquisition mode was started 

simultaneously with the intravenous injection of 365±32 MBq [
11

C]PIB in

younger and 382±44 [
11

C]PIB in older Alzheimer’s disease patients (p=0.67),

using an infusion pump (Med-Rad; Beek, the Netherlands) at a rate of 

0.8mL/s, followed by a flush of 42 mL of saline at 2.0 mL/s. [
11

C]PIB was

synthesized according to a modified procedure (Wilson A.A. et al., 2004), 

with a specific activity of 91±37 GBq/μmol in younger and 104±57 GBq/μmol 

in older patients (p=0.37). The [
11

C]PIB scan consisted of 23 frames
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increasing progressively in duration (1 x 15, 3 x 5, 3 x 10, 2 x 30, 3 x 60, 2 x 

150, 2 x 300, 7 x 600s) for a total scan duration of 90 minutes. After an 

interval of at least two hours to allow for decay of [
11

C]PIB, an intravenous

bolus injection of approximately 185 MBq of [
18

F]FDG was injected. All

subjects rested for 15 minutes before injection and thirty-five minutes after 

injection with the eyes closed and ears unplugged in a
 
dimly lit room with 

minimal background noise. Next, patients underwent a 10 minute 

transmission scan followed by a 15 minute emission scan (3 x 5 minute 

frames). Patient motion was restricted by a head holder and regularly 

checked during the PET scans using laser beams. Due to tracer synthesis 

failure, 15 patients did not undergo [
11

C]PIB and [
18

F]FDG PET scans on the

same day but with an interval of at most 4 weeks. [
11

C]PIB and [
18

F]FDG

PET scans were performed 4±3 months after the clinical diagnosis was 

made. 

MRI 

All subjects underwent structural MRI using a 1.5T Sonata (Siemens, 

Erlangen, Germany) scanner (16 younger and 12 older Alzheimer’s disease 

patients and all controls) or a 3T Signa HDxt (General Electric, Milwaukee, 

USA) scanner (29 younger and 34 older Alzheimer’s disease patients). The 

scan protocol included a coronal T1-weighted 3-dimensional magnetization-

prepared-acquisition gradient echo (MPRAGE) (1.5T scanner: slice 

thickness 1.5 mm, 160 slices, matrix size 256 x 256, voxel size 1 x 1 x 1.5 

mm, echo time 3.97 ms, repetition time 2,700 ms, flip angle, 8°; 3T scanner: 

slice thickness 1 mm, 180 slices, matrix size 256 x 256, voxel size 1 x 1 x 

1.5 mm, echo time 3 ms, repetition time 708 ms, flip angle 12°). The MRI 

scan was used for co-registration, segmentation and region-of-interest (ROI) 

definition. Furthermore, medial temporal lobe atrophy (MTA) and white 

matter hyperintensities were assessed visually using standardized rating 

scales.
23,36

Image and Data Analysis 

All PET sinograms were corrected for dead time, tissue attenuation using 

the transmission scan, decay, scatter, and randoms and were reconstructed 

using a standard filtered back projection algorithm and a Hanning filter with a 

cut-off at 0.5 times the Nyquist frequency. A zoom factor of 2 and a matrix 

size of 256 x 256 x 63 were used, resulting in voxel size of 1.2 x 1.2 x 2.4 

mm and spatial resolution of approximately 7-mm full width at half-maximum 

at the center of the field of view.  
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MR images were aligned to corresponding PET images using a mutual-

information algorithm. Data were further analyzed using PVE-lab, a software 

program that uses a probability map based on 35 delineated ROIs that have 

been validated previously.
37

 ROIs were projected onto [
11

C]PIB parametric

non-displaceable binding potential (BPND) images. These images were 

generated by applying a 2-step basis-function implementation of the 

simplified reference tissue model (RPM2),
38

 to the full dynamic 90 minute

PET data. RPM2, a fully quantitative method for assessing the data, was 

identified as the parametric model of choice.
39

 The outcome measure BPND 

is a quantitative measure of specific binding. It reflects the concentration of 

specifically bound tracer relative to the concentration of free and non-

specifically bound tracer in tissue under equilibrium. For [
18

F]FDG,

parametric images of standardized uptake value ratio (SUVr) were extracted 

from the interval between 45 and 60 minutes after injection. Cerebellar gray 

matter was chosen as reference tissue for both PET tracers because of its 

(histopathological) lack of Congo red and thioflavin-S-positive plaques,
40

 and

its relative insensitivity to metabolic changes during disease progression.
41

For regional analysis, BPND ([
11

C]PIB) and SUVr ([
18

F]FDG) of frontal (volume

weighted average of orbital frontal, medial inferior frontal, and superior 

frontal), parietal (including the precuneus), occipital and temporal (volume 

weighted average of superior temporal and medial inferior temporal) cortices 

and posterior cingulate were calculated. In addition, global cortical BPND and 

SUVr were calculated, based on the aforementioned regions.   

APOE 

APOE genotyping was performed after DNA isolation from 10 ml 

ethylenediaminetetraacetic acid (EDTA) blood, using the LightCycler APOE 

mutation detection method (Roche Diagnostics GmbH, Mannheim, 

Germany). 

Statistics 

Differences between groups for baseline characteristics were assessed 

using ANOVA, Kruskal Wallis tests and χ² tests, where appropriate. 

ANOVAs, adjusted for gender and education in model 1, and additionally 

adjusted for MMSE and APOE in model 2, were used to compare cognitive 

test performance between Alzheimer’s disease groups only, and to compare 

global [
11

C]PIB BPND and [
18

F]FDG SUVr between patients and controls.

Regional differences in [
11

C]PIB BPND and [
18

F]FDG SUVr between younger

and older Alzheimer’s disease patients were assessed using a general linear 

model (GLM) with repeated measures (model 1: adjusted for gender, model 
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2: additionally adjusted for education, MMSE, and APOE) entering age 

(dichotomous) as between subjects factor, region (frontal, temporal, parietal 

and occipital and posterior cingulate cortices) as within subjects factor and 

regional BPND/SUVr as dependent variables. The analyses were repeated 

entering age-at-diagnosis as continuous variable. ANOVAs (model 1: 

adjusted for gender, model 2: additionally adjusted for education, MMSE, 

and APOE) were used to further assess differences between younger and 

older Alzheimer’s disease patients in regional BPND/SUVr. Linear regression 

analyses were used to assess the spatial relationships between [
11

C]PIB

and [
18

F]FDG, and to assess the relationships between regional BPND/SUVr

and composite cognitive domain scores for younger and older Alzheimer’s 

disease patients separately. Statistical significance was set at p<0.05.  

RESULTS 

Subject characteristics 

Characteristics according to diagnostic group are presented in Table 1. At 

time of diagnosis, the younger Alzheimer’s disease patients were on 

average 56±4 (median: 56, range: 40-62) and the older Alzheimer’s disease 

patients 69±5 (median: 67, range: 62-78) years. Younger and older patients 

did not differ in gender, level of education, disease duration or MMSE 

scores. Alzheimer’s disease patients had a slightly lower level of education 

than controls (p<0.05).   

Adjusted for gender and education, younger patients showed more severe 

impairment on visuo-spatial function, executive function and attention 

composite scores than older patients (p<0.05, Table 2). In contrast, there 

was a trend towards worse memory performance for the older Alzheimer’s 

disease group compared with younger patients (p=0.11). No differences in 

language skills were observed (p=0.51). After additional adjustment for 

MMSE and APOE, the difference in memory performance between groups 

became significant (p<0.05). 

Global [
11

C]PIB BPND and [
18

F]FDG SUVr

Adjusted for gender, global cortical [
11

C]PIB BPND did not differ between

younger (0.75±0.13) and older Alzheimer’s disease (0.69±0.21, p=0.29), 

both being higher than that of controls (0.12±0.21, both p<0.001, Figure 1A). 

Global cortical [
18

F]FDG uptake was essentially the same in younger

(0.98±0.09) and older (0.99±0.10) Alzheimer’s disease patients (p=0.30), 

which was lower than that in controls (1.10±0.07, both p<0.001, Figure 1B).  
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Table 1. Demographic and clinical characteristics according to diagnostic group 

Younger  

Alzheimer’s disease 

(n=45) 

Older  

Alzheimer’s disease 

(n=46) 

Controls 

(n=20) 

Age at diagnosis 564
a
 695 677 

Disease duration 32 32 n/a 

Gender (m,f) 29,16 26,20 14,6 

Education 5(3-7)
b
 5(3-7)

b
 6(2-7) 

MMSE 235
b
 243

b
 291 

% APOE ε4 carrier 67 80 18 

MTA score 0.90.8 1.31.0
#
 n/a 

Fazekas score 0.80.6 0.90.6 n/a 

Data are presented as mean ± standard deviation unless indicated otherwise. 

m, male; f, female; MMSE, Mini-Mental-State Examination; APOE, Apolipoprotein E; MTA, 

medial temporal lobe atrophy. Fazekas scores represent the grade of white matter 

hyperintensities. 

Differences between groups were assessed using ANOVA with post hoc Bonferroni tests (age 

and MMSE), independent samples t-test (disease duration),  Kruskal Wallis with post hoc Mann 

Whitney U tests (education, MTA and Fazekas scores) and χ² (gender, APOE genotype). 

* Education using Verhage’s classification (Verhage F, 1964) on a 1-7 scale, median (range)
a

Younger Alzheimer’s disease < older Alzheimer’s disease and controls: p<0.05
b  

Younger and
 
older Alzheimer’s disease < controls: p<0.05

# 
Older Alzheimer’s disease > Younger Alzheimer’s disease: p=0.06

Regional [
11

C]PIB BPND and [
18

F]FDG SUVr

GLM with repeated measures (adjusted for gender) was used to assess the 

regional distributions of [
11

C]PIB and [
18

F]FDG in relation to age in

Alzheimer’s disease patients only. For [
11

C]PIB BPND, the main effect for

age, treated as dichotomous variable, was not significant (p=0.22), but there 

was a main effect for region (p<0.001). Moreover, there was an interaction 

between age and region (p<0.01), which could be attributed to increased 

[
11

C]PIB binding in the parietal cortex of younger Alzheimer’s disease

patients (Figure 2A). Additional adjustment for education, MMSE, and APOE 

did not change the results (p for interaction <0.05). Results were 

comparable when the analysis was repeated using age as continuous 

variable (interaction between age and region p<0.01). ANOVAs with 

adjustment for gender, education, MMSE and APOE, showed higher parietal 

[
11

C]PIB BPND in younger patients compared with older patients (p<0.05).

There were no significant differences between groups in other regions. 

For [
18

F]FDG, the main effect for age was not significant (p=0.37), but there

was a main effect for region (p<0.001). Furthermore, there was an  
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Figure 1. Global (A) [
11

C]PIB BPND and (B) [
18

F]FDG SUVr in controls and in younger and older

Alzheimer’s disease patients. Horizontal lines between symbols represent mean values. 

Differences between groups were assessed using ANOVA (* post hoc Bonferonni tests: 

p<0.001).  

Figure 2. Regional (A) [
11

C]PIB BPND and (B) [
18

F]FDG SUVr in younger and older Alzheimer’s

disease patients. Differences between groups were assessed using a general linear model with 

repeated measures, adjusted for gender, education, MMSE, and APOE. For both tracers there 

were interactions between age and region ([
11

C]PIB: p<0.01, [
18

F]FDG: p<0.05). ANOVAs for 

individual regions showed that this was largely attributable to increased [
11

C]PIB binding (* 

p<0.05) and decreased [
18

F]FDG uptake (+ p<0.05 after adjustment for gender, p>0.05 after 

additional adjustment for education, MMSE, and APOE) in the parietal lobe of younger 

Alzheimer’s disease patients.  
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interaction between age and region (p<0.05), mainly driven by reduced 

parietal [
18

F]FDG uptake in younger Alzheimer’s disease patients (Figure

2B). The interaction between age and region lost significance after additional 

adjustment for education, MMSE, and APOE (p for interaction 0.15). When 

the analysis was repeated using age as continuous variable results did not 

change essentially. ANOVAs, adjusted for gender, revealed lower [
18

F]FDG

SUVr in the parietal cortex of younger patients compared with older patients 

(p<0.05). This finding was no longer significant after additional adjustment 

for education, MMSE, and APOE. There were no significant differences 

between groups in other regions. Linear regression analyses (adjusted for 

gender, education, MMSE, and APOE) for the whole group and for younger 

and older Alzheimer’s disease patients separately showed no correlation 

between [
11

C]PIB BPND and [
18

F]FDG  SUVr in any of the cortical ROIs.

Regional [
11

C]PIB BPND and [
18

F]FDG SUVr

GLM with repeated measures (adjusted for gender) was used to assess the 

regional distributions of [
11

C]PIB and [
18

F]FDG in relation to age in

Alzheimer’s disease patients only. For [
11

C]PIB BPND, the main effect for

age, treated as dichotomous variable, was not significant (p=0.22), but there 

was a main effect for region (p<0.001). Moreover, there was an interaction 

between age and region (p<0.01), which could be attributed to increased 

[
11

C]PIB binding in the parietal cortex of younger Alzheimer’s disease

patients (Figure 2A). Additional adjustment for education, MMSE, and APOE 

did not change the results (p for interaction <0.05). Results were 

comparable when the analysis was repeated using age as continuous 

variable (interaction between age and region p<0.01). ANOVAs with 

adjustment for gender, education, MMSE and APOE, showed higher parietal 

[
11

C]PIB BPND in younger patients compared with older patients (p<0.05).

There were no significant differences between groups in other regions. 

For [
18

F]FDG, the main effect for age was not significant (p=0.37), but there

was a main effect for region (p<0.001). Furthermore, there was an 

interaction between age and region (p<0.05), mainly driven by reduced 

parietal [
18

F]FDG uptake in younger Alzheimer’s disease patients (Figure

2B). The interaction between age and region lost significance after additional 

adjustment for education, MMSE, and APOE (p for interaction 0.15). When 

the analysis was repeated using age as continuous variable results did not 

change essentially. ANOVAs, adjusted for gender, revealed lower [
18

F]FDG

SUVr in the parietal cortex of younger patients compared with older patients 

(p<0.05). This finding was no longer significant after additional adjustment 
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for education, MMSE, and APOE. There were no significant differences 

between groups in other regions. Linear regression analyses (adjusted for  

gender, education, MMSE, and APOE) for the whole group and for younger 

and older Alzheimer’s disease patients separately showed no correlation 

between [
11

C]PIB BPND and [
18

F]FDG  SUVr in any of the cortical ROIs.

Cognition and regional [
11

C]PIB BPND and [
18

F]FDG SUVr

Linear regression analyses with adjustment for gender and education 

showed a negative association between visuo-spatial functioning composite 

scores and parietal [
11

C]PIB BPND for young Alzheimer’s disease patients

(p<0.05) (Table 3, Figure 3A), and between visuo-spatial functioning 

composite scores and occipital [
11

C]PIB BPND for older Alzheimer’s disease

patients (p<0.05) (Figure 3B). For [
18

F]FDG, linear regression showed

associations between parietal SUVr with visuo-spatial (Figure 3C), attention, 

and executive functioning composite scores in younger Alzheimer’s disease 

patients (all p<0.05) (Table 4). In older Alzheimer’s disease patients, 

increased posterior cingulate SUVr was associated with worse memory 

(Figure 3D) and language performance (p<0.05). After additional adjustment 

for MMSE and APOE only the correlation between posterior cingulate SUVr 

and language lost significance. There were no other associations between 

regional [
11

C]PIB BPND/[
18

F]FDG SUVr and composite cognitive domain

scores. 

Table 2. Composite cognitive scores according to age 

Younger 
Alzheimer’s disease 

Older  
Alzheimer’s disease 

Memory 0.100.13 -0.190.13
+
 

Visuo-spatial functions -0.460.19* 0.190.11 
Executive functions -0.300.15* 0.160.11 
Language -0.100.18 -0.090.14 
Attention -0.270.14* 0.200.08 

Data are presented as Mean ± Standard error. Composite scores were calculated by averaging 
z-scores for all tests within a cognitive domain. Neuropsychological data were available for 43 
younger and 44 older Alzheimer’s disease  patients. 
Differences between groups were assessed using univariate ANOVA with adjustment for age 
and education in the first model, and with additional adjustment for MMSE and APOE in the 
second model. 
* p<0.05;

+
   p=0.11 after adjustment for gender and education, p<0.05 after additional 

adjustment for MMSE and APOE 
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Figure 3. Linear regression analyses showed correlations between parietal amyloid deposition 

(A) and glucose metabolism (C) with visuo-spatial function composite scores in younger 

Alzheimer’s disease patients (standardized β [
11

C]PIB: -0.37; [
18

F]FDG: 0.55, both p<0.05). In 

older Alzheimer’s disease patients, there was a relationship between occipital [
11

C]PIB binding 

and visuo-spatial functioning (B) (standardized β: -0.39, p<0.05). Furthermore, metabolic 

activity in the posterior cingulate was correlated with memory performance in older Alzheimer’s 

disease patients (D) (standardized β: 0.41, p<0.05).  
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DISCUSSION 

The main findings of the present study are an increased amyloid burden and 

modestly increased metabolic dysfunction in the parietal cortex of younger 

Alzheimer’s disease patients. Parietal amyloid load was related to visuo-

spatial functioning in younger patients, whilst metabolic impairment in the 

parietal cortex of these patients was related to visuo-spatial skills, executive 

functions, and attention. In older patients, memory performance was 

associated with metabolic activity in the posterior cingulate. This suggests 

that clinical differences between younger and older Alzheimer’s disease 

patients are related not only to topographical differentiation in downstream 

processes, but may originate from distinctive distributions of early upstream 

events.  

The spatial relationship between amyloid deposition and its downstream 

effects in sporadic Alzheimer’s disease is not completely understood. 

Several studies have shown anatomical overlap between amyloid deposition 

and glucose metabolism in parieto-temporal, posterior cingulate and 

precuneus regions, indicating metabolic vulnerability in amyloid plaque 

enriched brain regions.
42,43

 In contrast, amyloid deposition in the frontal

cortex often coincides with relatively spared metabolism and, vice versa, low 

levels of fibrillary amyloid plaques in medial temporal regions are often 

accompanied by severe neurodegeneration. Previously, it has been found 

that early-onset Alzheimer’s disease patients show differently distributed 

glucose hypometabolism in the absence of a regionally specific pattern of 

amyloid deposition.
13

 This raised the question whether other pathological

processes such as neurofibrillary tangle formation or neuroinflammation may 

account for this region specific metabolic impairment. Based on the present 

study, however, it may be worthwhile to reconsider the possibility of an 

amyloidogenic predisposition for metabolic vulnerability, especially in the 

parietal cortex as this brain structure was most severely affected by both 

amyloid deposition and glucose hypometabolism in younger Alzheimer’s 

disease patients. These findings are in line with current theories on the 

pathogenesis of Alzheimer’s disease proposing that amyloid-beta initiates a 

cascade of neuropathological events that eventually lead to neuronal 

damage and cell death.
44

 As such, disproportionate parietal amyloid-beta

accumulation may precede parietal metabolic brain dysfunction in early-

onset Alzheimer’s disease patients.  
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The finding of a different amyloid distribution in younger Alzheimer’s disease 

patients is in contrast with two previous studies. In a recent study, increased 

global [
11

C]PIB retention without specific differences in distribution was

shown in early-onset Alzheimer’s disease.
45

 Observed effects in that study,

however, were mainly due to inclusion of a number of PIB-negative patients 

in the late-onset Alzheimer’s disease group in the absence of PIB-negative 

early-onset Alzheimer’s disease patients. In contrast, we included only PIB-

positive patients, thereby minimising the possibility of misdiagnosis. In the 

first [
11

C]PIB study comparing early-onset with late-onset Alzheimer’s

disease, however, no global or topographical differences in amyloid burden 

were reported.
13

 Discrepancies with the present study may be due to

differences in group characterization, sample sizes, or the use of different 

methods for analysing the [
11

C]PIB PET data. Furthermore, Rabinovici et al.

used an age cut-off of 65 years at time of disease onset to categorize early-

onset and late-onset Alzheimer’s disease patients. Patients in the present 

study were relatively young, leading to an age cut-off of 62 years at time of 

diagnosis. This may suggest that the present findings are driven by 

Alzheimer’s disease patients with very early onset. Potentially, the marked 

increased parietal [
11

C]PIB binding is most prominent in very young patients,

whilst [
18

F]FDG uptake differs most between early-onset and late-onset

Alzheimer’s disease patients. This would fit a recently proposed hypothetical 

biomarker model
46

 and possibly explains discrepant findings between this

and a previous study.
13

 Adding an even older Alzheimer’s disease group in a

future study would be of major interest. An alternative explanation for the 

increased parietal [
11

C]PIB binding in younger Alzheimer’s disease patients

could be their clinical presentation. In the present study, younger and older 

patients had comparable MMSE scores, disease duration, level of education 

and APOE genotype. Yet, younger patients performed relatively worse on 

non-memory tasks, whilst older patients exhibited most severe impairment 

on memory tasks. These different phenotypes may be an ultimate 

expression of topographical differences as younger Alzheimer’s disease 

patients showed an increased parietal amyloid burden. This notion was 

further supported by the association we found between parietal [
11

C]PIB

binding and visuo-spatial functioning in young Alzheimer’s disease patients. 

Distinct distributions of amyloid load, however, were not found in patients 

with focal variants of Alzheimer’s disease such as posterior cortical 

atrophy
47,48

 (PCA, characterized by impairment in vision and visuospatial

skills) or logopenic aphasia
49,50

 (characterized by word finding problems,

anomia and difficulty in sentence repetition), when compared with patients 

with typical Alzheimer’s disease. Despite similar distributions of [
11

C]PIB
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retention in PCA, these patients did show reduced [
18

F]FDG uptake in

occipitotemporal regions,
48

 suggesting that not amyloid plaque deposition

but metabolic impairment drives the clinical presentation. Sample sizes in 

these studies were small, however, and further investigation is needed to 

unravel the pathways that eventually lead to distinct phenotypes of 

Alzheimer’s disease.  

The origin of an apparent parietal predilection for both amyloid deposits and 

glucose hypometabolism in early-onset Alzheimer’s disease remains 

unknown. Early and subtle changes in brain network activity may play a role 

in this intriguing phenomenon. The parietal lobe is an important component 

of the default mode network (DMN) which consists of a set of interconnected 

brain regions that typically activate during task-free imaging.
51

 Basal neural

network activity is highest in DMN structures that are also vulnerable for 

amyloid deposition such as frontal cortex, posterior cingulate and parietal 

cortex. It has been hypothesized that amyloid plaques preferentially develop 

in brain areas susceptible to very early network changes.
52,53

 Due to

unknown, possibly genetic or environmental factors, changes in DMN 

integrity may be most pronounced in the parietal cortex in early-onset 

Alzheimer’s disease patients, thereby anticipating parietal amyloid-beta 

accumulation and progressive metabolic impairment. Another possibility is 

that early-onset and late-onset Alzheimer’s disease patients exhibit 

disruptions in different brain networks. Late-onset Alzheimer’s disease 

patients may predominantly show DMN, thus hippocampal-cortical memory 

system, disruptions, whilst early-onset Alzheimer’s disease patients may 

more often exhibit reduced connectivity in the dorsal attention network
54

 or in

the frontoparietal control system.
55

 Whether indeed age-of-onset is related to

specific changes in functional connectivity in Alzheimer’s disease patients 

remains to be investigated. 

In early-onset Alzheimer’s disease, patients often present with cognitive 

deficits linked to parietal cortex such as acalculia, spatial disorientation and 

apraxia.
3-5

 Younger Alzheimer’s disease patients in this study had most

severe impairment in visuo-spatial skills, executive functions and attention, 

in addition to an increased amyloid burden and modestly decreased glucose 

metabolism in the parietal lobe. We also showed a direct association 

between amyloid deposition in the parietal cortex and visuo-spatial 

functioning, and between parietal glucose metabolism and visuo-spatial 

abilities, executive functions, and attention in these patients. These 

relationships were independent of gender, education, MMSE scores and 
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APOE genotype. Data of the present study fit a hypothetical model in which 

disproportionate accumulation of amyloid-beta precedes disproportional 

neuronal dysfunction in the parietal cortex of younger Alzheimer’s disease 

patients, in turn leading to decline in cognitive functions that are typically 

associated with parietal brain structures. Older Alzheimer’s disease patients 

showed a trend towards worse memory performance compared with 

younger patients. Memory performance was related strongly to reduced 

metabolic activity in the posterior cingulate, a critical brain region in sporadic 

Alzheimer’s disease. Furthermore, there was an association between 

amyloid deposition in the occipital cortex and visuo-spatial functioning. This 

effect is strongly driven by two patients with high [
11

C]PIB binding and low

visuo-spatial composite scores (Figure 3B). One of these older patients was 

diagnosed with PCA, illustrating that an atypical presentation is not restricted 

to early-onset Alzheimer’s disease. Furthermore, our data suggest that 

dysfunction of the brain (i.e. reduced glucose metabolism) is more closely 

related to cognitive dysfunction in younger than in older Alzheimer’s disease 

patients. It may be hypothesized that cognitive deficits in younger patients 

are a direct effect of Alzheimer’s disease pathology or its downstream 

effects, whilst in older patients other aging related factors confound this 

relation.  

Despite previously reported differences in extent and pattern of brain 

atrophy between early-onset and late-onset Alzheimer’s disease,
15,16

 PET

data were not corrected for partial volume effects. Many uncertainties affect 

both accuracy and precision of (MR based) partial volume correction 

methods, such as coregistration and segmentation errors.
56

 To date, there is

no consensus on the best method for [
11

C]PIB and [
18

F]FDG data. It is

possible that application of partial volume correction would have resulted in 

even higher [
11

C]PIB binding values in the parietal cortex of younger

Alzheimer’s disease patients. For [
18

F]FDG, however, lack of partial volume

correction may have led to underestimation and could, therefore, have 

affected observed differences between younger and older Alzheimer’s 

disease patients. This is not necessarily the case as partial volume 

correction did not make any difference in a previous study.
13

 Another

limitation of the present study is that Alzheimer’s disease patients in the 

older group were relatively young (69 years on average at time of 

diagnosis). Amongst the strengths of this study is the large sample of 

patients with a clinical diagnosis of Alzheimer’s disease and in vivo evidence 

of amyloidosis. Furthermore, younger and older Alzheimer’s disease 

patients were comparable in terms of gender, disease duration, education 
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and disease severity, yet showed a clearly distinct cognitive profile, thereby 

providing sharp contrast between Alzheimer’s disease phenotypes 

according to age. Finally, an optimal quantitative parametric method (RPM2) 

was used for analyzing [
11

C]PIB data.

The present study provides in vivo evidence for a different topography of 

amyloid deposition and glucose hypometabolism in younger Alzheimer’s 

disease patients compared to older patients. Increased amyloid burden, 

together with metabolic dysfunction, in the parietal cortex of younger 

Alzheimer’s disease patients may explain the distinct cognitive profile in 

these patients. This study adds to the understanding of heterogeneity in 

terms of age-at-onset and clinical presentation and shows for the first time a 

more direct relationship between amyloid deposition and clinical signs. 
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SUMMARY 

This thesis focused on the implementation of amyloid PET in clinical 

practice. The main aims of this thesis were: 

1) to compare clinical interpretation of amyloid PET with CSF biomarkers;

2) to investigate the clinical utility of amyloid PET;

3) to examine the association of amyloid PET with Alzheimer risk factors.

In this chapter, the main findings of this thesis are summarized and placed 

within the broader context of current AD research, which is followed by 

methodological considerations and concluded by future perspectives. 

Molecular imaging of Alzheimer pathology 

The first part of this thesis provides a general introduction in molecular 

imaging of Alzheimer pathology. In Chapter 1.2 we provided an overview of 

current literature on amyloid and tau tracers for in vivo detection of amyloid 

and tau pathology. In non-demented subjects, amyloid PET has a high 

predictive accuracy for future conversion to AD dementia. In dementia 

patients, amyloid PET positivity can also be found in other syndromes 

besides AD, such as posterior cortical atrophy, logopenic aphasia and Lewy 

bodies dementia. Furthermore, tau PET tracers are currently under 

development. Histopathology and first-in-human tau PET studies indicate a 

more tightly association with neurodegeneration and cognitive decline 

compared to amyloid PET.  

Detecting Alzheimer pathology: Amyloid PET and CSF biomarkers  

The second part of the thesis compared clinical interpretation of amyloid 

PET with CSF biomarkers as markers for Alzheimer pathology. In Chapter 

2.1 we investigated the concordance between amyloid pathology on [
11

C]PIB

PET and CSF biomarkers for Alzheimer pathology, including soluble forms 

of the proteins amyloid β(1-42) (Aβ42), and tau. In a memory clinic sample of 

cognitively normal subjects, MCI patients and demented patients, 

concordance between [
11

C]PIB PET and CSF Aβ42 was 84%. Most often,

discordance was seen in MCI and AD patients with (borderline) normal CSF 

Aβ42 levels and positive [
11

C]PIB PET. When a more lenient Aβ42 cut-off

point or a combination of Aβ42 and tau was used, concordance with [
11

C]PIB

PET was even higher. Overall, these findings provide convergent validity for 

the use of both types of biomarkers as measures of AD pathology in a 

memory clinic population. In Chapter 2.2 CSF Aβ42 cut-off points were 

defined based on [
11

C]PIB PET and compared with cut-off points currently

used in clinical practice. Analyses were performed in a cohort including 433 
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subjects from 5 different European centers. Amyloid PET-based CSF Aβ42

cut-off points were higher and reduced inter-center variability when 

compared with current clinical cut-off points. Exploratory analyses showed 

that subjects with a positive [
11

C]PIB PET and a (borderline) normal CSF

Aβ42 level had higher CSF tau and p-tau levels and were more often MCI or 

AD dementia patients. These findings suggest that CSF Aβ42 cut-off points 

based on amyloid PET may be helpful to determine more generally 

applicable cut-off points for CSF biomarkers. Furthermore, subjects with 

(borderline) normal CSF Aβ42 and a positive [
11

C]PIB PET scan may be

more likely to have AD-related amyloid pathology according to their 

increased tau levels in CSF and clinical diagnosis. 

Clinical use of amyloid PET 

In the third part of this thesis we investigated the clinical use of amyloid PET. 

In Chapter 3.1 several parametric imaging methods were compared to 

determine the optimal approach for visual assessment of [
11

C]PIB PET

images in a memory clinic sample. Both 60 and 90 minutes BPND images 

showed excellent inter-reader agreement, whilst agreement was good to 

moderate for SUVr and SUV images. Inter-method agreement varied 

substantially between readers, although BPND images consistently showed 

the best performance. Therefore, our findings indicate that the RPM2 

method, providing [
11

C]PIB BPND images, is the method of choice for optimal

visual interpretation of [
11

C]PIB PET scans. In Chapter 3.2 the diagnostic

utility of [
18

F]flutemetamol PET in early-onset dementia patients was

assessed. A total of 211 tertiary memory clinic patients suspected of having 

mild early-onset dementia, in whom diagnosis remained unclear after routine 

diagnostic work-up, underwent [
18

F]flutemetamol PET imaging. PET scans

were positive in 77% of patients with a pre-PET AD diagnosis and in 33% of 

patients with a non-AD diagnosis. After disclosure of PET, 19% of diagnoses 

were changed and in 37% PET results led to a change in patient 

management. These findings show that [
18

F]flutemetamol PET has added

value over a standardized work-up in early-onset dementia patients with an 

uncertain clinical diagnosis.  

Alzheimer pathology and AD risk factors 

In the fourth part of this thesis we examined the association of amyloid 

pathology with Alzheimer risk factors in preclinical and clinical AD. In 

Chapter 4.1 the associations of AD risk factors with amyloid pathology in 

cognitively normal elderly were analyzed. Besides the well-known risk 

factors for AD, which are older age and APOE ε4 genotype, presence of 



Summary and general discussion 

158 

subjective memory complaints (SMC) was also associated with pathological 

amyloid deposition. More specifically, the association of SMC with amyloid 

pathology was restricted to APOE ε4 carriers and younger participants. 

These findings indicate that, besides older age and APOE ε4 genotype, 

SMC may also be indicative for amyloid pathology and may help enrich a 

cognitively normal elderly cohort for amyloid pathology in secondary 

prevention trials. In Chapter 4.2 the relationships between age and both in 

vivo fibrillary amyloid deposition and glucose metabolism in AD patients 

were assessed. Although the extent of amyloid deposition or glucose 

hypometabolism did not differ between younger and older AD patients, 

regional differences were found with younger patients showing increased 

[
11

C]PIB binding and decreased [
18

F]FDG uptake in the parietal cortex.

Furthermore, in younger patients both increased amyloid pathology and 

lower metabolic activity in the parietal cortex were related with poorer visuo-

spatial functioning. These findings provide evidence that neuropathology 

may contribute to distinct clinical presentations seen in younger and older 

AD patients.  

GENERAL DISCUSSION 

Alzheimer’s disease pathology: Amyloid PET and CSF  

Several Alzheimer biomarkers are developed and validated for detection of 

Alzheimer pathology in vivo. According to the hypothetical model for 

temporal evolution of AD biomarkers,
1,2

 the earliest biomarker changes are

related to the accumulation of Aβ in the brain cortex. To date, two 

approaches are clinically available for measuring amyloid pathology in vivo. 

First, cortical amyloid deposition can be visualized using amyloid PET. 

Besides, soluble levels of Aβ42 can be detected in CSF.  

For clinical practice, it is preferred to interpret biomarker outcomes in binary 

way. Amyloid biomarkers are often classified as either ‘amyloid positive’ or 

‘amyloid negative’ based on the presence or absence of evidence amyloid 

pathology, respectively. For amyloid PET, interpretation is often based on 

visual reading. For CSF, a cut-off point for abnormal levels of Aβ42 can be 

determined. Findings described in Chapter 2.1. and 2.2 showed that clinical 

interpretation of amyloid PET and CSF Aβ42 are in agreement in the majority 

of the memory clinic patients (84%). This provides evidence for convergent 

validity of these biomarkers for AD pathology. Furthermore, it validates the 

interchangeable interpretation of these biomarkers as described in 
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diagnostic research criteria for AD.
3
 Besides, findings showed that CSF Aβ42 

levels may even better agree with amyloid PET when a more lenient cut-off 

point was applied. This may be explained by the way currently used cut-off 

points were determined. Usually, laboratories determine local cut-off points 

based on the optimal discrimination between cognitively normal subjects and 

subjects diagnosed with AD dementia. Since 20-30% of cognitively normal 

controls have abnormal CSF Aβ42 levels,
4
 this cut-off point calculation 

method may result in a more conservative (lower) CSF Aβ42 cut-off point. 

Use of amyloid PET as a standard of truth overcomes this problem.  

 

In addition, findings of this thesis suggest that using tau in addition to CSF 

Aβ42 for CSF interpretation may increase concordance with amyloid PET. 

The most probable explanation for this finding lies in the substantial inter- 

and intra-laboratory variability of CSF biomarker measures due to a 

combination of pre-analytical, analytical and post-analytical factors. 

Furthermore, these factors predominantly affect measures of Aβ42.
5,6

 

Variability in CSF Aβ42 measures results in a greater proportion of 

intermediate or uncertain outcomes. Therefore, taking into account tau 

levels can be useful for CSF biomarker interpretation especially when Aβ42 

results are found to be intermediate or uncertain, close to the cut-off point. 

This was demonstrated by MCI and AD patients with borderline normal CSF 

Aβ42 and positive PET described in this thesis, in which elevated tau levels 

changed interpretation of CSF into abnormal. In an attempt to overcome 

inter- and intra-laboratory variability of CSF measures, extensive efforts are 

on-going in international quality control programs aiming to standardize pre-

analytical, analytical and post-analytical procedures to further harmonize 

CSF biomarker measurement.
7
 

 

Some studies suggest that CSF and amyloid PET do not measure the same 

features of pathology. For example, participants with an arctic APP mutation 

and participants with HIV infection have reduced Aβ42 levels in the absence 

of cortical amyloid burden on PET.
8,9

 Previous findings show that CSF 

reflects the soluble pool of Aβ42 while amyloid-PET mainly reflects the 

fibrillary component of Aβ pathology.
11

Although the underlying mechanisms 

for amyloid pathology are still unclear, the current hypothesis for this relation 

is that low Aβ42 levels in CSF are the result of sequestration of Aβ in the 

brain cortex which results in reduced clearance into CSF.
10

 Furthermore, a 

recent study showed that CSF Aβ42 and amyloid PET are partly 

independently and differentially related to other, non-amyloid, aspects of AD 

pathology.
15

 These findings provide evidence that both modalities provide 
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information about a different aspect of amyloid pathology. Besides, some 

studies suggested that a decline in CSF Aβ precedes cortical amyloid 

deposition,
12,13

 although this was not supported by others.
14

In contrast to CSF biomarkers, amyloid PET imaging shows low inter- and 

intra-laboratory variability,
16

 which currently makes it a more reliable

biomarker for detecting amyloid pathology in vivo. Furthermore, amyloid 

PET imaging is a non-invasive procedure and with the introduction of 
18

F-

labelled tracers also widely available. On the other hand, CSF sampling is a 

relatively simple procedure without radiation exposure. Furthermore, costs 

are significantly lower compared to amyloid PET and analysis additionally 

provides biomarker information on tau levels in CSF. In addition, contra-

indications may also direct the choice for a specific biomarker, as well as 

availability and preference of the clinician or patient for one of the diagnostic 

tools.  

The interpretation of CSF biomarkers for evidence of Alzheimer pathology 

currently differs between diagnostic guidelines. According to the IWG-2 

criteria, evidence of Alzheimer pathology consists of either an positive 

amyloid PET or a combination of both abnormal Aβ42 and tau levels in 

CSF.
17

 Contrary, in the NIA-AA guidelines,
3
 a positive amyloid PET and

abnormal CSF Aβ42 are considered as ‘amyloid pathology’ biomarkers and 

provide intermediate probability of AD etiology. Besides, abnormal CSF tau 

is considered as a ‘neuronal injury biomarker’, which by itself also provides 

intermediate probability of AD etiology, however in combination with an 

abnormal amyloid biomarker this now results in a ‘high’ probability. Further 

research is needed for validation of both sets of guidelines in clinical 

practice.  

Clinical use of amyloid PET 

PET images can be acquired in several ways, as different analysis methods 

are available. The most generally used method to obtain [
11

C]PIB PET

images is to calculate standardized uptake value ratios (SUVr). Preferences 

for this method lies in the computational simplicity and short scan duration 

(~20 minutes). Another, less frequently used method is the receptor 

parametric mapping with fixed efflux rate constant (RPM2) method, 

generating BPND images, which require more advanced computational 

analysis and requires longer scan duration. Findings described in Chapter 

3.1 showed that there is substantial inter-reader variation in visual 

interpretation in less experienced readers, especially for SUVr images. In 
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contrast, analysis method did not affect visual interpretation of the most 

experienced reader. Therefore, findings suggest that in general BPND 

images are preferred for visual interpretation of amyloid PET. In addition, 

these findings indicate that extensive training may be necessary to 

overcome difficulties with visual interpretation. This supports the stipulation 

of the Federal Drug Agency (FDA) that clinical approval of fluorine-18([
18

F])-

labelled amyloid PET tracers requires reader-training programs to instruct 

clinicians how to visually interpret these amyloid PET images,
18,19

 especially

because these tracers are approved for visual interpretation of SUVr 

images.  

Furthermore, these results complement previous findings indicating that 

RPM2 is the method of choice for parametric analysis,
20

 and in particular for

longitudinal imaging.
21

 Compared to BPND images, SUVr was found to

inconsistently overestimate cortical amyloid load and showed greater 

variability. Furthermore, SUVr is more sensitive to changes in cortical blood 

flow, which is related to AD progression. Accurate measures of longitudinal 

changes in amyloid load are crucial for correct interpretation and 

identification of effective anti-amyloid treatment. Therefore, longitudinal 

amyloid PET imaging should be performed using fully quantitative methods.  

Compared with [
11

C]PIB, [
18

F]-labelled tracers have the advantage of a

longer half-life, allowing widespread implementation for clinical practice. 

Furthermore, as amyloid PET has been incorporated in the diagnostic 

research criteria for AD,
3
 it is important to determine when and in whom

supportive evidence for Alzheimer pathology is needed in clinical practice. 

Although clinical utility studies with amyloid PET imaging are sparse,
22-25

 a

working group convened by the Alzheimer’s Association and the Society of 

Nuclear Medicine and Molecular Imaging (SNMMI) developed appropriate 

use criteria for brain amyloid PET scans to guide clinicians on how best to 

apply amyloid PET in the clinical evaluation of patients with cognitive 

impairments.
26

 According to these criteria, amyloid PET is appropriate in

patients with an unclear clinical presentation or with an early age of onset. 

Uncertain clinical diagnosis may have several causes, e.g. atypical clinical 

presentation, mixed pathologies or conflicting test results. Furthermore, 

younger patients more often present with atypical clinical symptoms and are 

less likely to have ‘age-related’ amyloid pathology. Findings described in 

Chapter 3.2 showed that amyloid PET had impact on clinical diagnosis in 1 

out of 5 patients and altered patient management plan in 1 out of 3 patients. 

Furthermore, in most cases (86%) PET information increased the clinician’s 

diagnostic confidence. Furthermore, increase in confidence was related to 
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changed diagnosis and altered patient management plan. These findings 

suggest an additive, primarily confirmatory role for amyloid PET as a 

diagnostic marker in early-onset dementia patients with an uncertain clinical 

diagnosis. In addition, they provide support for clinical scenarios (unclear 

clinical presentation or an early age of onset) as listed in the appropriate use 

criteria for amyloid PET.  

In addition, health economic consequences of using amyloid PET in a 

memory clinic setting are of great socio-economic interest. In our on-going 

Dutch flutemetamol study, cost-effectiveness will be assessed after 

completion of 2 year clinical follow-up. In addition, a major study in the 

United States called ’Imaging Dementia – Evidence for Amyloid Scanning’ 

(IDEAS) aims to enroll 18.500 patients from around 200 different sites over 

the next two years. The aim of this study is to assess the impact of brain 

amyloid PET imaging on patient management and major medical 

outcomes.
27

 Findings of these studies are of major interest as they provide

insight in the benefits and cost-effectiveness of the use of amyloid PET in 

clinical practice.  

Important for clinical interpretation is the fact that amyloid PET does not 

detect dementia – it detects fibrillary amyloid pathology. As it does not 

provide clinical information on cognitive and daily functioning, it can never 

replace clinical evaluation. Furthermore, a positive amyloid PET scan is not 

specific for AD dementia, as amyloid deposition is also found in a small 

proportion of cognitively normal subjects, MCI patients and patients with a 

non-AD dementia.
4,28

 Contrary, a negative PET scan is of particular interest

for differential diagnosis as it makes AD unlikely as the cause of the 

cognitive complaints.   

Subjective memory complaints 

Both post-mortem
29-33

 and amyloid PET imaging
2,34

 studies have indicated

that Aβ deposition may start as early as 20 years prior to the clinical 

manifestation of dementia. This ‘preclinical’ AD phase is of particular interest 

for identification of subjects at risk for AD.
35

 In line with other studies,
36,37

findings in Chapter 4.1 showed that SMC are associated with increased risk 

of amyloid pathology in cognitively normal elderly. In addition, SMC were 

more strongly associated with cortical amyloid deposition in younger 

patients. This might indicate that older individuals may experience SMC 

more generally, not specifically related to AD pathology, while presence of 

SMC at a younger age could be an alarm signal warranting further testing. 
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Moreover, in a framework paper for subjective cognitive decline (SCD), SMC 

in particular are proposed as an ‘SCD plus’ feature that increases the 

likelihood of preclinical AD.
38

 Findings in this thesis provide evidence that

SMC may have important clinical implications and can be used as a 

potential risk factor for AD. Furthermore, they suggest that selection based 

on the presence of SMC may help enrich a cognitively normal elderly cohort 

for amyloid pathology in secondary prevention trials. A major difficulty in 

interpretation and comparison of studies on SCD, or SMC in particular, is the 

variety in concepts and measurement tools.
38

 Standardization between

studies is warranted to assess whether and to what extent SCD is a true risk 

factor for AD. 

AD heterogeneity 

Aging is the greatest known risk factor for AD. Furthermore, in patients who 

already have AD, age may have a differential effect on pathology. Previous 

studies showed that compared with late-onset AD, patients with an early 

disease-onset more often present with atypical, non-memory symptoms
39,40

together with a more rapid cognitive decline.
41

 Furthermore, early-onset AD

patients show a distinct pattern of downstream AD markers, for example 

more pronounced atrophy of the precuneus, more severe focal and diffuse 

EEG abnormalities and widespread decreased functional connectivity.
42-44

For Alzheimer pathology, no overall differences between younger and older 

AD patients were found in Chapter 4.2, however younger AD patient 

showed increased amyloid burden compared to older AD patients in the 

parietal cortex. Furthermore, poorer visuo-spatial functioning was related to 

higher parietal amyloid load in younger AD patients. Taken together, these 

findings suggest that the atypical clinical presentation seen in younger AD 

patients may originate from a distinct pattern of amyloid pathology in 

younger AD patients. 

According to the hypothetical model for AD, biomarkers evolve according to 

a temporal ordering, starting with amyloid pathology, followed by neuronal 

injury biomarkers and cognitive dysfunction. However, the inter-biomarker 

relationships are not completely understood. First, patterns of amyloid 

deposition only partially overlap with patterns of downstream AD biomarkers 

such as glucose hypometabolism
45,46

 and atrophy,
47

 which are known to be

more tightly related with cognition. The distinct spatial pattern may be 

caused by the temporal delay between biomarkers as described in the AD 

biomarker model (Jack). Other studies suggest independent effects of 

amyloid, hypometabolism and atrophy,
48,49

 supporting the hypothesis that

amyloid may serve as a trigger or initiator for neuronal injury markers and 
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progression of further downstream neurodegenerative processes may be 

(partly) independent of amyloid pathology. Longitudinal multi-modal imaging 

studies are necessary increase our understanding of the temporal 

relationship between amyloid pathology, neuronal injury biomarkers and 

cognitive dysfunction.  

Methodological considerations 

Patient population 

Patients described in this thesis, except those in Chapter 4.1 and part of the 

sample of Chapter 2.2, were included from the Amsterdam Dementia Cohort 

of the VUmc Alzheimer Center.
50

 The VUmc Alzheimer Center is a tertiary

memory clinic and most patients were referred for a second or third opinion. 

Therefore, patients included in these studies were more often clinically 

difficult to diagnose due to complex patient histories or inconsistencies in 

test results. Furthermore, patients in the Amsterdam Dementia Cohort are 

relatively young, and therefore they are less likely to have ‘age-related’ or 

mixed amyloid pathology.
4
 It is therefore expected that these patients benefit

most from the use of amyloid PET for clinical diagnosis.   

Furthermore, patients that underwent [
11

C]PIB PET imaging at the VUmc

were scanned for 90 minutes. This relatively long scanning duration may 

have introduced a selection bias, as it is expected that the more severe 

and/or older AD patients are less likely to participate or successfully 

complete a PET scan due to higher patient burden. This bias was less 

expected for the patient sample who underwent [
18

F]flutemetamol, as all of

these patients were selected to be younger and only mildly demented. 

Furthermore, acquisition time of [
18

F]flutemetamol PET images was

substantially shorter (20 minutes) compared to [
11

C]PIB PET resulting in a

lower patient burden. 

Amyloid PET 

In most studies described in this thesis using visual interpretation of amyloid 

PET (Chapter 2.1, 2.2, 3.2 and 4.2), classification was based on one expert 

opinion, as no second readers were involved. However, the nuclear 

medicine physician involved in these studies is highly experienced in visual 

reading of amyloid PET. He read >500 amyloid PET images acquired with 

several tracers including [
11

C]PIB, [
18

F]flutemetamol, [
18

F]florbetaben and

[
18

F]florbetapir and successfully completed the training programs for all

clinically available [
18

F]-labelled tracers.
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Future perspectives 

One of the major goals in AD research to find treatment that stops, slow or 

even prevent the disease. Although anti-amyloid trials in AD dementia 

patients are claiming successful reduction of cortical amyloid deposition,
51,52

no positive effects were found on clinical outcome.
51,53

 Furthermore, it is

known that amyloid deposition start decades prior to the expression of 

clinical symptoms. It is therefore hypothesized that anti-amyloid treatment 

will not affect clinical course at later disease stages when substantial 

irreversible neurodegeneration and neuronal loss already occurred. 

Consequently, focus is shifting towards the ‘preclinical phase’ of AD. 

Preclinical AD is defined as the earliest disease stage of AD, when amyloid 

pathology is present, whilst clinical symptoms are absent and subjects show 

normal cognitive functioning.
54,55

 This preclinical AD phase provides a critical

window for intervention with disease-modifying therapies. These so-called 

‘secondary prevention’ trials will show whether early intervention in the 

process of amyloid accumulation will interfere with or alter amyloid-triggered 

downstream pathological changes.
56-58

 In this respect, amyloid PET can be

used for both screening on presence of amyloid pathology in cognitively 

normal subjects and for monitoring anti-amyloid treatment response when 

performed using fully quantitative methods.
21

 Besides, less expensive

indicators of preclinical AD, potentially SMC, may be helpful to preselect trial 

participants for amyloid PET screening. 

The appropriate use criteria for amyloid PET are the first guidelines for 

appropriate clinical use of amyloid PET, which is currently restricted to 

cognitively impaired patients.
26

 In asymptomatic individuals, at present

amyloid PET is deemed not appropriate due to prognostic uncertainty and 

lack of effective preventive treatment. To improve understanding of the 

prognostic value of amyloid pathology in cognitively normal elderly, large 

and long-term studies in cognitively normal elderly, monitoring different 

aspects of Alzheimer pathology over time, may improve our understanding 

of risk factors, disease progression, and prognosis of subjects progressing 

from cognitively normal towards AD dementia.  

Thus far, clinical utility studies were performed in highly specific research 

samples or expert memory clinic populations. However, since the 

development and approval of [
18

F]-labelled tracers for clinical use, amyloid

imaging is now introduced outside these expert centers. On-going and future 

clinical utility studies are expected to validate and refine the appropriate use 

criteria for amyloid PET and possibly identify other clinical subpopulations 



Summary and general discussion 

166 

and/or different diagnostic dilemmas in which amyloid PET can be 

beneficial. 

Dementia expert centers typically see patients revered for a second or third 

opinion in which clinical presentation is often atypical or complex. In these 

patients, information about underlying pathology using amyloid PET may be 

of particular help. Besides, it may also be expected that also, or even more 

in non-expert dementia centers, amyloid PET imaging shows added value 

for clinical decision making. These centers often have a more restricted 

standardized work-up and less experience with identifying rare or atypical 

presentations of different types of dementia, which may more often lead to 

uncertainty about clinical diagnosis leading to the request for amyloid PET. 

Especially in these cases, close co-operation of peripheral sites with 

dementia expert centers will be helpful to appropriately implement amyloid 

PET imaging in everyday practice of local memory clinics.  

Besides, with the introduction of amyloid PET in clinical practice, its 

appropriate use in the context of already existing diagnostic tools should be 

further investigated. Structural brain imaging, such as MRI or CT, may be 

considered as part of a standardized screening,
59

 whereas amyloid PET,

next to [
18

F]FDG PET and CSF biomarkers, may be considered as the more

‘secondary’ tools applied in case of complex diagnosis. Future utility studies 

including combinations of these biomarkers may provide guidelines on 

which, when and how to apply these biomarkers in specific diagnostic 

dilemmas and patient populations visiting a memory clinic. 

To date, three [
18

F]-labelled tracers are approved for clinical use, including

[
18

F]flutemetamol. [
18

F]Flutemetamol shows high sensitivity for detecting

cortical amyloid pathology
60

 and close correlation with [
11

C]PIB,
61

 showing

complete agreement between both tracers on visual reading.
62

 Similar

accuracy findings have been reported for the other two [
18

F]-labelled tracers,

[
18

F]florbetapir
63,64

 and [
18

F]florbetaben.
65,66

 Thus far, no direct head-to head

comparison studies have been performed. Besides, current costs for 

amyloid PET imaging are very similar between tracers. Therefore, the choice 

for a specific amyloid PET tracer may be based on other factors, such as 

availability or clinician/patient preferences. In addition, a difference between 

the three tracers is that [
18

F]flutemetamol has been FDA approved for color-

scale images, whilst [
18

F]florbetapir and [
18

F]florbetaben were approved for

reading in black and white scaling. Impact of color scale images on 

interpretation by clinicians and communication towards patients would be an 

interesting aspect to implement in future clinical utility studies. Furthermore, 
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[
18

F]AZD4694 ([
18

F]NAV4694) is a promising amyloid PET tracer currently

under development.
67,68

 In contrast to the other [
18

F]-labelled amyloid PET

tracers and similar to [
11

C]PIB, [
18

F]AZD4694 shows relatively low white

matter binding and high cortical binding, which possibly makes visual 

reading less challenging and therefore has great potential for clinical use. 

Finally, the recent development of several PET tau tracers has provided new 

possibilities to investigate the relation between amyloid deposition, neuronal 

injury and cognitive decline in vivo. This provides further understanding of 

the amyloid cascade hypothesis, the origin of clinical heterogeneity and the 

different pathological pathways leading to AD dementia. Furthermore, it has 

great potential for clinical evaluation of AD and non-AD tauopathies and 

staging of the disease. However, at present tau imaging is still in its infancy 

and only available for research purposes.   
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NEDERLANDSE SAMENVATTING 

Dementie en de ziekte van Alzheimer 

Dementie is een verzamelnaam voor ziektes die de hersenfuncties 

aantasten. De meest voorkomende vorm van dementie is de ziekte van 

Alzheimer. Deze progressieve ziekte begint vaak met geheugenproblemen, 

waarna ook problemen met taal, oriëntatie of gedragsveranderingen 

optreden. Bij mensen met de ziekte van Alzheimer zijn ophopingen tussen 

de hersencellen zichtbaar van het eiwit amyloid-β, ofwel amyloid plaques. 

Deze amyloid plaques zijn soms al 20 jaar in de hersenen aanwezig voordat 

patiënten geheugenklachten krijgen. Volgens de heersende ‘amyloid-

cascade theorie’ zijn deze amyloid plaques de vroegste veranderingen in de 

hersenen bij mensen met de ziekte van Alzheimer en zetten zij andere 

schadelijke processen in gang, zoals opstapelingen van een ander 

Alzheimer-eiwit, tau, waardoor uiteindelijk hersenweefsel afsterft en 

geheugenklachten optreden. De belangrijkste factoren die een risico vormen 

voor het krijgen van de ziekte van Alzheimer zijn veroudering en 

dragerschap van het gen allel Apolipoprotein E (APOE) ε4. De relatie van 

amyloid plaques met deze Alzheimer risicofactoren is nog onduidelijk. 

Biomarkers voor de ziekte van Alzheimer 

Tot voor kort konden amyloid plaques alleen na het overlijden onder de 

microscoop bekeken worden in hersenweefsel. Maar dankzij de ontwikkeling 

van een nieuw radioactief stofje (een tracer) en de beeldvormende techniek 

positron emissie tomografie (ofwel PET-scan) kunnen de amyloid plaques 

nu ook tijdens het leven zichtbaar worden gemaakt.  

Een andere, meer indirecte manier om de aanwezigheid van amyloid 

plaques te bepalen is met behulp van een lumbaalpunctie waarbij liquor 

(ofwel hersenvocht) wordt afgenomen. In liquor kan men naast de 

concentratie van amyloid ook de concentratie van het eiwit tau bepalen. In 

vergelijking met gezonde personen is de concentratie amyloid bij mensen 

met de ziekte van Alzheimer verlaagd en de concentratie tau verhoogd. 

Onderzoek naar de klinische relevantie en interpretatie van amyloid PET, 

alsmede de samenhang met bepaling van eiwitten in liquor, zijn noodzakelijk 

om de toegevoegde waarde te bepalen bij het stellen van een  juiste 

diagnose. 
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Doel proefschrift 

Het doel van dit proefschrift richt zich op de implementatie van amyloid PET 

in de klinische praktijk. Hierbij hebben wij gekeken naar: 

1. de interpretatie van amyloid PET en amyloid in liquor;

2. de toepasbaarheid van amyloid PET;

3. de relatie van amyloid PET met Alzheimer-risicofactoren bij zowel

Alzheimer patiënten als gezonde ouderen.

Resultaten 

Het eerste deel van dit proefschrift geeft een algemene inleiding op de 

beeldvorming van de ziekte van Alzheimer en het ziektebeeld op moleculair 

niveau.  

In hoofdstuk 1.2 geven wij een overzicht van de huidige literatuur over PET 

tracers die ontwikkeld zijn om de Alzheimer eiwitten amyloid en tau te 

detecteren. Omdat amyloid plaques soms al jaren voordat de eerste 

klachten optreden waar te nemen zijn in de hersenen, heeft amyloid PET bij 

niet-demente patiënten een hoge voorspellende waarde voor het 

ontwikkelen van Alzheimer dementie. Echter zijn amyloid plaques soms ook 

aanwezig in andere vormen van dementie, zoals dementie met Lewy 

lichaampjes. Daarbij suggereren de eerste resultaten van wetenschappelijk 

onderzoek met tau PET tracers dat een opstapeling van tau-eiwit sterker 

samenhangt met het afsterven van hersenweefsel dan de aanwezigheid van 

amyloid plaques.  

Het tweede deel van dit proefschrift richt zich op de relatie tussen amyloid 

PET en amyloid in liquor als biomarkers voor Alzheimer pathologie.  

In hoofdstuk 2.1 onderzochten wij de overeenstemming van amyloid PET 

en amyloid bepaling in liquor. Uit een steekproef in een gemengde 

geheugenkliniek bleek er sprake te zijn van een overeenstemming van 84%. 

Een verschil in interpretatie werd vaker gevonden bij patiënten met de ziekte 

van Alzheimer of met milde cognitieve klachten (MCI) die (rand)normale 

amyloid bepalingen in liquor lieten zien. De overeenstemming in interpretatie 

was hoger wanneer voor liquor een liberaler (hoger) amyloid referentiepunt 

werd gebruikt of een referentiepunt op basis van een combinatie van 

amyloid en tau.  

In hoofdstuk 2.2 hebben wij onderzoek gedaan naar referentiepunten voor 

Alzheimer pathologie in liquor die worden gebruikt voor de interpretatie van 

liquor als ‘normaal’ of ‘abnormaal’ (passend bij de ziekte van Alzheimer). In 

dit onderzoek zijn ‘nieuwe’ liquor referentiepunten berekend op basis van 

amyloid PET resultaten en vervolgens vergeleken met referentiepunten die 
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momenteel gebruikt worden in de praktijk. De analyses werden uitgevoerd in 

een cohort van 433 patiënten uit 5 verschillende Europese centra. Liquor 

referentiepunten gebaseerd op amyloid PET resultaten waren hoger en 

minder variabel tussen centra in vergelijking met de huidige 

referentiewaardes.  

 

In het derde deel van dit proefschrift onderzochten we de klinische 

toepassing van amyloid PET.  

In hoofdstuk 3.1 zochten we naar de beste analysemethode voor het 

visueel beoordelen van een amyloid PET scan als ‘normaal’ of ‘abnormaal’ 

(passend bij de ziekte van Alzheimer). Beoordelaars gaven meestal 

dezelfde beoordeling als zij keken naar amyloid PET scans geanalyseerd 

met de RPM2 methode, terwijl de overeenkomst in beoordeling lager was bij 

beoordeling van een scan uitgewerkt met andere (SUVr en SUV) methoden. 

Ook waren de minder ervaren beoordelaars het meest consequent in hun 

beoordeling van amyloid PET scans geanalyseerd met de RPM2 methode.  

In hoofdstuk 3.2 onderzochten we de toepassing van amyloid PET bij 

diagnostiek. Patiënten waarbij onduidelijkheid bleef bestaan over de 

diagnose na een standaard diagnostische dementie screening ondergingen 

een amyloid PET scan. In de meeste gevallen (87%) resulteerde een PET 

uitslag in een groter vertrouwen van de arts in de diagnose. Bij 19% van de 

patiënten leidde de PET uitslag tot een wijziging van de aanvankelijke 

diagnose. Daarnaast zorgde de PET uitslag bij 37% van de patiënten zelfs 

tot een verandering in het medisch beleid, zoals het starten van medicatie of 

aanvullend onderzoek.   

 

In het vierde deel van dit proefschrift onderzochten we de relatie van 

amyloid PET met Alzheimer-riscofactoren bij Alzheimer patiënten en 

gezonde ouderen.  

In hoofdstuk 4.1 vergeleken we gezonde ouderen met en zonder amyloid 

plaques. Gezonde ouderen mét amyloid plaques bleken vaker belast met 

risicofactoren voor Alzheimer, zoals een oudere leeftijd en het dragen van 

het gen allel APOE ε4. Daarbij had deze groep mensen vaker ‘subjectieve’ 

geheugenklachten; het ervaren van (vaak subtiele) klachten van het 

geheugen die niet geobjectiveerd konden worden omdat formeel 

testonderzoek geen verminderde geheugenfuncties aantoonden. Deze 

subjectieve geheugenklachten voorspelden de aanwezigheid van amyloid 

plaques echter alleen bij dragers van het allel APOE ε4 en bij mensen die 

relatief jong waren.  
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In hoofdstuk 4.2 onderzochten we de relatie tussen leeftijd en Alzheimer 

hersenschade, gemeten met twee soorten PET scans. Naast het aantonen 

van amyloid plaques met amyloid PET, kan de mate van suikergebruik van 

de hersenen worden gemeten met behulp van de tracer 

[
18

F]fluorodeoxyglucose ([
18

F]FDG). Dit suikergebruik van de hersenen 

neemt af bij mensen met de ziekte van Alzheimer. De hoeveelheid amyloid 

plaques en de mate van suikergebruik in het totale brein blijkt niet te 

verschillen bij jonge en oude Alzheimerpatiënten. Toch werden in specifieke 

gebieden in de hersenen wel verschillen gevonden. Zo lieten jongere 

patiënten meer amyloid plaques en een lager suikergebruik zien in de 

pariëtale cortex. Daarbij was deze regionale toename van hersenafwijkingen 

gerelateerd aan een slechtere visueel-ruimtelijke werking. 

 

Conclusie  

Het onderzoek dat gedaan is in dit proefschrift toont aan dat de resultaten 

van een amyloid PET scan in hoge mate overeenkomen met amyloid 

bepalingen in liquor. Deze twee biomarkers zijn dus uitwisselbaar als 

diagnostische tests voor het aantonen van de aanwezigheid van amyloid 

plaques. Een onderzoek naar specifiek het gebruik van amyloid PET in het 

diagnostisch proces laat zien dat deze hersenscan artsen kan helpen om 

een beter onderscheid te maken tussen verschillende vormen van dementie. 

Hierdoor kan een nauwkeuriger diagnose worden gesteld en een passender 

medisch beleid worden gevoerd. Andere onderzoeken die beschreven zijn in 

dit proefschrift met betrekking tot gezonde ouderen en Alzheimerpatiënten 

laten zien dat Alzheimer risicofactoren, zoals veroudering, het dragen van 

het allel APOE ε4 en subjectieve geheugenklachten, samenhangen met de 

aanwezigheid en/of verdeling van amyloid plaques in de hersenen.  

Het visualiseren van amyloid plaques met behulp van amyloid PET biedt 

mogelijkheden voor zowel de patiënt van nu als de patiënt van de toekomst. 

Voor sommige patiënten kan een amyloid PET scan behulpzaam zijn bij het 

stellen van een nauwkeurige diagnose. Amyloid PET onderzoek bij gezonde 

ouderen laat zien dat amyloid plaques ook aanwezig zijn bij een deel van de 

mensen zonder hersenschade of geheugenverlies. Dit helpt ons verder om 

de vroegste veranderingen van de ziekte van Alzheimer beter te begrijpen. 

Recent gestarte anti-amyloid medicatie studies zullen uitwijzen of 

behandeling in dit vroegste stadium het Alzheimer ziekteproces kan wijzigen 

of stoppen, waardoor het afsterven van hersenweefsel en geheugenklachten 

kan worden voorkomen. 
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