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Chapter 1: Introduction 

Dementia is one of the major health challenges and one of the most prevalent diseases 

affecting elderly1. The proportion of older people in the world, especially in the Western 

world, increases as life expectancy increases. Currently, 40 million people live with 

dementia worldwide2, but the burden of dementia grows with agedness and is estimated 

to increase to 131.5 million by 20503.  

More than hundred years ago, neuropathologist and psychiatrist Alois Alzheimer 

published his important work about dementia in „Histologische und histopathologische 

Arbeiten über die Grosshirnrinde“. In the past 3 decades the molecular events that initiate 

dementia have become clarified, with a central role of protein aggregation in the 

pathogenesis4. Further determination of the histopathologic process is a key to the 

development of potentially disease modifying treatments5. At present there is still no 

cure for dementia. However, when such treatments will develop, they will be based on 

the specific underlying pathophysiology. This may be achieved with in vivo biomarkers 

for dementia as they can be assumed to improve the diagnostic accuracy, which could 

become an essential prerequisite in staging, tracking, and providing a more quantitative 

categorization of the disease, as well as for documenting the effect of potential 

therapeutics6. This thesis aims to explore the value of cerebrospinal fluid and Positron 

Emission Tomography (PET) biomarkers in the differential diagnosis of dementia. 

Dementia is clinically characterised by cognitive deterioration, with behavioural and 

affective changes, and a negative impact in daily life functioning7. Alzheimer’s disease 

(AD) is the most common cause of dementia, accounting for 60-80% of the affected 

cases. In AD cases with young onset, i.e. between 30 and 60 years, the cause is often 

genetic, with a strong Mendelian inheritance pattern and monogenetic hereditary forms 

such as for example presenilin-1 and amyloid precursor protein8. Apart from genetic 

risk factors, cerebrovascular risk factors, environmental factors and lifestyle plays a role 

in the development and the progression of dementia9,10, 11.  

AD typically presents itself with episodic memory decline, accompanied by interferences 

in other cognitive domains, i.e. executive functioning, orientation in time and space, or 

language12. Atypical presentations of  AD have a different sequence in time, with late  

memory decline and may present themselves by difficulties in language, visuospatial 

cognition, or executive functioning at an early stage13. Approximately 30% of early-onset 

AD patients have an atypical course with late memory deficits14. The clinical stage of AD 

has an insidious onset and is mild in the earliest phase of the disease. If patients suffer 

from subjective cognitive complaints, their cognitive decline can initially not be 

objectified by (neuropsychological) examination. When cognitive complaints become 

objectively verifiable but do not yet affect the performance of activities of daily living, 

the patient has reached the stage of mild cognitive impairment (MCI). By gradually 

worsening of  the symptoms, restraining activities of daily living and affecting multiple 

cognitive domains, the patient has reached the dementia stage of AD15. About 10-15 % of 
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MCI patients annually progress to AD16. This gradual decline is described as the 

continuum of AD, which includes a preclinical stage, subjective cognitive decline, MCI, 

and dementia due to AD (Figure 1).  

 

 

Figure 1 The disease continuum of AD15.   

Abr: CH, cognitively healthy; SCD, subjective cognitive decline; MCI, mild cognitive 

impairment. 

 

In early dementia, behavioural and psychiatric symptoms frequently occur, such as 

depression, sleep disturbances, anxiety and apathy17. It is important to exclude other 

causes of cerebral dysfunction, which can also present themselves with the above 

mentioned symptoms, such as cerebrovascular disease, metabolic disturbance, 

psychiatric disease, brain tumour or central nervous system infections. Brain imaging, 

preferable magnetic resonance imaging (MRI) as well as blood and cerebrospinal fluid 

(CSF) tests can be performed to investigate and exclude alternative diagnosis. 

Neuropsychological examination can objectivate cognitive function and quantify affected 

cognitive domains19 and evaluate whether the patient also suffers from depression or 

other behavioural symptoms. This can be extended by psychiatric evaluation. In memory 

clinics these diagnostic investigations are often provided in a ‘one–day work–up’.  

Until recently, the diagnosis of AD was based only on clinical symptoms and the definite 

diagnosis was provided by AD neuropathology at post-mortem examination. Histo-

pathological hallmarks of AD are deposits of extracellular amyloid-β (Aβ) protein  and 

intracellular neurofibrillary pathology consisting of neuritic plaques, neurofibrillary 

tangles (NFT) and neuropil threads (Figure 2)20.    
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Figure 2 Immunohistochemical staining of amyloid plaques (‘Plaque’) and 

neurofibrillary tangles (‘Tangle’).  

 

The presence of Aβ protein conducted in the ‘amyloid cascade’ hypothesis,  which states 

that AD initiates from an imbalance between production and clearance of the Aβ 

protein21. The excess of Aβ leads to the formation of Aβ oligomers and fibrils, which 

eventually become insoluble and deposit into extracellular amyloid plaques22. Amyloid 

oligomers and plaques, especially those of the 42-amino acids (Aβ1-42) peptide, are toxic 

and impair neuronal function23. The toxic effects of Aβ induce activity changes of kinases 

and phosphatases, leading to hyperphosphorylation of Tau proteins, which further 

aggregates into intracellular neurofibrillary tangles24. Predominantly oligomeric tau has 

toxic effects on neurons, including synaptic dysfunction, mitochondrial and nuclear 

impairment, and microglial dysregulation25. Furthermore, misfolded tau can trigger the 

cascade of pathological tau spreading25. Eventually, the toxicity of Aβ and Tau will cause 

widespread neurodegeneration,  many years before the onset of clinical symptoms26. 

Core pathological in vivo biomarkers reflect the disease-specific pathophysiological 

processes and are included in the biomarker-based research criteria for AD13,27. 

Depending on the pathological process they represent, these biomarkers are divided 

into three categories: ‘A’, ‘T’ and ‘N biomarkers28. A’ biomarkers of amyloid deposition 

are decreased levels of Aβ1-42 in the CSF and increased ligand retention of amyloid-

specific probes on positron emission tomography (PET). ‘T’ or Tau biomarkers of 

neurofibrillary tangles are increased levels of phosphorylated tau in CSF and increased 

ligand retention of tau-specific probes on PET. General neuronal degeneration ‘N’ 

biomarkers are increased CSF levels of total tau protein, decreased glucose metabolism 

on [18F]fluorodeoxyglucose ([18F]FDG) PET and brain atrophy on MRI29. The ‘N’ 

biomarkers are believed to be closely linked to disease progression and has therefore 

potential to measure  outcome in clinical trials28. The ‘ATN’ biomarkers correlate to a 

specific AD-related protein and lead to different biomarker profiles (Figure 3)29;  those 

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjw4-qJ5NbeAhXEblAKHcaQDDUQjRx6BAgBEAU&url=https://neurology.mhmedical.com/ViewLarge.aspx?figid%3D59146766%26gbosContainerID%3Dnull%26gbosid%3Dnull%26groupID%3Dnull&psig=AOvVaw3UtdHf6RINYipbM-2h1XYV&ust=1542384474679958
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with normal AD biomarkers (no color), those with non-AD pathophysiology (dark grey), 

and those who are in the Alzheimer’s pathophysiologic continuum (light grey). 

“Alzheimer’s pathophysiologic continuum” denotes either AD pathophysiology or 

clinically AD.  

 

 

Figure 3: AT(N) profiles. A: decreased levels of CSF Aβ,  increased ligand retention of 

amyloid-specific probes on positron emission tomography (PET). T:  increased CSF Tau/  

p-Tau/  tau-specific probes on PET. N: increased CSF Tau,  decreased glucose 

metabolism on [18F]fluorodeoxyglucose ([18F]FDG) PET, and brain atrophy on MRI29 . 

 

Since the development of in vivo biomarkers, information about the pathophysiological 

process is becoming more important to diagnose AD29. Valid diagnostic biomarkers are 

linked to neuropathology, be able to detect the disease early in its course and be able to 

distinguish it from other dementias, as well as being non-invasive and simple to use, 

inexpensive and not  influenced by symptomatic drug treatment, with a sensitivity and 

specificity of more than 85%30.  Amyloid deposition or ‘A’ biomarkers are detectable at 

an earlier stage than biomarker changes of neurofibrillary pathology31. However, in vivo 

biomarkers are less sensitive than histopathological assays after death13 . Therefore, the 

early detection of ‘A’ biomarkers does not necessarily imply that amyloid deposition 

actually happens prior to neurofibrillary pathology.   

Other frequent causes of dementia are Lewy body disease(DLB) and Frontotemporal 

lobar degeneration(FTD)32. Lewy body dementia (DLB ) is named after the 

neuropathologist Friedrich Lewy, who described in 1912 inclusions (‘’Lewy bodies’”) in 

patients with parkinsonism33.  Spillantini et al. (1997) discovered a 140 amino acid 

protein α-synuclein as a major component of Lewy bodies34. α-Synuclein plays a pivotal 

role both in the development of the disease and the propagation of the pathology in 

Parkinson’s Disease (PD), Multiple system atrophy (MSA) and DLB, together referred to 

as ‘α-synucleinopathies’33. FTD is a major cause of young onset dementia, predominantly 
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affecting the frontal and temporal lobes and its heterogeneous neuropathological 

characteristics can roughly be divided in tauopathy, ubiquitin and TDP 43 pathology35,36. 

Although DLB and FTD have characteristic symptoms and disease courses, these 

symptoms still show substantial overlap with AD. In these cases, biomarkers can 

improve the diagnostic accuracy for clinicians. For example, diagnostic work-up in 

specialised clinical centres achieve average sensitivity and specificity values of 

respectively 81% and 70%  for a clinical diagnosis of probable AD37.  

The aim of this thesis is to improve the classification of dementia by the 

characterization and validation of CSF and molecular imaging biomarkers. In the current 

diagnostic memory clinic work-up, including MRI scan and lumbar puncture, PET 

diagnostic scans are becoming more widely available. The decision to perform 

diagnostic work-up and the extent to which this is performed, is based on an individual 

consideration of patient and care factors, i.e. work- and family concerns, peer support,  

genetic counseling or participation in clinical trials. Therefore, a correct anamnesis and 

hetero-anamnesis will always be a crucial part of the investigation.   

In part 1, Cerebrospinal fluid (CSF) biomarkers are explored. In chapter 2 an update 

of Alzheimer’s disease CSF biomarkers and the role of α-Synuclein biomarkers are 

discussed.  Chapter 3 describes CSF biomarkers in a large dementia cohort with 

different types of dementia, and whether the CSF ‘AD’profile can differentiate between 

the different types of dementia. In a subgroup the concordance of CSF biomarkers with 

neuropathology is investigated. In chapter 4, the CSF biomarker α-Synuclein is explored 

to differentiate DLB,  the second most common form of dementia, from AD. In addition, 

the association between CSF biomarkers (Aβ42, t-tau and p-tau) and cognitive 

performance in DLB and AD is investigated.  

In part 2 the potential of PET biomarkers in different types of dementia is treated. 

Chapter 5 gives an overview of nuclear imaging in Frontotemporal dementia (FTD).  

Functional biomarkers and nuclear imaging techniques may be helpful to detect specific 

markers of pathology or deficits of different neurotransmitter systems and may thus 

provide valuable insight in the pathophysiology of FTD. In chapter 6, a 18F-FDG PET 

pattern of DLB is identified by a multivariate analysis. This multivariate method is based 

on a Scaled Subprofile Modelling/ Principal Component Analysis (SSM/PCA) approach 

and aims to determine a unique FDG PET covariance pattern for DLB.  In chapter 7, PET 

imaging  in a subgroup of AD patients with the biomarkers18F-FDG PET and 11C-PiB PET 

are discussed. The phenomenon of Crossed Cerebellar Diaschisis is unilateral cerebellar 

hypometabolism as a remote effect of supratentorial dysfunction of the brain in the 

contralateral hemisphere. The clinical relevance, therapeutic implications and possible 

non-amyloid  pathophysiological mechanisms of CCD in AD are discussed.  In chapter 8, 

relative cerebral flow from dynamic PIB scans as an alternative for  FDG scans in 

Alzheimer’s disease PET studies are investigated. Chapter 9 describes the preliminary 

results are described of the ‘Dual PET’ study, which was set up to investigate the 
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diagnostic value of combined 18F-FDG and 11C-PIB PET biomarkers in AD and other 

types of dementia’s.    

Chapter 10 provides a summary and general discussion about the combination of 

different biomarkers in dementia.     
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Valid diagnostic biomarkers are linked to neuropathology, be able to detect the disease 

early in its course and be able to distinguish it from other dementias, as well as being 

non-invasive and simple to use, inexpensive and not  influenced by symptomatic drug 

treatment, with a sensitivity and specificity of more than 85%1.   

The first Alzheimer’s disease (AD) cerebrospinal fluid (CSF) biomarkers were described 

more than two decades ago, using the ELISA methods,-the INNOTEST assays- for 

quantification of total-tau (T-tau), phosphorylated tau (P-tau) and amyloid-β (Aβ42)2,3. 

In AD, increased levels of T-Tau and P-tau are found, together with a decreased Aβ42, 

what reflects the key elements of AD pathophysiology. This AD CSF profile has been 

validated in numerous subsequent papers with very consistent findings4. High 

performance of the core AD CSF biomarkers for the diagnosis of prodromal AD is 

verified in several large multicentre studies such as the DESCRIPA study5, the ADNI 

study6, and the Swedish Brain Power study7. The National Institute on Aging and 

Alzheimer’s Association (NIA-AA) working group has embedded the AD CSF biomarkers 

in their guidelines and clinical criteria of AD8. Recently, the NIA-AA working group has 

defined AD as a pathological process, identified primarily by biomarkers grouped into 

amyloid-β deposition, tau pathology and neurodegeneration(A/T/N classification)9.  

CSF, with its matrix in proximity to the brain parenchyma and proteins secreted from 

the brain extracellular space, is accessible by lumbar puncture. The hypothesis of a 

decreased CSF Aβ42 with disease progression,  is that the hydrophobic peptide 

aggregates and become sequestered in plaques, resulting in lower amounts remaining to 

be secreted to the extracellular space and CSF10. CSF Aβ1-42 and amyloid PET have been 

shown to be valuable measures of amyloid plaque pathology11 in inverse relation with 

lower CSF Aβ42 and higher positron emission tomography (PET) ligands binding to 

fibrillary Aβ in the brain12. Although they are regarded as equal measures of amyloid 

plaques, they still show a mismatch in 6-21% of MCI and dementia patients and in 17-

21% of cognitively healthy subjects13,14. Is has been suggested this is due to different Aβ 

isoforms15. Aβ isoforms present in CSF are Aβ1-37, Aβ1-38 and Aβ40.  Aβ40 is found 

around 10 times higher16 and is less diagnostic than Aβ424, although the CSF ratio 

Aβ42/Aβ40 has a higher performance to identify AD than single CSF Aβ4217. CSF Aβ1-37 

and Aβ1-38 were found to improve differentiation between AD and Fronto-temporal 

dementia (FTD) or dementia with Lewy bodies(DLB)18.  CSF T-Tau seems to reflect the 

intensity of neurodegeneration or severity of acute neuronal damage and is proposed as 

a non-specific ‘state marker’ of disease19, predicting more rapid clinical disease 

progression20. CSF p-Tau probably reflects the phosphorylation state of tau and is 

specific for AD21.  Recently, PET Tau-ligands has been developed to visualize Tau 

pathology, but the correlation with CSF Tau is still weak22.  

One limitation of the ‘core’ CSF biomarkers is the uncertainty how to interpret untypical 

biomarker patterns. Also, in late-onset AD the severity of neuropathological changes 
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varies and in higher ages, the level of changes overlaps with those found in cognitively 

unimpaired elderly23.  Another limitation of CSF biomarkers is the between-laboratory 

variability of 15-25%, most pronounced for CSF Aβ42, according to the Alzheimer’s 

Association quality control (QC) programme for CFS biomarkers24. These differences 

may be caused by pre-analytical procedures (e.g. type of test tube for CSF collection or 

freeze-thaw schedule) or discrepancies in analytical- and/or manufacturing procedures 

between laboratories25. Future developments for AD CSF biomarkers will be focus on 

fully automated laboratory analyser assays with stable and precise results between 

laboratories and the establishment of uniform cut-off values26.  

Another limitation is that a lumbar puncture is more invasive and CSF is less accessible 

than serologic markers. Blood brain biomarkers are a far more challenging matrix than 

CSF. This is caused by the facts that only a fraction of brain proteins enter the 

bloodstream. In addition, they may be degraded by proteases in the liver or cleared by 

the kidneys, and their measurement may be hampered by high levels of plasmaprotein27. 

The recent technical developments of novel ultrasensitive immunoassays and mass 

spectrometry methods are promising for the development of new blood biomarkers 26.  

The technique is based on a single-molecule array (Simoa), with high analytical 

sensitivity (fg/ml) and reduced matrix interference28.    

Novel biomarkers focussing on additional aspects of AD pathology, such as synaptic 

dysfunction and degeneration, are called presynaptic biomarkers. Loss of synapses in 

grey matter regions of AD is correlated with the degree of cognitive impairement29. 

Synaptic proteins in CSF are Synaptotagmin, rab3a, the presynaptic membrane protein 

SNAP-25 and the dendritic protein neurogranin30. CSF Neurogranin, synaptotagmin-1 

(SYT1) and SNAP-25 show promising results, but need validation in future studies31. 

Neurofilament light (NF-L) is a Tau-independent CSF marker of non-specific general 

neuroaxonal degeneration32 and its increase is an inherent feature of AD, which predicts 

a more rapid disease progression33. TREM2 (triggering receptor expressed on myeloid 

cells 2) is a CSF biomarker of microglial activation34 , recently reported in both dementia 

and MCI stages of AD and CSF TREM2 correlate with CSF Tau but not CSF Ab42 

concentrations, suggesting that  microglial activation  occurs in close connection with 

onset of neurodegeneration35. The association of CSF sTREM2 with protective versus 

harmful microglial activation is presently unknown;  longitudinal studies with repeated 

CSF samplings over time are needed to determine this36.    

Although CSF biomarkers can differentiate between AD pathology and other pathologies, 

there is still an absence of a specific CSF biomarker for other dementias. In case of FTD37, 

neurofilament light has been identified as a promising biomarker candidate38. For DLB, 

α-Synuclein was detected in cerebrospinal fluid (CSF)39 as potential biochemical 

biomarker for DLB, with conflicting results; Most studies showed lower CSF levels of 

total- α-Synuclein in PD and DLB compared to healthy controls and Alzheimer’s disease 

(AD), but other showed increased levels or no difference at all43. The majority of the 

studies on biochemical biomarkers were cross-sectional, retrospective, and tested with 
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pathologically unproven subjects41,42. Complicating methodological factors are the use of 

different antibodies and standard proteins in the immunoassays, patient selection, 

variation in pre-analytical processing and blood contamination from traumatic lumbar 

puncture40. α-Synuclein has different species in CSF and immunoassays for total α-

Synuclein (t-α-syn) does not take into account its conformation or aggregation state. 

Early aggregated or solubable α-Syn oligomers (o-α-Syn) seems to be more neurotoxic 

and associated with PD and DLB neurodegeneration44. Immunoassays for CSF o-α-Syn is 

described to be a promising biomarker for the diagnosis band to monitor disease 

severity45. Increased levels of soluble o-α-syn are found in PD/ PDD and DLB patients, 

compared with other neurodegenerative diseases and healthy controls46. 

Phosphorylated α-Syn at serine 129(pSer129-α-Syn) is described as dominant 

pathological species of α-syn  in post mortem DLB43, although pSer129-α-Syn was not 

discriminative as CSF biomarker43. α-Synuclein in blood and saliva is investigated as 

potential biomarker , but did not differ between PD and healthy controls, neither 

correlate with CSF α-Synuclein47,48.  Various research groups  focus to identify ligands 

that have high α-Synuclein potency and specificity as PET/SPECT ligands for imaging α-

Synuclein in vivo, but no suitable PET tracer has been reported yet49.    

The next two chapters are published articles (2010 and 2012) about CSF biomarkers (T-

tau, P-tau and Aβ42, α-Synuclein)and the potential to differentiate between AD and DLB.   
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Abstract 

Objective: To determine how amyloid β 42 (Aβ42), total tau (t-tau) and phosphorylated 

tau (p-tau) levels in CSF behave in a large cohort of patients with different types of 

dementia. 

Methods: Baseline CSF was collected from 512 Alzheimer’s disease (AD) patients and 

272 patients with other types of dementia (OD), 135 patients with a psychiatric disorder 

(PSY) and 275 patients with subjective memory complaints (SMC). Aβ42, t-tau and p-tau 

(at amino acid 181) were measured in CSF by ELISA. Autopsy was obtained in a 

subgroup of 17 patients. 

Results: A correct classification of AD patients (92%) and OD patients (66%) was 

accomplished when CSF Aβ42and p-tau were combined. Patients with progressive 

supranuclear palsy (PSP) had normal CSF biomarker values in 90%. Patients with 

Creutzfeldt-Jakob disease demonstrated an extremely high CSF t-tau at a relatively 

normal CSF p-tau. CSF AD biomarker profile was seen in 47% of patients with dementia 

with Lewy bodies (DLB), 38% in corticobasal degeneration (CBD), and almost 30% in 

frontotemporal lobar degeneration (FTLD) and vascular dementia (VaD). PSY and SMC 

patients had normal CSF biomarkers in 91 and 88%. Older patients are more likely to 

have a CSF AD profile. Concordance between clinical and neuropathological diagnosis 

was 85%. CSF markers reflected neuropathology in 94%.  

Conclusion: CSF Aβ42, t-tau and p-tau are of use in differential dementia diagnosis. 

However, in DLB, FTLD, VAD and CBS a substantial group exhibit a CSF AD biomarker 

profile, which requires more autopsy corroborations in the future. 

 

Introduction  

Differential dementia diagnosis is based on clinical criteria and ancillary investigations 

may provide positive evidence for a specific, nosological diagnosis. Measurements of 

biochemical markers in CSF are increasingly used in the diagnostic process of dementia. 

The sensitivity when using the combination of CSF Aβ42 and total tau (t-tau) for 

recognition of Alzheimer disease (AD) is high1. However, specificity is suboptimal 

concerning patients with subjective memory complaints (SMC)2 and other types of 

dementia3,4. There are several potential explanations for the finding of abnormal 

markers in patients with other types of dementia. Clinical misdiagnosis or mixed 

pathology -which is a common finding at autopsy4- may explain positive markers. 

Alternatively, amyloid β and (phosphorylated) tau play a role in the pathogenesis of 

other types of dementias. Tau pathology is as well seen in frontotemporal lobar 

degeneration (FTLD), progressive supranuclear palsy (PSP), corticobasal degeneration 

(CBD)5, and prion diseases6. Amyloid deposition or disturbance in amyloid metabolism 
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is found in a few patients with FTLD7. The aim of the present study is to investigate how 

CSF Aβ42, t-tau and phosphorylated tau (p-tau) levels behave in a large sample of 

patients, recruited consecutively at our memory clinic. First, CSF biomarker levels are 

compared between patients with different types of dementia, patients with subjective 

memory complaints and patients with psychiatric disorders. Second, we aim to identify 

the optimal combination of CSF biomarkers for the discrimination of AD from other 

types of dementias. For the verification of the clinical diagnosis we use post-mortem 

diagnosis obtained by autopsy in a subgroup of patients. 

 

Materials and methods 

Patients: Between October 1999 and November 2009, baseline CSF was collected from 

1,672 patients from our outpatient memory clinic. CSF was obtained at a median of 2 

months (interquartile range (IQR) 1 – 5 months) after diagnosis. From these 1,672 

patients  1,194 patients were selected; 512 patients with probable AD, 144 patients with 

FTLD (including patients with behavioural type frontotemporal dementia, semantic 

dementia and progressive non-fluent aphasia), 52 patients with dementia with Lewy 

bodies (DLB), 34 patients with vascular dementia (VaD), 16 patients with corticobasal 

degeneration(CBD), 20 patients with progressive supranuclear palsy (PSP), 6 patients 

with Creutzfeldt-Jacob disease (CJD), 135 patients with a psychiatric disorder (PSY) and 

275 patients with SMC. Patients with mild cognitive impairment (n=230), patients with 

possible AD (n=16), patients with a wide range of other neurological diseases but no 

dementia (n=73), and patients with other unclassified types of dementia (n=21) were 

not included, nor were patients whose diagnosis was postponed or unclear (n= 138). All 

patients underwent a standardized dementia assessment including medical history, 

informant-based history, physical and neurological examination, laboratory tests, 

neuropsychological testing, electroencephalogram (EEG), and MRI of the brain. 

Diagnosis was made by consensus in a multidisciplinary meeting, without knowledge of 

CSF results, and according to clinical diagnostic criteria: National Institute and 

Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorders 

Association criteria for AD8, consensus criteria frontotemporal lobar degeneration for 

FTLD9, McKeith criteria for DLB10, National Institute of Neurological Disorders and 

Stroke (NINCDS)-Association Internationale pour la Recherche en l’Enseignement en 

Neurosciences (NINDS-AIREN) for VAD11, CBD according to criteria of Boeve12, PSP 

according to the NINDS-Society for Progressive Supranuclear Palsy criteria13 and CJD 

according to recent criteria14. Patients are defined as having a psychiatric disorder (PSY) 

when based on thorough investigation a neurodegenerative disease seems unlikely, and 

clinically there is a suspicion of a psychiatric disorder. Those patients are subsequently 

referred to a psychiatrist. When clinical investigations yield normal results (i.e. criteria 

for MCI not fulfilled), patients were considered to have SMC. Patients with SMC were 

considered as controls based on normal clinical investigations. Dementia severity was 

assessed using the Mini-Mental State Examination (MMSE)15. Standard protocol 
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approvals, registrations, and patient consents: The study was approved by the ethical 

review board of the VU Medical Center. Written informed consent is obtained from all 

subjects participating in the study. 

CSF analysis: CSF was obtained by lumbar puncture between the L3/L4 or L4/L5 

intervertebral space, using a 25-gauge needle, and collected in 10- mL polypropylene 

tubes. Within 2 hours, CSF samples were centrifuged at 2,100 g for 10 minutes at 4 ºC. A 

small amount of CSF was used for routine analysis. Aliquots of each sample were 

immediately frozen at - 80˚C until further analysis. CSF Aβ42, t-tau and p-tau 

phosphorylated at threonine 181 concentrations are determined using commercially 

available sandwich ELISAs (Innogenetics, Ghent, Belgium)1. The performance of the 

assays was monitored with pools of surplus CSF specimens available from an earlier 

study. Multiple specimens with various concentrations included in 7-18 runs were used 

for this purpose. The interassay coefficient of variation (mean ± SD) was 11.3 ± 4.9% for 

Aβ42, 9.3 ± 1.5% for Tau and 9.4 ± 2.5% for Ptau-18116. The 3 biomarkers were 

simultaneously analyzed in every CSF sample. CSF Aβ42 data are missing in 4 cases, t-

tau data in 13 cases and p-tau-181 data in 6 cases.  

Autopsy: In the 10-year period of CSF sampling 17 patients underwent autopsy. The 

neuropathological diagnosis from these patients was compared to the clinical diagnosis 

and to the antemortem CSF biomarker profile. For AD, the criteria of Braak were used 

modified for thin sections17 and vascular amyloid β deposits were assessed according 

the BrainNet Europe (BNE) instructions18. For FTLD the Cairns criteria were used19 and 

the MacKenzie criteria for the classification of subtypes20. For DLB the Braak criteria 

were used21 modified according to the BNE instructions18. VAD was classified according 

to Kalaria et al.22, CJD according to Cali et al.23, and PSP according to Litvan et al.13 The 

neuropathologist was unaware of the CSF biomarker results.  

Statistical analysis: For statistical analysis, the SPSS, version 16.0, was used. As all 

variables, except for age, are not normally distributed nonparametric analyses (Kruskal-

Wallis followed by the Mann-Whitney U test) were used to compare groups. Post hoc, 

the different groups were compared with AD and SMC only. For categorical data, we 

used the Ӽ2 test. Correlations are estimated with the Spearman method. Patients with 

CJD were omitted from the statistical analyses when comparing groups, because of their 

small number. Logistic regression analysis with backward stepwise selection is used to 

estimate the simultaneous impact of the continuous variables CSF Aβ42, tau and p-tau 

on the diagnosis AD compared to controls and compared to the pooled groups of other 

types of dementia. SMC and PSY are pooled as controls, based on the comparability of 

their biomarker results. Patients with other types of dementia are collectively defined 

other dementias (OD). An optimal cut-off line is calculated comparing AD vs OD. Based 

on the cut-off line the percentage of patients with a CSF AD profile was calculated. Age, 

MMSE and disease severity are compared between patients with and without a CSF AD 

profile.  Statistical significance is set at p< 0.05. 
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Results 

Patients: Baseline characteristics are shown in table 1. Age differed among groups, with 

patients with VaD, DLB and AD being oldest, and PSY, SMC and CBD being youngest. 

There are also sex differences among groups, with an overrepresentation of men in DLB 

and VaD.  

Table 1 Clinical and biomarker data by diagnostic group 

Abbreviations: Aβ42= Amyloid β42; AD= Alzheimers Disease, CBD= Cortical Basal Degeneration (CBD), CJD= Creutzfeld Jakob 

disease, DLB= dementia with Lewy bodies, FTLD= Frontotemporal Lobar Degeneration, MMSE= mini-mental state examination, PSP= 

Progressive Supranucleair Palsy, PSY= Psychiatric diagnosis, SMC= Subjective Memory Complaints, VaD= Vascular Dementia  

 Age (y) Female 
sex 

MMSE Duration 
(y) 

Aβ42 
(pg/mL) 

Tau (pg/mL) Ptau 
(pg/mL) 
 

AD 
(n=512
) 

  67 (60-
74)a  

264(52%
) 

21 (18-24)a 3 (2-4) 447(365-
535)a 

604(419-
860)a 

83(63-
112)a 

FTLD 
(n=144
) 
 

  62 (58-
68)a, b 

57(40%) 

b 

        26 (22-
28)a, b 

          3 (2-
5)a 

741(500-
959)a., b 

350(250-
496)a., . 

47(36-63)b 

DLB  
(n=52) 
 

  69(63-
78)a, b 

12(23%)
a, b 

23 (19-26)a, b 3 (2-4) 638(467-
790)a., b 

305(222-
510)a, .b 

52(40-69) 

a,.b 

VAD 
(n=34) 
 

  69(61-
77)a 

9(27%) a, 

b 

       23 (19-
27)a 

2 (2-3) 627(432-
862)a.b. 

238(166-
430)b 

35(27-56)a, 

.b 

CBS  
(n=16) 
 

  59 (55-
73) 

       
6(38%) 

25 (21-27)a, b 2 (1-4) 681(435-
998)b 

262(226-
352)b 

50(35-69)b 

PSP  
(n=20) 
 

  68 (65-
75)a 

15(75%)
a, b 

 26 (21-28)a, b 3 (2-4) 767(563-
963)b 

203(167-
407)b 

36(27-47)b 

CJD 
(n=6)* 
 

   61 (52-
66) 

      
5(83%) 

        17 (14-
20) 

  1 (0.4-1) 755(705-
886) 

2060(1884-
4920) 

54(40-
102) 

PSY  
(n=135
) 
 

   57 (51-
63)a, b 

62(46%)  28 (27-29) a, b    3 (2-5) a, 

b 

906(756-
1041)b 

213(167-
310)b 

41(33-58)b 

SMC 
(n=275
) 

   59(52-
66)b 

124(45%
) 

       29(28-
30)b 

2 (1-4) 863(691-
1045) 

245(179-318) 45(36-57) 
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a Data are expressed as median (interquartile range) or n(%). Statistical analyses were performed using Kruskal-Wallis followed by 

Mann-Whitney U tests and Ӽ 2 tests. Post hoc, all groups were compared to AD and SMC. b p<0.05 compared to SMC. c p<0.05 

compared to AD. d Statistics were not performed on the small group of CJD. 

CSF analysis: CSF levels of Aβ42, t-tau and p-tau. Median CSF levels of the 3 biomarkers 

by diagnostic group are shown in table 1. Table 2 summarizes the behavior of the CSF 

biomarkers in each diagnostic group as compared to SMC. In FTLD, (moderately) 

decreased levels of CSF Aβ42 and (moderately) increased levels of CSF t-tau are found 

compared to SMC subjects, while CSF p-tau levels were normal. In DLB, CSF levels of 

Aβ42 are slightly decreased and CSF t-tau and p-tau levels are increased . In VaD, CSF 

Aβ42 is decreased but CSF t-tau and p-tau are normal. In CBD there is a trend towards a 

decreased CSF Aβ42 (P = 0.06) at a normal CSF t-tau and p-tau (although the latter with 

remarkable overlap). CJD patients exhibit an extremely high CSF t-tau, while CSF p-tau is 

relatively less elevated and CSF Aβ42 levels are normal. In PSP and PSY, CSF levels of 

Aβ42, t-tau and p-tau are comparable to SMC subjects.  

Table 2 CSF biomarkers by diagnostic group as compared to patients with SMCa   

  Aβ42  t-tau p-tau 

SMC Ref Ref Ref 

AD ↓↓ ↑↑ ↑↑ 

FTLD ↓ ↑ = 

DLB ↓ ↑ ↑ 

VAD ↓ = = 

CBS ↓ = = 

CJD = ↑↑↑ ↑ 

PSP = = = 

PSY = = = 

Abbreviations: Aβ42 = amyloid β 42; AD = Alzheimer disease,  CBD = cortical basal degeneration (CBD), CJD = Creutzfeld Jakob 

disease, DLB = dementia with Lewy bodies, FTLD = frontotemporal lobar degeneration, PSP = progressive supranucleair palsy, PSY = 

psychiatric diagnosis, SMC = subjective memory complaints, VaD = vascular dementia.  

↓↓ strongly decreased, compared to SMC and patients with other types of dementia (OD) 

↑↑  strongly increased, compared to SMC and OD 

↓    decreased compared to SMC 

↑    increased compared to SMC 

=       comparable with SMC 

↑↑↑   extremely increased, compared to all other groups 

 

CSF biomarkers, age and dementia severity: In patients with FTLD, DLB, VaD, PSY and 

SMC, CSF t-tau and p-tau levels are higher in older patients (CSF t-tau; FTLD: r= 0.34, 

DLB: r= 0.43, VaD: r= 0.42, PSY: r= 0.36, SMC: r= 0.40, all p< 0.05; CSF p-tau; FTLD: r= 
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0.40, DLB: r= 0.36, VAD: r= 0.50, PSY: r= 0.32, SMC: r= 0.36, all p< 0.05). In DLB and SMC 

CSF Aβ42 is lower in older patients (DLB: r= -0.37; SMC: r= -0, 19, p< 0.05). 

Furthermore, lower MMSE is associated with lower CSF Aβ42 levels in AD, FTLD, DLB, 

with a trend in CBD (AD: r= 0.12, FTLD: r= 0.21, DLB: r= 0.37 [all p < 0.05]; CBD: r= 0.41, 

P = 0.10; i.e.). 

Combination of biomarkers: Logistic regression analysis with diagnosis AD vs controls 

(SMC + PSY) as dependent variable and CSF Aβ42, t-tau and p-tau as independent 

variables result in correct classification of 465 out of 508 AD patients (92%) and 355 out 

of 405 controls (88%), with an overall correct percentage of 90%, using a combination 

of CSF Aβ42 (odds ratio [OR] = 0.994; 95% confidence interval [CI] = 0.993-0.995) and t-

tau (OR = 1.006; 95% CI = 1.005-1.007). In this model CSF p-tau does not contribute 

significantly to the discrimination of patients with AD from controls. Logistic regression 

analysis with AD vs OD results in correct classification of 171 out of 259 patients with 

OD(66%), with an overall correct classification of 83%, using CSF Aβ42 (OR = 0.996; 

95% CI = 0.995-0.997) and CSF p-tau (OR = 1.033; 95% CI = 1.026-1.041); i.e. 66% of the 

patients with OD have normal CSF Aβ42 and normal p-tau levels. In this model CSF t-tau 

does not contribute significantly to the differentiation of AD from OD. In the figure, CSF 

Aβ42 and p-tau are plotted for AD vs OD with the cutoff line Aβ42 = 152 + 8.25 x p-tau 

for optimal separation (based on the results of the logistic regression analysis). In table 

3, the percentages of patients with a CSF AD profile –defined as a score below 1, 

calculated with the formula Aβ42/152 + 8.25 x p-tau – are shown for each diagnostic 

group. FTLD, DLB, VaD, SMC and PSY subjects with a CSF AD profile are older and have a 

lower MMSE in FTLD, DLB, and AD than patients with a non-AD (or normal) CSF AD 

profile. In AD this is reverse: younger patients are more likely to have a CSF AD 

profile.There is no difference in disease severity between groups.  

Table 3 CSF AD profile, age and disease severity  

 CSF AD profile, %a  Age, yb MMSEb 

AD 90 67 vs 69a 21 vs 23d 
FTLD 28 66 vs 62c 24 vs 26c 
DLB 47 73 vs 67c 20 vs 24d 
VAD 27 75 vs 65c 23 vs 23 
CBS 38 61 vs 58 26 vs 25 
PSP 10 69 vs 68 26 vs 26  
PSY 9 57 vs 63 c 28 vs 28 

SMC 12 58 vs 67 c 29 vs 29 
 

Abbreviations: Aβ42 = amyloid β 42; AD = Alzheimer disease,  CBD = cortical basal degeneration (CBD), CJD = Creutzfeld Jakob 

disease, DLB = dementia with Lewy bodies, FTLD = frontotemporal lobar degeneration, MMSE = mini-mental state examination, PSP 

= progressive supranucleair palsy, PSY = psychiatric diagnosis, SMC = subjective memory complaints, VaD = vascular dementia.  

aCSF AD profile: Score below 1 using the formula CSF Aβ42/152 + 8.25 x p- tau, obtained from the cutoff line for optimal separation 

of Alzheimer’s disease vs other types of dementias (see also the figure).  
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bAge and MMSE (median values) are compared between patients with a CSF AD profile vs patients with a CSF non-AD profile using 

Mann-Whitney U test. c p < 0.05 d Trend p < 0.1  

Autopsy: In table 4, patients who went to autopsy are shown, including the clinical 

diagnosis, ante-mortem CSF biomarker levels, and neuropathological diagnosis obtained 

at autopsy. In 15 out of 17 (85%) patients clinical diagnosis corresponded with the 

neuropathological diagnosis. The CSF - neuropathological concordance is comparable: 

the CSF biomarker profile correctly classified during life 15 out of 17 patients (85%) as 

AD or non-AD. This is even higher (16 out of 17, 94%) if additional AD pathology is 

taken into account. Patient 17 has a clinical diagnosis of CBD, while the 

neuropathological diagnose reveals PSP with Braak stage 3b. The CSF profile exhibit a 

high CSF p-tau (88 pg/mL) and t-tau (604 pg/mL), at a borderline CSF Aβ42 (567 

pg/mL). It should be noted that this patient was 80 years old at autopsy.  

In 6 out 7 patients with clinically diagnosed AD,  a CSF AD profile is found, except for 

patient 6, who has a CSF profile congruent with non-AD and a neuropathologic diagnosis 

of DLB. Revision of the clinical data reveals a change in diagnosis to probable PSP 

instead of AD. Patient 12 has an ambiguous clinical diagnosis with both FTLD and 

alcohol abuse, and hippocampal sclerosis neuropathologically, which fits both clinical 

diagnoses. CSF Aβ42 is decreased in this patient (418 pg/mL), while CSF p-tau is normal 

(42 pg/mL), resulting in a borderline CSF AD profile. Because of the hippocampal 

sclerosis plaques or tangles could not well be characterized in this patient. 

Figure 1 CSF Amyloid β42 (Aβ42) and phosphorylated tau (p-tau) in other dementias 

 

Scatterplot: The equation of the line for optimal separation is: Aβ42 = 152 + 8.25 x  p-tau 

(obtained from logistic regression analysis comparing AD with the pooled group of other 

dementias). CBD = cortical basal degeneration (CBD); CJD = Creutzfeld Jakob disease; 
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DLB = dementia with Lewy bodies; FTLD = frontotemporal lobar degeneration; PSP = 

progressive supranucleair palsy; VAD= vascular dementia.  

Table 4 Clinical-CSF-Neuropathologic concordance 

Patient no./sex/age 
at diagnosis, y 

Clinical diagnosis CSF biomarker 
profile 

Neuropathologic 
diagnosis 

1 F/ 57y AD AD AD, Braak 6c 

2 F/ 56y AD AD AD, Braak 6b 

3 M/ 58y AD AD AD, Braak 6c 

4 M/ 72y AD AD AD, Braak 6c 

5 F/ 85y 
 

AD 
 

AD 
 

AD, Braak 5c 
 

 6 M/ 74y  AD AD AD, Braak 6c 

7 M/ 51y AD-PSP Non-AD DLB 

8 M/ 55y 
  

FTLD Non-AD FTLD, TDP-43 

9 F/ 66y FTLD Non-AD FTLD. TDP-43, Braak 
2c 

10 M/ 57y FTLD Non-AD FTLD, TDP-43 

11 F/ 67y FTLD Non-AD FTLD, TDP-43, Braak 
1a 

12 M/ 68y FTLD/Alcohol-abuse AD Hippocampal 
sclerosis, Braak 2-3 

13 F/ 67y FTLD Non-AD FTLD, TDP-43 

14 F/ 41y CJD Non-AD CJD 

15 F/ 55y CJD Non-AD CJD 

16 M/ 59y DLB Non-AD DLB, Braak 2a 

17 F/ 80y CBD AD PSP, Braak 3b 
Abbreviations: Aβ42 = amyloid β 42; AD = Alzheimer disease,  CBD = cortical basal degeneration (CBD), CJD = Creutzfeld Jakob 

disease, DLB = dementia with Lewy bodies, FTLD = frontotemporal lobar degeneration, p=tau = phosphorylated tau, PSP = 

progressive supranucleair palsy, PSY = psychiatric diagnosis, SMC = subjective memory complaints, VaD = vascular dementia. a CSF 

Biomarker profile: AD: Score < 1 using formula CSF A42/152 + 8.25 x p-tau, obtained from logistic regression analysis; non-AD: 

Score > 1 using formula CSF A42/152 + 8.25 x p-tau 

 

Discussion  

In the current study, we evaluate CSF biomarker results in a very large cohort of 

carefully characterized memory clinic patients with a variety of diagnoses. For the 

differential diagnosis of patients with AD vs patients with other types of dementia, the 

combination of CSF Aβ42 and p-tau yields the best diagnostic accuracy. Sensitivity is 

high for AD, but specificity for other types of dementias is moderate. In DLB almost half 



29 

 

of the patients fall into the category AD according to their CSF biomarker profile. Also in 

FTLD, VaD and CBD a substantial proportion of the patients has a CSF AD profile. 

Patients with CJD and PSP can be separated well from AD based on the combination of 

CSF biomarkers. In PSY and SMC a CSF AD profile, based on the cut off line comparing 

AD with OD, is uncommon.  

What could cause the overlap in CSF AD profile between the different types of 

dementias? First, misdiagnosis cannot be ruled out. In the present study clinical 

diagnosis is used as gold standard. This diagnosis is based on a large battery of 

investigations and on expert opinion after consensus in a multidisciplinary team. Most 

subjects are followed for years, increasing our confidence in baseline diagnosis. The 

small sample of patients with diagnosis at autopsy reveals a reasonable clinico-

pathological concordance. Moreover, there is a good concordance between CSF 

biomarker diagnosis and neuropathologic diagnosis. Remarkably, the agreement 

between neuropathological diagnoses vs CSF biomarker profile is in the same order of 

magnitude as the agreement between clinical diagnoses vs CSF biomarker profile, which 

strengthens our opinion that CSF biomarkers give a good reflection of the 

neuropathology, even in cases with clinical doubt or mixed pathology4,24.  

A second explanation for the overlap in CSF AD profile is that mixed disease is a common 

finding at autopsy25. Pure forms of (early onset) AD or other types of dementias are a 

minority in the whole spectrum of dementias25,26,27,28. Our findings of overlap in CSF 

Aβ42 and CSF (p)t-tau between the different dementias are thus not that surprising. In 

most studies low sensitivity and specificity figures of clinical diagnosis are found in 

autopsy confirmed cases29. Furthermore, synergistic mechanisms between major 

pathologic proteins (amyloid β, tau, alpha-Synuclein, TDP-43) suggest common 

pathogenic mechanisms30. 

In DLB and VaD mixed pathology is often found27,29, and our findings of low CSF Aβ42 

correspond with earlier studies3. In DLB, AD related pathology is found especially in 

patients with more severe cognitive impairment31.34 We find an association between 

MMSE and age with CSF Aβ42 in DLB, which suggests the presence of plaques in the 

brain of patients with the most severe dementia and aged patients with DLB32. The 

decrease of CSF Aβ42 and increase of CSF (p)t-tau in FTLD could be due to inclusion of 

patients with progressive non-fluent aphasia in this group, exhibiting plaques and 

tangles in the brain as in AD26. 

The moderately decreased CSF levels of Aβ42 and increased p-tau levels in CBD are not 

surprising as this type of dementia is linked with a number of pathologies, including AD 

pathology33. Decreased CSF Aβ42 levels in CBD have been shown before, as well as 

increased CSF p-tau34. The increase of CSF p-tau in some of the patients with CBD, could 

be attributed to cerebral tau depositions, either as a characteristic of CBD pathology 

(classified as tauopathy) or as a result of AD pathology, which is more likely as p-tau is 

increased in CSF and not t-tau. 
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 As far as we know, this is the largest single center sample thus far reported. This large 

sample size makes our data robust, especially in view of the inclusion of patients with 

other types of dementia4,29. However, there are a few limitations to this study. First, we 

included patients with SMC instead of healthy controls, and consider them as the 

‘worried well’ of our memory clinic population, based on their normal clinical 

investigations. Our SMC population show normal CSF biomarker levels in 88%, 

comparable with the prevalence in a previously published population-based sample 

without cognitive complaints (i.e. 12% CSF AD profile)35. We are currently performing 

follow up studies to study the predictive value of CSF biomarkers in SMC. Second, our 

study group is relatively young. Pathology differs between young and old patients with 

AD,  patients with dementia and patients without dementia36.  non-demented persons.39 

Our study clearly shows that patients with different types of dementia and older 

patients with SMC are more prone to have a CSF AD profile. In line with former studies, 

older individuals are more likely to have AD-like biomarkers16,37. Conversely, this 

implies that CSF biomarkers may be most informative in younger patients, which should 

be taken into account for use in clinical practice. Third, we have neuropathologic data 

only in a small subgroup of patients, forming an unintended selection of the more 

complex patients. In this selected group the clinico-neuropathological-CSF biomarker 

concordance is high, but prospective studies would reveal whether this is also the case 

in unselected patients.  A recent study showed low sensitivity for DLB comparing clinical 

with autopsy diagnosis, especially in more severe dementia38. Clinical diagnosis is the 

gold standard in the present study. To date, pathology remains the true gold standard 

for diagnosing the presence of biological disease, although this can also be debated, as 

post mortem information is by definition post hoc, mostly years after the diagnosis was 

first made. 

Our data support the value of CSF biomarkers for confirmation of the clinical diagnosis 

of AD, or to exclude AD with high degree of certainty. Further studies need to focus on 

the discovery of more specific biomarkers as well as on comparing CSF biomarkers with 

autopsy to understand the overlap between different types of dementias and the 

heterogeneity of AD. 
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Abstract 

In this study, we assessed whether cerebrospinal fluid (CSF) levels of the biomarker α-

Synuclein have a diagnostic value in differential diagnosis of dementia with Lewy bodies 

(DLB) and Alzheimer disease (AD). We also analysed associations between CSF 

biomarkers and cognitive performance in DLB and in AD.  We included 35 patients with 

DLB patients, 63 AD patients, 18 patients with Parkinson’s Disease (PD) and 34 patients 

with subjective complaints (SC). Neuropsychological performance was measured by 

means of Mini-Mental Status Examination (MMSE), Visual Association Test (VAT), VAT 

object-naming, Trail Making Test (TMT), and category fluency. In CSF, levels of α-

Synuclein, amyloid β 1-42 (Aβ1-42), total tau-protein (tau) and tau phosporylated at 

threonine 181 (p-tau181) were measured. CSF α-Synuclein levels did not differentiate 

between diagnostic groups (p= 0.16). Higher p-tau181 and higher tau levels differentiated 

AD from DLB patients (p<0.05). In DLB patients lower Aβ1-42 and higher tau levels were 

found than in SC and PD patients (p<0.05). In DLB patients, linear regression analyses of 

CSF biomarkers showed that lower α-Synuclein was related to lower MMSE-scores 

(β[SE]=6(2) and p<0.05) and fluency (β[SE]= 4(2), p<0.05). Ultimately, CSF α-Synuclein 

was not a useful diagnostic biomarker to differentiate DLB and/or PD (α-

Synucleinopathies) from AD or SC. In DLB patients maybe lower CSF α-Synuclein levels 

are related to worse cognitive performance.  

 

Introduction  

Dementia with Lewy bodies (DLB) is the second most common form of 

neurodegenerative dementia after Alzheimer’s disease (AD)1. In pathological studies, 

DLB accounts for more than 20 % of dementia cases2,3. Clinical hallmarks are cognitive 

decline accompanied by parkinsonism, visual hallucinations and fluctuating cognitive 

performance and consciousness4. Unfortunately, diagnostic criteria have modest 

sensitivity and it can be difficult to differentiate DLB from other forms of dementia, 

especially AD5. Correct diagnosis is important for adequate clinical management. Next to 

clinical characteristics, ancillary investigations can aid in making the correct diagnosis6. 

For DLB, it has been shown that 123 IFP-CIT-SPECT can distinguish this disease from AD 

with quiet high accuracy in probable cases7. But its value in possible DLB is less clear 

and SPECT is rather expensive so there is rationale to explore other markers related to 

the underlying pathology. Analysis of CSF biomarkers is increasingly applied in the 

diagnostic work-up of neurodegenerative disease. Especially in AD, a typical profile is 

observed with decreased CSF amyloid β 1-42 (Aβ1-42) and increased total tau protein 

(tau ) and tau phosphorylated at threonine 181 (p-tau181) when compared to controls8. 

These CSF biomarkers reflect the main neuropathological features of Alzheimer’s 

disease, i.e. Aβ and tau depositions. There are no generally accepted biomarkers to 

distinguish DLB from other types of dementia. Typical neuropathological changes in DLB 

are the formation of Lewy bodies, consisting of insoluble α-Synuclein and ubiquitin 
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depositions and aggregation9. These findings are also seen in Parkinson’s disease (PD) 

and multiple system atrophy (MSA), collectively labelled as synucleinopathies9. Since α-

Synuclein was found in CSF and plasma, several studies suggest that CSF α-Synuclein 

may serve as a biomarker to differentiate α-Synucleinopathies from other 

neurodegenerative diseases10,10. Conflicting results have been described, however, since 

some studies observed reduced levels of CSF α-Synuclein in PD and DLB compared to 

controls11,12, whereas in other studies no differences between groups were found13,14. 

Finally, lower levels of CSF α-Synuclein have been reported in AD-patients compared to 

controls, suggesting it may be a general marker of synapse loss15. Our aim was to 

determine the diagnostic value of CSF α-Synuclein levels to discriminate DLB and PD (α-

Synucleinopathies) from AD and controls in a relatively large group of clinically well-

characterised patients. In addition, we investigated associations between CSF 

biomarkers and severity of cognitive impairment in AD and DLB.  

 

Materials and methods 

Patients: We selected patients from which CSF was available with probable DLB and PD 

without dementia from our outpatient memory clinic and movement disorder clinic 

database. Eighteen PD en 35 DLB patients were retrieved. DLB patients were matched 

for age and gender with 63 probable AD patients and with 34 controls. The diagnosis 

was made by consensus in a multidisciplinary team, without knowledge of CSF results. 

DLB patients were diagnosed according to the consensus criteria of McKeith4, PD 

according to the UK Parkinson’s Disease Society Brain Bank (UK-PDSBB) clinical 

diagnostic criteria16 and AD patients according to NINCDS-ADRDA criteria17. The control 

group consisted of patients who presented at our memory clinic with subjective 

complaints (SC), but who had normal clinical investigations and did not have any 

cognitive deficits. Standardized assessment included medical history, informant-based 

history, physical and neurological examination, laboratory tests, neuropsychological 

testing and magnetic resonance imaging (MRI). In PD patients the Hoehn and Yahr scale, 

a five-point rating system to stage PD (1= mild, 5= severe) was used to reflect severity of 

symptoms18. The Neuropsychiatric inventory (NPI), a 12-item caregiver questionnaire 

was used to assess behavioural and psychological symptoms of dementia19. The local 

ethical review board approved the study and all patients gave written informed consent.  

CSF analysis: CSF was obtained by lumbar puncture between the L3/L4 or L4/L5 

intervertebral space, using a 25-gauge needle and collected in polypropylene tubes. 

Within two hours, CSF samples were centrifuged at 1800 g for 10 minutes at 4 ºC. A 

small amount of CSF was used for routine analysis, including total cells (erythrocytes 

and leukocytes), total protein, and glucose. Erytrocytes were measured, as these are a 

known source of α-Synuclein in blood20. Excess CSF erythrocytes (e.g. due to traumatic 

puncture) could therefore potentially confound CSF α-Synuclein-levels. CSF was 

aliquoted in polypropylene tubes of 0.5 or 1 ml and stored at -80 ºC until further 
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analysis. The technicians performing the analysis did not have access to the clinical data. 

CSF Aβ1-42, tau and p-tau181 concentrations were determined, using commercially 

available ELISA’s21.  

The α-Synuclein assay is based on a previous described procedure22. Currently, 4 

isoforms of α-Synuclein are known23. Isoform α-synuclein-140 comprises the whole 

transcript of the protein. The other 3 isoforms, α-synuclein-126, α-synuclein-112, and α-

synuclein-98 are the results of alternative splicing causing in-frame deletions of exon 3 

(amino acids 41-54) and exons 5 (103-130, and respectively both exons 3 and 524. In the 

current assay, α-synuclein-112 and α-synuclein-98 isoforms are not routinely measured.  

A disposable flat-bottom microtiterplate (Nunc Maxisorp F96, Roskilde,  Denmark) was 

coated with 100 μl  antibody 211 (0.2 μg/ml in 0.20 M carbonate buffer, pH 9.6) 

overnight at 4º C. A plate washer (Biotek, Beun de Ronde, Abcoude the Netherlands) was 

used to wash the plate five times with 250 μl PBS containing 0.05% Tween-20 (PBS 

washing buffer). All further incubations were performed at 37 ºC, unless stated 

otherwise, and all measurements were performed in duplicate. 250 μl of blocking buffer 

(2.5% gelatine in PBS washing buffer) was added and incubated for 2 hr and the plate 

was subsequently washed five times with PBS washing buffer. Next, 100 μl α-synuclein 

solution (from 0 to 500 ng/ml diluted in PBS) or CSF (1:2 diluted in PBS) was added to 

each well and incubated for 2.5 hr. Then, the plate was washed five times with PBS 

washing buffer, and 100 μl of antibody FL-140, diluted 1:1000 in blocking buffer, was 

added and incubation was continued for 1.5 hr. Again, the plate was washed five times 

and 100 μl of the peroxidase labelled goat-anti rabbit antibody (dilution 1:5000 in 

blocking buffer) were added and incubated for 1 hr. After a final washing step 100 μl of a 

freshly prepared solution of tetramethyl benzidine (TMB) was applied and incubated for 

15 minutes in the dark at room temperature. The reaction was stopped with 50 μl 2N 

H2SO4 and the absorbance was measured at 450 nm in an ELISA plate reader (Tecan 

Sunrise, Salzburg, Austria).  The lower detection limit of the method was 3.8 ng/ml. The 

intra-assay coefficient of variation (CV) was 14.9 % at a concentration of 17 ng/ml 

(n=10) and 5.3% at a concentration of 85 ng/ml (n=10). The intra-assay CV was 11.4 % 

at a concentration of 88 ng/ml (n=13) and 15% at a concentration of 66 ng/ml (n=16). 

We excluded 6 outliers (3 AD patients, 2 SC and 1 PD patient) with α-Synuclein levels 

higher than 100 ng/ml. This exclusion did not alter the outcome of this study (data not 

shown). 

Neuropsychological tests: The neuropsychological test battery was designed to screen 
the major cognitive functions and included the following tests. Mini-Mental State 
Examination (MMSE) was used as a measure of global cognitive function25. For memory, 
the Visual Association Test (VAT) was used (range 0-12)26. VAT object naming was used 
as a measure for language (0-12). The Trail making Test (TMT) consists of a simple part 
A and a more complex part B, used to evaluate executive functioning27. In TMT the 
measure of mental speed and the time required for completion is recorded. Category 
fluency is a test of executive function and language and requires verbal production of as 
many animals as possible within a time limit of 60 s. Only 8 PD patients underwent  
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neuropsychological testing; these data were not analyzed.  Neuropsychological test 
results were missing for a number of patients: MMSE 3 cases, VAT 15 cases, VAT object 
naming 19 cases, TMT-A scores 18 cases, TMT-B scores 36 cases and category fluency 15 
cases.   

Statistical analysis: For statistical analysis, Statistical Package of the Social Science 

(SPSS), version 15.0, was used. CSF biomarkers and TMT scores were log-transformed. 

Group comparisons were performed using chi-squared tests for categorical data and for 

continuous data we used analysis of variance (ANOVA), corrected for age and sex, with 

post-hoc Bonferroni tests. Correlations were assessed using bivariate Pearson 

correlation coefficient. To assess associations between CSF biomarkers and 

neuropsychological tests in dementia, linear regression analyses were performed. We 

performed linear regression analyses separately for DLB patients and AD patients. CSF 

biomarkers were entered as independent variable and neuropsychological test results 

as dependent variables. In the first model each biomarker was entered separately, with 

age and sex as covariates. In the second model, CSF biomarkers were entered 

simultaneously, with age and sex as covariates. Due to colinearity between T-tau and P-

tau181 models contained three biomarkers (i.e. Aβ1-42, α-Synuclein, tau or Aβ1-42, α-

Synuclein, p-tau181). Statistical significance was set at p<0.05.  

 

Results 

Demographic data, CSF biomarkers concentrations and neuropsychological test results 

are presented by diagnostic group in table 1. There were group differences in age and 

the distribution of gender (p <0.05). Post hoc testing showed that DLB patients were 

older than SC and PD patients. The proportion of males was higher in patients with DLB 

than SC patients and patients with AD.  

In our data the reference range for controls had a median (interquartile range) of 18 

ng/ml (14-26 ng/ml). As expected, there were group differences for CSF Aβ1-42, tau and 

p-tau181 (p<0.05). DLB patients had a profile with decreased Aβ1-42 and increased tau 

compared to SC and PD patients. Aβ1-42 levels were similar, but tau levels were lower in 

DLB patients compared to AD patients. AD patients had an increased p-tau181 level 

compared to DLB patients. SC and PD patients had no differences in biomarker levels.  

Neuropsychological test results by diagnostic group are shown in table 1. As expected 

patients with dementia (DLB and AD) performed worse in all neuropsychological tests, 

except VAT object naming, which was only reduced in AD. DLB patients were slower on 

TMT-B than patients with AD.   
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Table 1 Clinical data, neuropsychological tests and CSF biomarkers by diagnostic group 

 CON (n=34) PD (n=18) DLB (n=35) AD (n=63) 

Age 67 ± 5 67 ± 8 71 ± 8a,b 69 ± 7 

Female 16 (44%) 8 (42%) 6 (17%)a,d 34 (52%) 

α-Synuclein 

(pg/ml) 

18 (14-26) 23 (18-32) 20 (15-27) 16 (13-23) 

Aβ1-42 (pg/ml) 823 (661-

1018)c,d 

875 (719-

987)c,d 

479 (386-

661)a,b 

484 (387-545)a,b 

T-tau (pg/ml) 252 (208-

354)c,d 

196 (130-

268)c,d 

382 (265-

574)a,b,d 

613 (416-897)a,b,c 

P-tau181 (pg/ml) 48 (38-56)d 49 (37-60)d 53 (42-72)d 82 (63-1143)a,b,c 

MMSE 28 ± 1c,d 29 ± 1c,d 21 ± 5a,b 21 ± 4a,b 

VAT 12 ± 1c,d n.a. 7 ± 4a 5 ± 4a 

Naming 12 ± 0d n.a. 12 ± 1 11 ± 2a 

TMT-A 41 ± 13c,d n.a. 119 ± 82a 103 ± 82a 

TMT-B 100 ± 41c,d n.a. 416 ± 190a 240 ± 124 a,c 

Fluency 24 ± 5c,d n.a. 12 ± 5a         12 ± 5a,b 

     

Data are expressed as mean ± SD, median (I-Q range), n (%). Differences between groups were assessed 

with ANOVA, adjusted for age and sex. Biomarkers and TMT are presented as raw data, but statistics were 

performed using log-transformed data. SC: subjective complaints,  PD: Parkinson’s disease, DLB: Dementia 

with Lewy bodies, AD: Alzheimer’s disease, MMSE: mini-mental state examination, VAT: Visual Association 

Test, Naming: VAT object naming, TMT: Trail Making Test, Fluency: Category fluency.   a p <0.05 compared 

to SC. b p<0.05 compared to PD. c p<0.05 compared to DLB. d p<0.05 compared to AD. CSF α-Synuclein 

levels, adjusted for age and sex, were not different among diagnostic groups (p= 0.16, see also figure 1).  

Across groups we found no association between CSF α-Synuclein and age, disease 

duration or CSF storage time. Hoehn and Yahr-scores had a tendency of negative 

correlation with CSF α-Synuclein levels in PD patients (r= -0,25, p =0.3). NPI-scores for 

hallucinations had a tendency to be negatively correlated with CSF α-Synuclein levels in 

DLB (r= - 0.25, p =0.2). We found positive correlations between CSF α-Synuclein levels 

and CSF total protein and erythrocytes (both r = 0.27, p = 0.01). When we reanalysed 

our data, with exclusions of samples with CSF erythrocytes more than 500 erythrocytes 

per µl (n=18) and CSF protein more than 500 per µl (n=24), there were no essential 

changes in outcomes.  CSF Aβ1-42, tau and p-tau181 were not correlated with age, disease 
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duration, CSF total protein, storage time or erythrocytes (data not shown). CSF α-

Synuclein levels did not correlate with other biomarkers across groups: Aβ1-42 (r= 0.04, 

p=1.0), tau (r= -0.13, p=0.10) or p-tau181  (r= -0.13, p = 0.10).  

Figure 1  log CSF α-Synuclein levels (pg/ml) by diagnostic group 

Box and whisker plots of log transformed CSF α-Synuclein levels (pg/ml) by diagnostic group. Patients 

with Parkinson’s disease (PD) (n= 18), dementia with Lewy bodies (DLB) (n=35), Alzheimer’s disease 

(AD) (n=63) and subjective complaints (SC) (n= 34).  The line through the middle of the boxes 

corresponds to the median and the lower and the upper lines to the 25th and 75th percentile respectively. 

The whiskers extend from the 5th percentile on the bottom to the 95th percentile on top. Group 

comparisons were performed using analysis of variance (ANOVA), corrected for age and sex. CSF α-

Synuclein levels, adjusted for age and sex, were not different among the diagnostic groups (p= 0.16). 

 

Subsequently, we assessed associations between CSF biomarker levels and performance 

on neuropsychological tests in DLB and AD, using linear regression analyses (table 2). 

Adjusted for age and gender, MMSE-score was related to lower levels of CSF α-Synuclein 

(see also figure 2) and higher levels of tau and p-tau181 in DLB patients. Furthermore, 

impaired performance on the VAT was related to higher levels of tau and impaired 

object naming was related with lower Aβ1-42 levels. When we entered all biomarkers 

simultaneously in the second model, relationships with tau disappeared. Additionally, 

lower α-Synuclein was now also related to worse category fluency. In AD patients we 

observed a different picture. Worse performance on the VAT was related to higher levels    

controlADDLBparkinson

lo
g

 C
S

F
 α

-s
y
n

u
c
le

in

4,50

4,00

3,50

3,00

2,50

2,00

5 

 

 

 

 

 

 

 

4 

 

 

 

 

 

 

3 

 

 

 

 

 

     PD                      DLB                     AD                       SC 



42 

 

Figure 2 Scatter plot of CSF α-Synuclein by MMSE in DLB 

A: 

 

B: 

 

2 a. Scatterplot of the distribution of log transformed CSF α-Synuclein levels (pg/ml) and MMSE in 

patients with DLB. The X-axis shows the MMSE scores and the Y-axis the CSF α-Synuclein levels. The 

MMSE and CSF α-Synuclein levels have a positive association in the DLB group, as shown by linear 

regression analysis with age and gender  as covariates (β=6 (2), p<0.05).  

2 b. Scatterplot of the distribution of log transformed CSF α-Synuclein levels (pg/ml) and MMSE in 

patients with AD. The MMSE and CSF α-Synuclein levels have no association in the AD group, as shown by 

linear regression analysis with age and gender as covariates (β =-1(1), p=0.35).  
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Table 2 Linear regression: biomarkers and neuropsychological performance DLB - AD                    

 

 

Numbers represent regression coefficients (standard error) from linear regression analysis. Model 1: each 

separate biomarker level was entered separately in a model together with age and sex. Model 2: 

biomarker levels (α-Synuclein, Aβ42 and tau)were entered into one model with age and gender. Due to 

colinearity with T-tau, p-tau181 levels were entered into one model with α-Synuclein, Aβ1-42 and age and 

gender.  DLB: Dementia with Lewy bodies, AD: Alzheimer’s Disease, MMSE: mini mental state 

Examination, VAT: Visual Association Test, Naming: VAT object naming, TMT: Trail Making Test, Fluency: 

Category Fluency 

 DLB     AD    

 

β (SE) 

 

α-Synuclein 

 

 

 

 Aβ1-42 

 

 

 T-tau  

 

 

P-tau181 

 

  

α-Synuclein 

 

 

 

Aβ1-42 

 

 

T-tau  

 

 

 

P-tau181 

 

MMSE   1     6 (2)* 4 (3)  -5 (2)*  -4 (2)*  -1 (1) 2 (2)  0 (1) 1 (1) 

                2  5 (2)* 1 (3) -4 (2) -3 (2)  -1 (1) 1 (2) 1 (1) 1 (1) 

          

VAT       1       -1 (2) 5 (3)  -4 (2)* -4 (2)   0 (1) 2 (1)  -2 (1)* -2 (1) 

                2 -1 (2) 2 (3) -4 (2) -3 (2)  0 (1) 1 (2) -2 (1) -1(1) 

          

Naming  1            0 (0)  1 (0)*  -1 (0)* 0(0)  0 (1) 1 (1) -1 (1) -1 (1) 

                2 0 (0)  1 (1)* 0 (0) 0(0)  0 (1) 1 (1) -1 (1) -1 (1) 

          

TMT-A   1          0 (0) 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 

                2 0 (0) 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 

          

TMT-B   1 0 (0) 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 

                2 0 (0) 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 0 (0) 

          

Fluency  1           3 (2) 4 (2) -3 (2) -3 (2)  -2 (2) 1 (2) -1 (1) -1 (2) 

                 2   4 (2) * 3 (3) -1 (2) -1 (2)  -1 (2) 0 (2)       0 (1)  0 (2) 
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Discussion 

We found no differences in levels of α-Synuclein in CSF between DLB, PD, AD and SC. 

However, lower CSF α-Synuclein levels were related to worse cognitive performance in 

DLB patients. Our findings suggest that CSF α-Synuclein is not a useful biomarker to  

distinguish DLB and/or PD from AD and SC. A possible explanation could be that CSF α-

Synuclein does not reflect the disease process in α-Synucleinopathies. The pathological 

hallmark of this group of diseases is the Lewy body, an intracytoplasmic inclusion body 

that contains aggregates of insoluble α-Synuclein. It has not been elucidated yet what the 

exact relationship is between intracellular α-Synuclein aggregates and extracellular α-

Synuclein levels. CSF levels of α-Synuclein represent the pool of extracellular α-

Synuclein secreted by neurons, but it is not known if the concentration changes in 

pathological situations as it does for Aβ.  Another potential confounding factor is overlap 

in histopathology in neurodegenerative diseases. Neuropathologic studies reported the 

presence of α-Synuclein pathology in brains of AD patients in around 60% of cases28. A 

decrease of CSF α-Synuclein levels in AD patients compared to healthy subjects has been 

described15. α-Synuclein pathology has also been found in brain tissue of 10-37% of 

aged healthy subjects although the load seems to be much higher in PD/DLB3, 29. This 

mixed pathology could explain why the levels of α-Synuclein could not discriminate 

between DLB/PD and AD. In this study, DLB patients had decreased CSF Aβ1 -42 and 

increased tau compared to PD and SC patients. Tau levels in DLB were less elevated than 

in AD patients. This has been described by others and is in line with histopathological 

findings30,31. Most DLB patients have sufficient amyloid plaques to meet the pathological 

criteria of AD, although patients display severe diffuse tangle pathology to reach Braak 

stages V or VI32.  P-tau181 levels were solely elevated in AD, underscoring the results of 

previous studies that this marker can be used to discriminate between AD and DLB33. 

Our results are in agreement with recent studies in which CSF α-Synuclein 

concentrations did not differ between α-Synucleinopathies and healthy controls13, 14,15. 

In contrast, two earlier studies described lower levels of α- Synuclein in CSF of PD and 

DLB patients compared to controls and AD patients11, 12. An explanation for these 

discrepant results could be the use of different antibodies, possibly binding to different 

parts of the α-Synuclein protein. Also these discrepancies could be partly due to the 

application of different assays. The assay of Tokuda et al. required protein-enriched CSF 

and the assay of Mollenhauer et al. required elongated incubation (48 h at 4º C) of 

unconcentrated CSF. To our knowledge, this is the first study that investigate the 

relation between neuropsychological data other than the MMSE and CSF α-Synuclein 

levels. Lower CSF α-synuclein levels were related to worse cognitive performance 

(MMSE, category fluency) in DLB patients in the present study. This is in agreement with 

a recent finding by Ballard et al., who found a positive correlation between the CSF α-

Synuclein and MMSE in 12 DLB-patients34. Ohrfelt et al. found results of lower CSF α-

Synuclein related to worse MMSE in AD patients15. Although MMSE-scores were 

comparable between DLB and AD patients we could not replicate this finding. If CSF α-
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Synuclein  is related to neuronal pathological aggregation of α-Synuclein, the observed 

correlation between CSF α-Synuclein  levels and MMSE in DLB patients possibly reflects 

disease severity.  When biomarkers were assessed separately in DLB, associations 

between cognitive performance and lower Aβ1-42 and higher tau were found. This 

suggests a synergistic effect of AD-pathology in DLB. In AD patients, tau was related to 

worse memory performance. This is comparable with previous studies, which suggested 

that higher CSF tau reflects the intensity of the disease process in AD35, 36. This study 

contributes to the still sparse literature on CSF α-Synuclein and shows that this protein 

is not a reliable diagnostic biomarker, at least when using an immunosorbent assay 

designed by van Geel et al22. Further investigation is needed to determine technical 

aspects of the assays and the specific species and isoforms of CSF α-Synuclein that might 

be detected. Several studies support the idea that soluble oligomers of CSF α-Synuclein 

are the pathogenic components that drive neurodegeneration and neuronal cell death37. 

Future studies focus on the detection of these soluble α-Synuclein oligomers and a novel 

specific ELISA method has recently been described38. DLB is a clinically heterogeneous 

disease and involves several neuropathological processes. In view of the current 

suboptimal diagnostic accuracy, a biomarker that would provide early and correct 

diagnosis would be an asset. It has to be further clarified how mixed pathology is 

reflected in the CSF and how this influences the diagnostic ability of CSF biomarkers. The 

tendency of CSF α-Synuclein to be related with cognitive performance in DLB and AD 

needs additional investigation, as to how this associates with underlying 

neurodegenerative processes. 
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Abstract 

Frontotemporal dementia (FTD) is a heterogeneous neurodegenerative syndrome, 

predominantly affecting the frontal and temporal lobes. Most patients present with 

behavioral deficits, executive dysfunction and language difficulties. FTD presents as two 

clinically recognized subtypes; the behavioral manifestation (FTD-b) and primary 

progressive aphasia (PPA), which can be divided into semantic dementia (SD) and 

progressive non fluent aphasia (PNFA). FTD is second to Alzheimer’s disease (AD) as the 

major cause of young onset dementia. Neuropathological characteristics of FTD roughly 

can be divided in tauopathy (FTD-TAU) and ubiquitin pathology (FTD-U). Almost half of 

FTD occurs familial and genetic heterogeneity is reflected by the identification of 

mutations in causative genes. Diagnostic criteria have modest sensitivity and it may be 

challenging to differentiate FTD from other types of dementia, especially AD. Functional 

imaging, especially FDG-PET improves early diagnosis and frontotemporal 

hypometabolism correlates with clinical symptoms.  Besides functional markers, nuclear 

imaging techniques may be helpful to detect specific markers of pathology or deficits of 

different neurotransmitter systems, depending on degeneration of subcortical nuclei 

and may provide valuable insight in the pathophysiology of FTD. Although currently no 

effective treatment is available for FTD, early and correct diagnosis is necessary for 

adequate clinical management, because of prognostic implications and for genetic 

counselling.  

 

Introduction: 

Frontotemporal dementia (FTD) after Alzheimer’s disease (AD) constitutes the major 

cause of young onset dementia. The prevalence of FTD accounts up to 22% of dementia, 

starting before the age of 65 years 1,2. FTD is a heterogeneous neurodegenerative 

syndrome, predominantly affecting the frontal and temporal lobes3,4,5.The clinical 

spectrum of FTD comprises an insidious onset and a progressive course, but with 

variable decline6. FTD may manifest as two clinically recognized subtypes, based on the 

predominant features; behavioral and personality changes on the one hand, on the other 

hand language disturbances. The behavioral presentation (FTD-b) is characterized by 

severe changes in behavior and personality, such as disinhibition, apathy, loss of 

empathy, stereotypic behavior, dietary changes and executive cognitive deficits (table 1: 

‘Diagnostic criteria FTD-b’).  FTD -b consensus criteria were recently revised, 

differentiating possible, probable and definite FTD-b with a higher sensitivity (76-

86%)7. Predominant language difficulties are classified as primary progressive aphasia 

(PPA) and may be divided into semantic dementia (SD) and progressive non fluent 

aphasia (PNFA). SD presents with impaired comprehension and concomitant 

development of anomia, while speech production is spared. PNFA is characterized by 

effortful speech and grammatical errors, with sparing of language comprehension.  

Recently a third presentation was described, the logopenic progressive aphasia (LPA), 



51 

 

associated with a neuropathological diagnosis of Alzheimer’s disease (table 2: 

‘Diagnostic criteria PPA’)8,9. In the heterogeneous spectrum of FTD there is also overlap 

with motor neuron disease (FTD-MND or FTD-ALS), as well as with Parkinsonian 

syndromes such as progressive supranuclear palsy (PSP) and corticobasal degeneration 

(CBD)3,10.   

Neurodegenerative changes in the brain are characterized by various patterns of 

atrophy of frontal and temporal lobes. Clinical phenotypes have a strong correlation 

with anatomic pathology. FTD-b is associated with symmetric atrophy of the frontal 

lobes, insula, anterior cingulate and anterior lobes11. SD is associated with asymmetric 

atrophy of the left/ linguistic dominant anterior inferior temporal lobe. In patients with 

PNFA an asymmetric atrophy involving the anterior perisylvian cortex, mainly of the 

dominant hemisphere is seen.  

The first patient with progressive aphasia and lobar atrophy was described by Arnold 

Pick in 189212. In 1911 Alois Alzheimer reported the presence of argyrophilic neuronal 

inclusions at neuropatholological examination, later known as ‘Pick bodies’13. Nowadays 

the neuropathology of FTD roughly can be divided in tauopathy (FTD-TAU) and 

ubiquitin pathology (FTD-U). Ubiquitin pathology is frequently combined with TAR 

DNA-binding protein (TDP-43) inclusions (FTD-TDP). A considerable number of TDP-

43-negative FTD-U cases has inclusions of fused-in-sarcoma protein (FUS), referred to as 

FTD-FUS (Mackenzie 2010). Positive family history is observed in 40 % of the FTD 

patients, most prominent in FTD-b (45%), and especially when concomitant symptoms 

of MND are present (60%) 14. Genetic heterogeneity of FTD is reflected by the 

identification of mutations in the MAPT and GRN genes, both linked at chromosome 17, 

in approximately 50% of familial cases. Mutations in the valosin containing protein 

(VCP), charged multivesicular body protein (CHMP2B), TAR-DNA binding protein 

(TARDP) and fused in sarcoma (FUS) genes are found in less than 5%. Mutations in 

progranulin (PGRN) gene are associated with ubiquitin pathology and TDP-43-positive 

inclusions15. Tauopathy is mostly caused by mutations in the microtubule-associated 

protein tau (MAPT) gene, but also presenelin 1 mutations are reported16.  Recently 

mutations were identificated on 9p21, C9orf72 gene, associated also with ubiquitin 

pathology and TDP-43-positive inclusions17,18,19.   

Neuro-imaging is useful in the diagnostic work up, especially MRI scans, but have a 

modest sensitivity of 50-64% and specificity around 70%, depending on the stage of 

neurodegeneration20.    

 

Nuclear imaging  

Regional cerebral blood flow and glucose metabolism 

Nuclear imaging techniques using Positron Emission Tomography (PET) or Single 

Photon Emission Computed Tomography (SPECT) tracers may visualize blood flow and 
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oxygen and glucose consumption. Several SPECT and PET studies have detected 

functional deficits in FTD patients in comparison to controls. In addition, perfusion or 

metabolic deficits may exist in a structurally normal brain. In 1977 Sokoloff et al. were 

the first to report that under physiological steady-state conditions, cerebral blood flow is 

coupled to the level of cerebral oxygen and glucose consumption21. Cerebral glucose 

metabolic activity is an index of synaptic function and density and a characteristic 

feature of neurodegeneration22,23. Stimulation of functional activity increases the local 

rate of glucose utilization while reduced functional activity lowers it24.  The PET tracer 

[18 F]-fluorodeoxyglucose (FDG) allows the measurement of the cerebral metabolic rate 

of glucose (CMRglc).  Reivich et al. in 1979 were the first to study FDG-PET in man25. The 

clinical test involves the qualitative visual interpretation of the scan images, on which 

metabolically active areas are indicated by greater degrees of FDG activity. FDG-PET 

imaging has been used extensively to identify characteristic disease-related patterns of 

regional glucose metabolism in patients with different variants of FTD26. Although 

SPECT has been more broadly available, studies show PET has a higher diagnostic 

accuracy, suggesting that PET is superior to SPECT in its ability to separate healthy 

controls from patients with true dementing illnesses27.  

Brain perfusion 

SPECT studies usually have been performed using [99Tc]-HMPAO, providing 

measurements of cerebral blood flow (CBF). According the European Association of 

Nuclear Medicine Neuroimaging Committee (ENC) guidelines, brain perfusion SPECT 

can be used for early detection of various forms of dementia, including FTD28.  Early 

behavioural symptoms can precede the onset of dementia in FTD and SPECT can predict 

diagnosis29,30. SPECT in addition to clinical evaluation increases the diagnostic accuracy 

for neurodegenerative diseases increase31.  FTD has typically been linked to a pattern of 

reduced cerebral blood flow (CBF) of symptomatic frontotemporal cortices (figure 1). 

Using voxel-based statistical methods more specifically significant areas of 

hypoperfusion were detected, affecting association cortices, including hippocampus and 

amygdala, cingular and insular32. SPECT provides useful information in differentiation of 

FTD subtypes; in Semantic Dementia (SD) shows hypoperfusion of the left temporal lobe 

is most prominent33. SPECT imaging also aids in the differential diagnosis of patients 

with dementia. Numerous studies have been performed in patients with various forms 

of dementia, including AD, frontotemporal dementia, and vascular dementia, with 

demonstration of unique uptake patterns. The presence of a frontal or anterior 

perfusion deficit has been associated with frontotemporal dementia and not 

with AD, which is associated with a pattern of bitemporoparietal hypoperfusion34. In one 

study35 in which a simple decision rule based on discriminant analysis of SPECT data 

was applied, 20 patients with probable AD and 20 with probable frontotemporal 

dementia were evaluated; hundred percent of patients with frontotemporal dementia 

and 90% of patients with AD were correctly classified.  In a study of Pickut et al, using a 
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model, 81 % of the FTD and 74% of the AD were correctly classified36; bifrontal 

hypoperfusion was found to be the most powerful predictor of clinical classification. 

Patients showing bilateral anterior hypoperfusion are approximately 16 times more 

likely to suffer FTD than AD and are also considerably more likely to have FTD than 

vascular dementia or DLB37. In another study38 with 16 patients with frontotemporal 

dementia, 71 patients with other forms of dementia, 28 control subjects, an anterior-to-

posterior ratio was successfully used to classify 

patients with frontotemporal dementia from those with other forms of dementia 

and from control subjects with a sensitivity of 87.5% and a specificity of 78.6%. 

The effect of different SPECT uptake patterns at baseline on modification of the 

differential diagnosis was evaluated in a study37 with 363 patients followed up for a 

median of 3 years. Patients were classified into disease groups on the basis of clinical 

criteria. A bilateral posterior perfusion abnormality was associated with AD, whereas a 

bilateral anterior abnormality was associated with frontotemporal dementia. 

Brain glucose metabolism 

Using the PET tracer [18 F]-fluorodeoxyglucose (FDG)  in FTD a frontotemporal pattern 

of hypometabolism is found. Using voxel-based statistical methods a more widespread 

pattern has been reported with involvement of temporo-parietal association cortex, 

basal ganglia and thalamus and marginally in the primary sensorimotor cortex and 

cerebellum39.  Particularly, the ventromedial frontopolar cortex is known to be 

involved40,41; this region is clinically related to decision making, feelings of rightness and 

social knowledge. The behavioral variant type FTD-b has been specifically related to 

hypometabolism of the right inferior frontal lobe42(figure 1). Three different clinical 

presentations of primary progressive aphasia (PPA) are associated with signature 

patterns of glucose metabolism (figure 2)43. Progressive nonfluent aphasia (PNFA) 

showes (sometimes subtile) asymmetric left frontal hypo metabolism, semantic 

dementia (SD) prominent anterior temporal hypo metabolism, left greather than right, 

wheras logopenic aphasia (LPA)showes metabolic lesions in the left parietal and 

posterolateral temporal lobes.  In order to distinguish FTD from AD, detection of 

hippocampal hypometabolism may be particularly useful. Hippocampal 

hypometabolism is present in almost all AD cases, but only in a minority of FTD 

patients44. Other regions which have specifically impaired glucose metabolism in FTD in 

comparison to AD include the (bi) lateral ventromedial frontal area, the left anterior 

insula and the inferior frontal cortex45. CBD, which shares clinical and pathologic 

features with FTD, has been associated with reduced metabolism of the primary 

sensorimotor region and/or basal ganglia and with asymmetric metabolic deficits in the 

hemispheres39. Specific glucose metabolic patterns can differentiate FTD from other 

neurodegenerative brain diseases, like AD and DLB (figure 3, Teune 2013).   
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In addition to FTD, metabolic or inflammatory diseases, such as  brain iron accumulation 

(NBIA) related neurodegeneration46and voltage-gated potassium channel encephalitis47 

may resemble FTD both clinically or using PET or SPECT.   

FDG PET has been demonstrated to have higher sensitivity and specificity for the early 

detection of FTD when compared to perfusion SPECT48.  In a community-based 

prospective study of patients suspected of early-onset dementia, sensitivity of PET to 

detect FTD was 53%, whereas specificity was 95%49. An FDG PET study of 45 patients 

with pathologically confirmed dementia showed that adding FDG PET, accuracy 

increased 11 % compared to diagnoses based on clinical criteria alone50. The 

sensitivities and specificities for the diagnosis of FTD were 36.5% and 100.0% for 

consensus criteria, 63.5% and 70.4% for magnetic resonance images, and 90.5% and 

74.6% for SPECT/PET scans, respectively. With a previous prevalence of nearly 50% for 

FTD, the positive predictive value was greatest for consensus criteria (100.0%), and the 

negative predictive value was greatest for SPECT/PET (89.8%)51.The initial 

neuropsychological results did not distinguish FTD, but the pattern of progression 

(worse naming and executive functions and preserved constructional ability) helped 

establish the diagnosis after 2 years. Right frontal lobe hypometabolism seems to have 

the highest predictive value for developing FTD. After 2 years of follow up, patients 

showing hypoperfusion of this region at baseline were most likely to reach consensus 

criteria for FTD52.  

Environmental factors 

 Using PET a strong negative correlation has been found between the level of education 

and CMRglc, independent of demographics and the scores of the patients on cognitive 

testing53. This finding suggests the presence of a cognitive reserve in highly educated 

FTD patients. A SPECT study showed a significant correlation between occupational 

attainments and hypoperfusion54. In addition, Spreng et al. assessed 161 occupational 

variables and found a predominantly verbal occupation to be associated with 

hypometabolism of the left-hemispheric pars triangularis of the inferior frontal gyrus, 

whereas a physical occupation was inversely correlated with CMRglc in the right-sided 

supplementary motor cortex55. These findings suggest that the translation of 

neuropathology into clinical symptoms may be influenced by environmental factors.  

Pharmacological treatments 

FDG PET also has been used to assess pharmacological treatment of FTD in small groups. 

Within a group treated with memantine, a noncompetitive N-methyl-D-aspartate and 

serotonin-3 receptor antagonist, an increase in glucose metabolism from baseline was 

observed, mainly in SD patients56. However, this beneficial effect could not be correlated 

with an improvement in clinical symptoms. Other possible treatments have not been 

assessed using either PET or SPECT.   
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Longitudinal studies 

In the early stage of FTD, hypometabolism may be evident in the frontal lobes, mainly on 

the right, with sparing of the motor cortex, while in the course of the disease 

hypometabolism tends to progress more symmetrical and cross lobar borders57. 

Worsening of metabolic deficits has been reported specifically in the orbitrofrontal parts 

of the frontal lobe as well as in subcortical structures58. Another longitudinal study 

reported worsening of all hypometabolic structures at baseline and additional 

hypometabolism of the inferior frontal cortex, the inferior parietal lobe, left precuneus 

and the inferior and middle temporal lobes57. These regions may secondarily be affected 

as a consequence of impaired input from frontal areas via the superior longitudinal 

fasciculus, the uncinate fasciculus and the cingulum bundle. Involvement of more 

posterior regions has been described to occur after disease duration of more than 5 

years32. 

Correlation with behaviour 

Initially, studies made use of a region-of-interest (ROI) analysis in which certain regions 

which are expected to be involved in the disease are investigated. More recently, voxel-

based methods are used which allow detection of significantly altered brain regions 

without a-priori hypothesis. These methods seem particularly useful in relating clinical 

symptoms to specific brain regions. Table 3 shows the relationship studies between 

clinical symptoms of FTD and functional imaging. 

Pathologic markers  

Besides functional markers, specific markers of pathology are of interest in the 

evaluation of dementia.  Recent advances in in vivo β-amyloid detection of AD allow 

further differentiation between FTD and AD. In the pathogenesis of AD, the depositions 

of amyloid-β are an early event in an amyloid cascade hypothesis59. The first tracer to 

selectively visualizing amyloid-β in vivo is the Pittsburgh compound B ([11C]PiB)60. 

Nearly all AD patients show high retention of the [11C] PIB tracer, whereas retention in 

FTD is low or mild61,62,63. Significant differences in retention of [11C]-PIB between AD 

and FTD patients have been shown in frontal, parietal, temporal, and occipital regions, 

as well as in the putamina64. Correspondingly, inter-rater reliability is high, reflecting an 

on/off phenomenon for [11C]-PIB retention (61).  Positive [11C]-PIB scans in FTD are 

quite common65, but [11C]-PIB retention in supposedly FTD patients might also be 

reflective of concomitant AD pathology. With the introduction of fluorine-18 labelled 

amyloidtracers, such as [18F]-Florbetaben, distribution may be facilitated to medical 

centres without cyclotron. It has been shown in vitro that 18F-Florbetaben does not bind 

to tau–protein, associated with FTD, or to α-synuclein, associated with DLB66. A recent in 

vivo study, using [18F]-florbetaben, showed widespread cortical uptake in AD patients, 

and only mild binding in 1 out of 5 FTLD patients62. Another study in a larger group 

showed a similar pattern of increased uptake in nearly all AD patients, and mild or low 

uptake in FTD patients67. However, a majority of MCI subjects also demonstrated 
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increased uptake. Further research is needed to investigate whether this finding reflects 

a prodromal state of AD or represents a feature of normal aging.  

Another area of interest in neurodegenerative diseases is a process often referred to as 

‘Glial activity’ was significantly increased in the frontal cortex of one PGC patient, in the 

occipital cortex of two PGCs patients and in the posterior cingulate of 1 PGC patient 

compared with healthy controls68. Neuro-inflammation may be a marker of tau 

pathology in a pre-symptomatic state. However, radio-ligands specifically binding to 

FTD pathology, such as tau-proteins, are lacking.   

Neurotransmitter systems 

The involvement of different neurotransmitter systems varies between types of 

dementia, offering another possibility to differentiate FTD from other dementias. In this 

paragraph, findings in the serotonergic, dopaminergic and cholinergic system in FTD 

will be summarized. 

Serotonergic system 

Behavioral and psychological disorders are frequent in FTD and many of them are 

related to serotoninergic dysfunction69. A study using [11C]WAY-100635 showed that 

FTD patients had significantly decreased serotonin (5-HT1A ) binding potential (BP) 

compared with controls in all 10 brain regions examined, but most pronounced in 

frontal and temporal regions70. The extent of BP reduction suggested that the potential 

of treatment with pharmacological agents, such as 5-HT1A receptor blockers and 

serotonine reuptake inhibitors may be limited. However, this study was limited by small 

group size (n=4) and further research is warranted. 

Dopaminergic system 

The prevalence of extrapyramidal symptoms in FTD is between 23% and 83%71. 

Akinesia, rigidity, and a shuffling with a short stride are typical findings72. 

Neuropathologic mechanisms responsible for these symptoms have been evaluated in 

FTD using radiotracers which bind to pre- or postsynaptic dopaminergic receptors. 

Using [123I]-FP-CIT SPECT (DAT-scan), the presynaptic dopamine transporter has been 

assessed in FTD patients. Significantly reduced uptake was noted in both the right and 

left striatum. In addition, there was a negative correlation between motor UPDRS scores 

in the right striatum and in the left striatum. These findings indicate functional loss of 

presynaptic dopamine transporters in FTD and underline the need for evaluation of 

dopamine drug treatment73. Although reduced uptake of [123I-FP-CIT] SPECT is 

considered characteristic for DLB and is rare in AD, reduced striatal uptake does not rule 

out FTD74. Impaired function of the dopamine transporter in FTD has also been 

demonstrated using [11C]-CFT PET, both in the nucleus caudate and in the putamen 

when compared to controls72. This pattern of impaired nigrostriatal dopamine function 

is different from idiopathic Parkinson patients, in whom reduced uptake is usually more 

pronounced in the putamen, but may be similar to that observed in AD. Another PET 
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ligand, [11C]-DTBZ, can be used to visualize the distribution volume of the vesicular 

monoamine transporter type 2 (VMAT2) and has been demonstrated to provide 

additional information to [18F]-FDG to facilitate differentiation between dementias, 

particularly between AD and DLB 75. 

Cholinergic system 

The cholinergic system has recently been investigated in FTD, CBD and PSP patients 

using the radiotracer [11C]-MP4A. A distinct pattern of K3 values, reflecting 

acetylcholinesterase activity, was observed in each of these diseases.  FTD patients did 

not show significant differences in K3 values compared to controls. In PSP, reduction of 

acetylcholinesterase activity was mild in the cortex, but pronounced in the thalamus, 

whereas in CBD acetylcholinesterase activity reduction was moderate in the cortex, but 

absent in the thalamus76. However, in advanced stage FTD patients reduced 

acetylcholinesterase activity has been shown, indicating the above patterns may not be 

disease specific77. Furthermore, both decreased and increased acetylcholinesterase 

activities have been reported in presymptomatic FTD-17 gene carriers68.  

 

Conclusions 

Neuro-imaging, particularly functional brain studies, greatly increased the sensitivity of 

detecting FTD. Clinical diagnosis of FTD (consensus criteria) and neuropsychological 

and neuropsychiatric features combined with SPECT or PET findings increases accuracy 

of the diagnosis FTD. Frontotemporal hypometabolism is an early and specific sign and 

helps to differentiate from other forms of dementia, especially AD. FDG PET has been 

demonstrated to have higher sensitivity and specificity for the early detection of FTD 

when compared to perfusion SPECT. In addition to metabolic markers, nuclear imaging 

techniques may be helpful to detect specific markers of pathology or deficits of different 

neurotransmitter systems, depending on degeneration of subcortical nuclei and provide 

valuable insight in the pathophysiology of FTD.  
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Table 1: Diagnostic criteria FTD-b3,7 

Behavioral variant (FTD-b) 

Inclusionary criteria: progressive deterioration of behavior and/or cognition and at least three of the 

following symptoms (A-F): 

A. Early (within the first 3 years) behavioral disinhibition (socially inappropriate behavior, loss of 

decorum/ impulsive or careless actions) 

B. Early apathy or inertia 

C. Early loss of sympathy or empathy (diminished response or interest to other people’s needs 

and feelings) 

D. Early perseverative, stereotyped or compulsive/ ritualistic behaviors 

E. Hyperorality and dietary changes 

F. Neuropsychological profile: executive deficits with relative sparing of memory and visuospatial 

functions 

Exclusionary criteria: A and B must be answered negatively for diagnosis. Criteria C can be positive for 

possible-, but must be negative for probable FTLD-b.  

A. Pattern of deficits is better accounted for by other non-degenerative nervous system or medical 

disorder 

B.   Behavioral disturbance is better accounted for by a psychiatric diagnosis 

C.   Biomarkers strongly indicative of Alzheimer’s disease or other neurodegenerative process   
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Table 2: Diagnostic criteria PPA and variants3, 78,43,79 

Inclusionary criteria: 1-3 must be present: 

1 Most prominent clinical feature is difficulty with language 

2 These deficits are the principal cause of impaired daily living activity 

3 Aphasia should be the most prominent deficit at symptom onset and for the initial phases of the disease 

------------------------------------------------------------------------------------------------------------------------------------------------- 

 

Exclusionary criteria: 1- 4 must be answered negatively: 

1 Pattern of deficits is better accounted for by other non-degenerative nervous system or medical disorders 

2 Cognitive disturbance is better accounted for by a psychiatric diagnosis 

3 Prominent initial episodic memory, visual memory and visuoperceptual impairments 

4 Prominent initial behavioral disturbance 

SD  core features:  

Impaired confrontation naming and single-word 

comprehension. 

 

Other features: impaired object knowledge, surface 

dyslexia or dysgraphia, .spared repetition, spared 

speech production. 

PNFA core features: 

 Agrammatism in language production and apraxia 

of speech. 

 

At least 2 of 3 other features: 

Impaired comprehension of syntactically complex 

sentences, spared single-word comprehension, 

spared object knowledge.  

LPA core features:  

Impaired single-word retrieval in spontaneous speech 

and repetition of sentences and phrases. 

 

At least 3 other features: 

Phonologic errors in spontaneous speech and naming, 

spared single-word comprehension spared motor 

speech, absence of frank agrammatism.  

Imaging-supported:   

Predominant anterior temporal lobe atrophy, left 

greater than right, on MRI or hypoperfusion or  

hypometabolism on SPECT or PET 

Imaging-supported:  

Predominant left fronto-insular atrophy on MRI or 

hypoperfusion or hypometabolism on SPECT or 

PET 

Imaging-supported:  

Predominant left parietal and posterolateral temporal 

lobe atrophy on MRI or hypoperfusion or 

hypometabolism on SPECT or PET 

Definite pathology:  clinical diagnosis and either criterion 1 or 2 must be present:  

1. Histopathologic evidence of specific neurodegenerative pathology 

2. Presence of known pathogenic mutation 

PPA= Primair Progressive Aphasia, SD= Semantic Dementia, PNFA= Progressive Non-

Fluent Aphasia, LPA= Logopenic Progressive Aphasia 
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Table 3: Correlations between functional imaging and behavioural aspects of FTD 

 

R=rightside, L=leftside  

* autonoetic consciousness: ability to retrieve memories accompanied by recollection of 

encoding context 

 

 

 

Author  Groups Tracer  Statistics Main results of hypometabolism or reduced blood flow 

Mendez 

et al. 

2006(79) 

FTD (n=74) [99Tc]- 

HMPAO 

SPECT 

Visual 

assessment 

- Dysthymia and anxiety: R temporal lobe 

- Frivolous behaviour: temporal lobes, particularly R  

- Alterations in non-verbal behaviour: R frontal lobe.  

Le Ber et 

al. 

2006(32) 

FTD-b (n=68: 

25% inert,  

19% disinhibit, 

56% mixed) 

Age-matched 

Controls (n=28)  

[99Tc]-

HMPAO 

SPECT 

Multicenter, 

Voxel-based, 

p<0.05, 

corrected 

- Inertia: medial frontal cingulate gyrus 

- Disinhibition: predominant ventromedial prefrontal and 

temporal 

 

Raczka et 

al, 

2010(80) 

FTD (n=17) 

Age-sex- 

matched 

Controls (n=9) 

[18F]-

FDG PET 

Voxel-based, 

p<0.001, 

uncorrected 

- Executive dysfunction: anterior-mid cingulated gyrus, anterior 

medial frontal, L frontopolar and inferior/ middle/ superior 

frontal gyri, anterior and inferior part insula, globus pallidus, 

caudatum, thalamus 

- Behavioural impairment: L frontomedial inferior temporal gyrus 

and anterior/ superior part of the insula.  

Bastin et 

al. 

2012(81) 

FTD-b (n=11) 

Controls (n=26) 

[18F]-

FDG PET 

Voxel based, 

p<0.05, 

corrected 

- Severe loss of autonoetic consciousness*:  

L anterior medial frontal, L middle frontal cortex- near the 

superior frontal sulcus, L inferior parietal cortex and the posterior 

cingulate cortex, R  postcentral sulcus  

Borroni 

et al. 

2012(42) 

FTD-b (n=207) [99Tc]-

ECD 

SPECT 

Confirmatory 

factor 

analysis, 

p<0.005, 

uncorrected, 

minimum 

voxel size 25 

- Disinhibition: anterior cingulate, bilateral anterior temporal 

cortex hypoperfusion (R>L)  

- Apathy: L dorsolateral frontal cortex 

- Aggression: no region associated  

- Language deficits: L frontotemporal lobes  
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Figure 1: Single-headed HMPAO SPECT study of a patient suffering from frontotemporal 

dementia. Transaxial slices from bottom to top. Moderate to severe cortical 

hypoperfusionof the frontal lobes, especially on the left, and slight hypo perfusion of the 

temporal poles.  

 

Figure 2: [18 F]- FDG PET in FTD-b, Behaviour Variant: right fronto(temporal) 

hypometabolism.  
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Figure 3: [18 F]- FDG PET in different types FDG patterns. Axial (z = 9, z = 27) and coronal 

(y = 64) slices of mean atrophy-corrected FDG images from (top to bottom) normal 

controls (N = 12). PNFA (N = 5), SD (N = 5), LPA (N = 4) and AD (N = 10). PNFA is 

characterized by left frontal hypometabolism (red arrow), SD by left greater than right 

anterior temporal hypometabolism  (yellow arrows), and LPA by asymmetric left 

temporoparietal hypometabolism (light blue arrows).  
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Figure 4: [18 F]- FDG PET in different types of dementia; DLB, AD, FTD (Teune 2013).  
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Chapter 6: 

The cerebral metabolic topography of Lewy Body Dementia.  
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Abstract: 

Introduction:  Regional uptake changes of [18F]-fluorodeoxyglucose (FDG) in PET images 

is a supportive biomarker for Dementia with Lewy Bodies (DLB), although the 

diagnostic specificity is disputed. Multivariate analysis with the Scaled Subprofile Model 

and Principal Component Analysis (SSM PCA) of FDG PET images has disclosed disease-

specific patterns in multiple neurodegenerative diseases, including Alzheimer’s disease 

(AD) and Parkinson’s disease (PD). Such patterns have shown to be useful in tracking 

disease progression and differential diagnosis and have advantages over univariate 

techniques. In the present study, we employed this advanced method to identify a DLB 

related pattern (DLBRP) and to compare the diagnostic accuracy with univariate 

approaches.     

Methods: SSM PCA was applied to 19 healthy controls (HC) and 19 DLB subjects in a 

Dutch cohort to identify the DLBRP. Stability of the involved regions in the DLBRP was 

confirmed with a bootstrap analysis. For validation, DLBRP expression was 

subsequently calculated in an independent Belgian cohort of  20 HC and 37 DLB 

subjects. In addition, group differences regarding FDG uptake in the visual cortex were 

assessed by means of voxel-based analysis in this volume of interest (VOI), and 

subsequently compared with the obtained DLBRP.    

Results: The DLBRP was characterized by relative hypometabolism in the occipital 

cortex, including the primary visual cortex, parietal cortex and lateral frontal cortex, co-

varying with relatively increased metabolism in the brainstem, cerebellum, putamen, 

pallidum, thalamus and sensorimotor cortex. In the Belgian validation cohort, the DLBRP 

expression scores were significantly higher in DLB subjects compared to HC (p< 

0.0001), although with 4 outliers with low DLBRP expression. FDG standardized uptake 

value (SUV) in the visual cortex was decreased in the Dutch cohort (p<0.001), but not 

significant decreased in the Belgian cohort. The correlation between the visual cortex 

metabolism and the DLBRP in both cohorts showed a moderate agreement (Dutch 

cohort p 0.689, Belgian cohort p 0.326). The two DLB populations were different 

regarding the presence of visual hallucinations, i.e. 23 of 37 Belgian versus 18 of 19 

Dutch DLB patients. The correlation of the derived DLBRP  score and presence of visual 

hallucinations was not significant (p 0.097).   

Conclusion:  We identified and validated a DLB-related cerebral glucose metabolic 

covariance pattern (DLBRP) using SSM/PCA analysis. The group difference in the 

metabolic pattern of the visual cortex between the Dutch and Belgian cohorts are 

speculated to be due to heterogeneity of the subjects, but will be further analyzed.     
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INTRODUCTION  

Dementia with Lewy Bodies (DLB) has a prevalence of approximately 5-15 % of all 

neurodegenerative diseases1,2. In 2017, the DLB Consortium refined recommendations 

about the pathological and clinical diagnosis of DLB3. Core neuropathological features 

include aggregation of α-synuclein in the neocortex and limbic cortex, and loss of nigro-

striatal dopaminergic system4. In DLB, α-synucleinopathy starts in the caudal raphe 

nuclei and locus coeruleus, progressing in the dorsolateral medulla oblongata and 

expanding to the neocortex5, but individual variation and overlap with other 

neurodegenerative diseases are common6,7,8. 

Clinical diagnosis of DLB requires the presence of progressive cognitive decline with 

interference in social or occupational functions and minimal two core clinical features3: 

fluctuating cognition, recurrent visual hallucinations, REM sleep behavior disorder 

(RBD), and spontaneous features of parkinsonism. Clinical diagnostic criteria have 

modest sensitivity9. Although diagnostic criteria have become more sensitive over time, 

about 20 % of DLB diagnosis are still incorrect10.  The diagnosis of DLB is challenging, 

especially in early course of disease, as the clinical presentation is heterogeneous. The 

most frequent misdiagnosis is Alzheimer’s Disease (AD), because of the overlap in 

clinical symptoms and the mixed underlying pathology, particularly in older patients10. 

AD-related pathology is demonstrated in more than half of DLB subjects with amyloid 

PET11 and Tau PET12. The second frequent misdiagnosis are Parkinson’s Disease (PD) 

and PD dementia (PDD)10. Reflecting the not well-defined boundaries, DLB is considered 

as a clinical and pathological spectrum, with PD on one- and AD on the otherside13. 

Cholinesterase inhibitors improve cognition, global function and activities of living and 

slow down deterioration14 and Rivastigmine has a positive effect on neuropsychiatric 

symptoms15. Parkinsonism is often less responsive to dopaminergic treatment in DLB 

and may be associated with an increased risk of psychosis and increased morbidity and 

mortality16. Early diagnosis of DLB is therefore important for therapeutic choice, ass for 

clinical drug trials focus on specific neurodegenerative pathology.  

In the 2017 updated diagnostic criteria of DLB, indicative biomarkers have been 

identified, including positron emission tomography (PET) imaging, confirming a reduced 

dopamine transporter (DAT) uptake in basal ganglia dopaminergic deficit, but does not 

differentiate from Parkinson Disease (PD) or PD Dementia (PDD)3, and may be normal in 

early disease stages17. Neurodegenerative disorders are characterized by disease-

specific patterns of hypometabolism assessed by 18F-Fluoro-deoxyglucose  (FDG) PET 

brain imaging and are listed as supportive biomarker, but still lacking confirmed 

diagnostic specificity3. 18F-FDG tracer provides an index for the cerebral metabolic rate 

of glucose, which is a reflection of synaptic integrity and is highly correlated with 

severity and quality of clinical symptoms18. Visual hallucinations are a core clinical 

feature of DLB and correlated with occipital hypometabolism19. 18F-FDG-PET pattern for 

DLB with a decreased uptake in the visual cortex20 and relative preservation of posterior 

or midcingulate metabolism, has modest sensitivity (70%) and specificity (74%)3. Scaled 
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subprofile model and principal component analysis (SSM PCA) is an advanced 

covariance analytical method, that extracts a disease-related pattern from18F-FDG-PET 

images21,22,23. Covariance analysis techniques are considered appropriate methods to 

explore network activity, which is thought to provide more insight into the underlying 

pathophysiologic mechanism. Once a particular disease-related pattern has been 

identified, it can be used to quantified individual subject scores that can be used as a 

marker for disease progression and effective therapy24. A complete description is 

provided by Spetsieris and Eidelberg23. An important advantage of this approach is that 

once a pattern has been identified, the degree of its expression can be quantified in any 
18F-FDG PET scan. This expression score is reflected by a single numeric value that can 

be used to investigate relationships with clinical and physiologic metrics or to make 

predictions. Using SSM PCA multivariate analysis, a PD-related and AD-related pattern 

(PDRP and ADRP) has been successfully identified in multiple cohorts25,26,27,24.  

The objective of this study is to identify a DLB-related pattern (DLBRP) from 18F-FDG-

PET, using SSM PCA multivariate analysis, for diagnostic approach and to provide a 

reference for further studies. Furthermore, we aimed to identify the specific 

contribution of the FDG uptake in the visual cortex, analyzed with volume of interest 

(VOI) and voxel-based analysis, compared with the DLBRP.    

 

2. METHODS 

2.1 Patients 

Identification cohort:  

To identify DLB-related patterns, we used data of 19 healthy controls and 19 subjects 

with a probable diagnosis of DLB according to the 2017 McKeith criteria3. The subjects 

were recruited in an out-patient memory clinic and movement disorder clinic in UMCG, 

the Netherlands (the ‘Dutch cohort’). Standardized assessment included medical history, 

informant-based history, physical and neurological examination, including Hoehn and 

Yahr scale28, laboratory tests, neuropsychological testing, and magnetic resonance 

imaging (MRI) scan. Neuropsychological assessment differed in the different clinics: 

Mini Mental State Examination (MMSE)29 was performed on memory clinic patients (13 

of 19 subjects) and for patients in the movement disorder clinic alternately Montreal 

Cognitive Assessment (MOCA)30, PDD- short screen31 and Scales for Outcomes in 

Parkinson's disease-Cognition (Scopa COG)32 tests were applied. Clinical Dementia 

Rating Scale (CDR)33 was performed for all patients. In addition, in some cases 

supportive biomarkers, namely MRI, CSF or 11C-PIB PET, were employed to aid the final 

diagnosis, and subjects were excluded if (mixed pathology of) AD or PDD was diagnosed. 

DLB subjects were 16 male and 3 female, with a mean age of 73±7 years. Stage of the 

disease was 2±1 years,  expressed in years of clinical symptoms or disease duration at 

scanning. MMSE score was 24±4, with a CDR score of 1 ± 0,5. Parkinsonism was found in 
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90% of subjects (Hoehn and Yahr scale of 2±1) and in 5 subjects (26%) as first 

symptoms of disease. In 4 subjects parkinsonism was objectivized with abnormal 

dopaminergic imaging. 84% of DLB subjects had cognitive fluctuations, 95% visual 

hallucinations and 63% had symptoms of  RBD. The diagnosis DLB was confirmed 

during a follow-up time after scanning of 2±2 years. 19 healthy controls without 

cognitive complaints, age 71±6, were included in the study.  

Validation cohort: 

The DLB-related metabolic pattern was tested in an independent confirmation cohort, 

recruited from the memory clinic of KU Leuven (‘Belgian cohort’). 37 subjects with a 

probable diagnosis of DLB and 20 healthy controls were included. DLB subjects were 25 

male and 12 female, with a mean age of 72±6 years. Disease duration at scanning was 

3±2 years. MMSE score was 23 ± 6. Parkinsonism was found in 89% of subjects at 

presentation and in 8 subjects (22 %) as first symptoms of disease. 17 subjects had 

dopaminergic imaging, this was abnormal in 65% (visual rating without quantification). 

57% of DLB subjects had cognitive fluctuations, 62%  visual hallucinations and  62% had 

symptoms of  RBD.  20 healthy controls without cognitive complaints, age 62±-6, were 

included in the study.  

The study was conducted according to the Declaration of Helsinki and subsequent 

revisions. Ethical approval for the whole study, including the informed consent, was 

obtained from the Medical Ethical Committee of the UMCG (2014/320).Patients with a 

MMSE score higher than 18 were considered mentally competent to give informed 

consent. This cohort of subjects had a minimum MMSE score of 22, therefore all subjects 

were considered mentally competent to give informed consent.  

 

2.2 18F-FDG-PET scan acquisition 

The Dutch cohort subjects underwent static 18F-FDG-PET imaging on a Siemens 

Biograph mCT-64 PET/CT camera (Siemens, Munich, Germany) at the University 

Medical Center Groningen, the Netherlands. Images were reconstructed with OSEM3D, 

including point-spread function and time-of-flight modeling, and smoothed with a 

Gaussian 8 mm full-width at half-maximum filter (FWHM). Central nervous system 

depressants were discontinued in all subjects for at least 24 hours before scanning. 

Dopamimetics were not withheld. 

The Belgian cohort subjects underwent static 18F-FDG-PET imaging on a Siemens ECAT 

HR+ camera (Siemens, Munich, Germany) at the University Hospitals Leuven, Belgium. 

Images were corrected for attenuation and scatter, and reconstructed using 3-

dimensional filtered back projection with a Hanning postfilter, resulting in FWHM of 7 

mm. 
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All images were spatially normalized onto an 18F-FDG-PET template in Montreal 

Neurological Institute (MNI) brain space34 using SPM12 software (Wellcome 

Department of Imaging Neuroscience, Institute of Neurology, London, UK) implemented 

in Matlab (version 2012b; MathWorks, Natick, MA).  

2.3  Identification of the DLBRP   

For identification of the DLB-related pattern (DLBRP), we applied an automated 

algorithm written in-house, based on the SSM PCA method of Spetsieris and Eidelberg35, 

implemented in Matlab (version 2017b; MathWorks, Natick, MA). Images were masked 

to remove out-of-brain voxels, log-transformed, and subject and group means were 

removed. This resulted in a residual profile for each scan. Principal component analysis 

(PCA) was applied to these residual profiles in voxel space, and the components 

explaining the top 50% of the total variance were selected for further analysis. For each 

subject, a score was calculated on each selected principal component (PC). These scores 

were entered into a forward stepwise logistic regression analysis. The components that 

could best discriminate between healthy controls and patients36, were linearly 

combined to form the pattern, termed DLBRP. In this linear combination, each 

component was weighted by the coefficient resulting from the logistic regression model. 

All voxel weights in the DLBRP were overlaid on a T1 MRI template in MNI space for 

visualization. It is important to note that all voxels in the DLBRP are used for subject 

score calculation. Voxel weights in SSM PCA patterns can fluctuate to some degree 

depending on the specific sample of patients and controls that are used for derivation37. 

To investigate which regions in each of the DLBRP were stable, a Bootstrap resampling 

analysis was performed within each derivation set (1000 repetitions). Voxels that 

survived a one-sided confidence interval (CI) threshold of 95% (percentile method) 

after bootstrapping were overlaid on a T1 MRI template.  

 

2.4 Confirmation of the DLBRP  

For validation, subject scores for DLBRP were calculated in the Belgium. Each subject 

score was then transformed into a z-score with respect to the healthy controls from the 

same camera, such that healthy control mean was 0, with a standard deviation of 1.  

 

2.5 DLB metabolic pattern of the visual cortex 

The visual cortex was explored in more detail using a VOI-based approach. The region of 

the visual cortex was defined based on the Hammers region38. FDG uptake was extracted 

from the region and normalized to the whole brain signal (SUVR). These values were 

then used for further univariate analysis. 

 

2.6 Statistical analysis  

Between-group differences in age and severity of cognitive decline (MMSE) were 

assessed in means and standard deviation. Differences  in gender and clinical features 

(disease duration, fluctuations, visual hallucinations and RBD) were assessed using 

Pearson-Chi square Tests. Between-group differences in DLBRP z-scores were assessed 
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using independent-sample t-tests. Z-scores of the DLBRP were correlated to clinical 

characteristics with Spearman Correlation Coefficient. Analyses were performed using 

SPSS software version 23.0 (SPSS Inc., Chicago, IL) and considered significant for p < 

0.05 (uncorrected).  

 

3. RESULTS  

Demographic and clinical data of all subjects are summarized in table 1. The DLB 

subjects in the different cohorts showed no significant differences in age, gender, MMSE 

and disease duration. The Dutch DLB cohort had more cognitive fluctuations (p = 0.037) 

and visual hallucinations (p = 0.008) compared with the Belgian DLB cohort. Hoehn and 

Yahr (H&Y)28  severity was only available in the Dutch DLB cohort and was 2 ± 1 (mean 

± standard deviation). The healthy controls (HC) were younger in age (p=0.05), with a 

mean age in the Dutch HC subjects of 67 ± 3 years (mean ± standard deviation) and in 

the Belgian cohort of 62 ± 6 years (mean ± standard deviation).  

 

Table 1: Demographics and clinical characteristics of DLB subjects  

Characteristics DLBNL (n=19) DLBBE (n=37) 

Age, y 73 ± 7 72 ± 6 

Male 16 (84%) 25 (68%) 

Disease duration 2 ± 1 3 ± 2  

H&Y 2 ±1 - 

MMSE  24 ± 4 23 ± 6 

Fluctuations 16 (84%)* 21 (57%) 

Hallucinations 18 (95%)* 23 (62%) 

RBD 12 (63%) 23 (62%) 

Parkinsonism 17 (90%) 33 (89%) 

 

Data are expressed as mean ± SD, n (%). PD: Parkinson’s disease, DLB: Dementia with Lewy bodies (NL 

subjects Netherlands and  BE subjects Belgium),  AD: Alzheimer’s disease, Disease duration: clinical 

symptoms in years, H&Y: Hoehn and Yahr score,  RBD: REM sleep Behavior Disorder, MMSE: Mini-Mental 

State Examination, *significance p < 0.05  
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Identification and validation of the DLBRP 

After applying SSM PCA to the DLBRP identification set (Dutch cohort, 19 HC and 19 DLB 

subjects), the first five principal components accounted for 52% of the total variance 

and were used for further analysis. Component 1 in isolation, explained 25% of the 

variance and it was the best discriminator between HC and DLB subjects, which was the 

reason to coin it the DLBRP. All voxels in the DLBRP are visualized in Figure 1A. It 

should be noted that for the calculation of DLB-expression scores, all voxels in the 

pattern are included. Stable regions in the DLBRP included relative hypometabolism in 

the occipital cortex (including the primary visual cortex), parietal cortex and lateral 

frontal cortex. Relatively increased metabolism was observed in the brainstem, 

cerebellum, putamen/pallidum, thalamus, and sensorimotor cortex (Figure 1B). For 

validation, DLBRP expression z-scores were calculated in the Belgian cohort. DLBRP z-

scores were significantly higher in the 37 DLB subjects compared to the 20 HC subjects 

(p < 0.0001, see Figure 2). In the Belgian cohort 4 outliers with low expressed DLBRP z-

scores were observed. DLBRP z-scores were not significantly correlated to age in 

controls or DLB subjects in both cohorts.    

 

A (top row): The unthreshold DLBRP overlaid on a T1 MRI template.  

B (bottom row): Stable voxels (95% confidence interval not straddling zero after bootstrap resampling) of the DLBRP are visualized. 
Red indicates positive voxel weights (relative hypermetabolism) and blue indicates negative voxel weights (relative 
hypometabolism).  

L=left. Coordinates in the axial (Z) and sagittal (X) planes are in Montreal Neurological Institute (MNI) standard space.  
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 Figure 3: 

DLBRP subject scores in the derivation and validation cohort  

 

Univariate analysis of the DLB metabolic pattern of the visual cortex:  

The visual cortex metabolism was explored in the different groups. SUVR values in the 

occipital cortex were not correlated with age (Figure 3).  

 

Figure 3: DLBRP z-scores not significantly correlated to age in univariate analysis 
Age in years.  Dutch cohort: subjects UMCG, Belgian cohort: subjects KU Leuven 

HC: Healthy Controls, DLB: subjects with Lewy Body Dementia 

Occipital: Occipital cortex SUVR: Standardized Uptake Value Rate VOI: Volume Of Interest 
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The results showed a significantly decreased metabolism of the visual cortex in DLB 

subjects versus HC in the Dutch cohort  (p<0.001), but not in the Belgian cohort. Voxel-

based analysis showed similar results, with statistical differences only between HC and 

DLB in the visual cortex in the Dutch cohort, see figure 4.  

 

 
Figure 4: Visual cortex metabolism in the different cohorts.  
Dutch cohort: subjects UMCG, Belgian cohort: subjects KU Leuven. HC: Healthy Controls, DLB: subjects with Lewy Body Dementia 

Occipital: Occipital cortex SUVR: Standardized Uptake Value Rate VOI: Volume Of Interest. Correlation between visual cortex 

metabolism and DLBRP in the different groups      
 

 

We assessed the correlation between the visual cortex metabolism SUVR and the Z-score 

derived from the SSM PCA in both DLB cohorts (Figure 5) and found a moderate 

agreement between the values (Dutch cohort p is 0.689 and the Belgian cohort p is 

0.326). Since we already demonstrated a difference between the two DLB populations 

regarding the presence of visual hallucinations, i.e. 23 of 37 Belgian versus 18 of 19 

Dutch DLB patients, we assessed the correlation of this factor with the derived DLBRP  

score (Figure 6), but this was not significant (p=0.097).    
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Figure 5: The correlation between visual cortex metabolism and the DLBRP 

DLBRP: DLB related pattern Z-score, derived from the SSM/PCA. SUVr: Standardized Uptake Value Rate in mean value  

 

 

Figure 6: DLBRP and  presence of visual hallucinations in the Belgian DLB subjects  

DLBRP: DLB related pattern expression Z-score, derived from the SSM/PCA.HC: Healthy Controls (subject number)VH: Visual 

NLHallucinations in subjects with Lewy Body Dementia (subject number) 
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4. DISCUSSION 

In the present study we identified a spatial covariance metabolic brain pattern for DLB 

(DLBRP), characterized by relatively decreased metabolism in the occipital cortex 

(including the primary visual cortex), parietal cortex and lateral frontal cortex. The 

specific hypometabolic pattern of particularly the association of parietal and occipital 

reductions in FDG uptake is consistent with previous reports39,40. The presented DLBRP 

in Dutch patients reached a significant expression in the independent Belgian DLB 

cohort. The DLBRP expression thus highlights a significant and consistent hallmark of 

the clinical diagnosis of DLB. Although, patients were older than healthy controls (HC), 

there was no significant correlation of this pattern with age. In the fourth consensus 

report of the DLB consortium3, the lack of diagnostic specificity resulted in a markdown 

of 18F-FDG-PET imaging, from an indicative- to a supportive biomarker for DLB. The 

application of multivariate analysis techniques such as SSM PCA, however, enhances the 

potential benefit of 18F-FDG as a semi-quantitative41 and unbiased imaging biomarker40.   

SSM PCA multivariate ccovariance analysis techniques are considered appropriate 

methods to explore network activity and to provides insights in the pathophysiology of 

disease-related neural network changes. We found a moderate agreement between the 

Z-score derived from the DLBRP  and a decreased visual cortex metabolism in both 

cohorts. There was a discrepancy between the  decreased occipital cortex metabolism  

cortex in Dutch DLB subjects, which reached statistical significance when compared to 

Dutch HC, and the absence of such difference in the Belgian cohort. One of the reasons 

for such discrepancy might be that visual hallucinations were significantly less present 

in the Belgian cohort. Indeed, occipital 18F-FDG-PET topographic metabolic involvement 

has been shown to correlate with a higher prevalence of visual hallucination in previous 

studies19,40,42. An altered brain metabolic connectivity within visual network systems 

may promote visual hallucinations in DLB19. One might speculate that the observed 

differences in occipital metabolism between the two DLB cohorts is due to heterogeneity 

and differences in underlying neuropathology with variable involvement of ‘pure’ 

neocortical Lewy body pathology42. There is converging evidence that variable occipital 

hypometabolism reflects different degrees of underlying cholinergic impairment43, what 

is thought to be important factors of cognitive dysfunction44 in DLB45. Future molecular 

imaging studies targeting α-synucleinopathy are expected to shed further insights into 

the pathogenesis of DLB and the relationship between different pathologies and 

neurotransmitters46.  

The metabolic pattern of DLB (DLBRP) shows similarities with the ADRP25 and PDRP39,  

although tremor dominant PD subjects have a different metabolic pattern with primarily 

increases in the cerebellum and primary motor cortex47. It may be speculated that the 

overlap in metabolic pattern is caused by mixed neuropathology of DLB, placed in the 

spectrum of neurodegeneration between AD and PD48, as recently observed in 

proteinopathy imaging studies12. The clinical criteria for DLB3 are not sensitive enough 

to differentiate ‘pure DLB’ from mixed dementias. The clinical implication of this DLBRP 
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to clarify DLB-related network and to differentiate from other neurodegenerative 

disease pathology needs further investigation. Overall, we conclude that 18F-FDG-PET 

imaging, combined with semi-quantitative multivariate analysis techniques, such as SSM 

PCA, represents a reliable and valuable biomarker in DLB diagnosis.   
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Abstract:   

BACKGROUND:  We describe the phenomenon of crossed cerebellar diaschisis (CCD) in 

four subjects diagnosed with Alzheimer's disease (AD) according to the National 

Institute on Aging - Alzheimer Association (NIA-AA) criteria, in combination with 18F-

FDG PET and 11C-PiB PET imaging. 

METHODS: 18F-FDG PET showed a pattern of cerebral metabolism with relative 

decrease most prominent in the frontal-parietal cortex of the left hemisphere and 

crossed hypometabolism of the right cerebellum. 11C-PiB PET showed symmetrical 

amyloid accumulation, but a lower relative tracer delivery (a surrogate of relative 

cerebral blood flow) in the left hemisphere. CCD is the phenomenon of unilateral 

cerebellar hypometabolism as a remote effect of supratentorial dysfunction of the brain 

in the contralateral hemisphere. The mechanism implies the involvement of the cortico-

ponto-cerebellar fibers. The pathophysiology is thought to have a functional or 

reversible basis but can also reflect in secondary morphologic change. CCD is a well-

recognized phenomenon, since the development of new imaging techniques, although 

scarcely described in neurodegenerative dementias. 

RESULTS: To our knowledge this is the first report describing CCD in AD subjects with 

documentation of both 18F-FDG PET and 11C-PiB PET imaging. CCD in our subjects was 

explained on a functional basis due to neurodegenerative pathology in the left 

hemisphere. There was no structural lesion and the symmetric amyloid accumulation 

did not correspond with the unilateral metabolic impairment. 

CONCLUSION:  This suggests that CCD might be caused by non-amyloid 

neurodegeneration. The pathophysiological mechanism, clinical relevance and 

therapeutic implications of CCD and the role of the cerebellum in AD need further 

investigation. 

 

Introduction:  

Diaschisis is defined as a distant neurophysiological change caused by focal injury1. The 

term ‘diaschisis’ was first introduced by Monakow (1914), to explain temporary 

functional impairment in a non-damaged area as a remote effect of acute brain lesions2. 

In this way ipsilateral or contra-lateral patterns of diaschisis have been identified. 

Feeney and Baron modernized this controversial and often misunderstood theory of 

diaschisis in their landmark review in Stroke (1986), also based on the findings from 

early PET studies3.  Nearly 30 years later, Carrera et al.1 describes diaschisis as a 

multiform open concept, evolving in parallel with further understanding related to the 

development of new tools to access brain function. They distinguishes two types of 

diaschisis. Focal diaschisis which is based on the ‘classic’ understanding of the original 
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definition of Von Monakow, including four key aspects: the presence of focal brain 

lesion; a remote loss of excitability or ‘functional stillstand’; the interruption of the 

connections between the lesion and remote areas; and a clinical and dynamic nature of 

the progress that decreases over time. The second type of diaschisis is a non-focal 

diaschisis, with changes in the structural and functional neural network connectivity, 

involving areas distant from the lesions. Crossed cerebellar diaschisis (CCD) consists of a 

reduction in metabolism in the cerebellar hemisphere contralateral to supratentorial 

lesions4. Since the development of functional imaging techniques, involving Positron 

Emission Tomography (PET) and Single Photon Emission Computed Tomography 

(SPECT)CCD is a well-recognized phenomenon. Recently, CCD was also illustrated using 

Magnetic Resonance Imaging (MRI) by dynamic susceptibility contrast5 and perfusion 

images6. CCD is frequently described after stroke7. Other focal lesions which may cause 

CCD include malignant glioma8, epilepsy9, head injury10 and encephalitis11.  

CCD results from the interruption of the cerebro-cerebellar pathways and cortico-ponto-

cerebellar fibers, projecting via the ipsilateral pontine nuclei and cerebral peduncle to 

the contralateral cerebellar peduncle12. This pathway has long been regarded as an 

open-loop circuit, providing information from sensory, motor and cognitive domains to 

control movement13, serving as an output stage of the premotor cortex14. Arguments 

that CCD may result from functional disconnection, and not necessarily structural 

interruption, are derived from e.g. the immediate occurrence following contralateral 

hemisphere ischemia or the reversible CCD seen during Wada test by which activity of 

one cerebral hemisphere is temporarily blocked15.  Disruption of the thalamic nucleus, 

an important relay station, could lead to antegrade- retrograde inactivation of the 

contralateral cerebellar hemisphere6,16. Antegrade CCD occurs when a thalamic lesion 

induces ipsilateral cortical deactivation, i.e. thalamo-cortical diaschisis16, while 

alternatively, retrograde inactivation via the dentorubrocerebellar pathway (feedback) 

has been suggested15. More recently, the demonstration of multiple closed-loop circuits 

in cerebro-cerebellar connections also concerning non-motor domains17, supports the 

concept that the cerebellum participates in a much wider range of functions. Beyond 

motor control, this includes higher-order processes concerning affect18 and other 

cognitive functions19,20. The impact of the cerebellum and CCD on network dynamics in 

neurodegenerative dementia is not yet clear and is focus of further investigations. 

The variety of patient descriptions with CCD in neurodegenerative dementia is 

summarized in Table 1.  CCD in AD is scarcely described using 18F-FDG PET imaging21,22. 

CCD has also been described in Lewy Body Dementia (DLB)23, dementia with 

amyotrophic lateral sclerosis (ALS)24 and Creutzfeldt-Jacob disease25.  
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Table 1: Crossed Cerebellar Diaschisis in Neurodegenerative Dementia 

 

Dementia  Patients  Crossed Cerebellar Diaschisis:   

AD 4 (of 24) 18FDG PET: asymmetric cerebellar metabolism in AD cases (without 

mention of hypometabolism in the contralateral cerebral 

hemisphere)22 

AD 7 (of 26) 18FDG PET: frontotemporal-parietal hypometabolism; 2 patients 

basal ganglia hypometabolism,  hypometabolism contralateral 

cerebellum21 

 

DLB 

 

1  

 

18FDG PET: hypometabolism parietal temporal and occipital left > 

right and right cerebellar lobe23  

ALS 4 

 

C15O2
  PET: decreased rCBF and rCMRO2  bilateral frontal, right 

temporal and bilateral cerebellar cortices24  

 

CJD  1 

 

18FDG PET: regional hypometabolism left pons and right cerebellum25 

 

AD: Alzheimer’s Disease, ALS: Amyotrophic Lateral Sclerosis, CJD: Creutzfeldt Jacob Disease, DLB: Lewy 

Body Dementia, PET: Positron Emission Tomography, rCBF: relative cerebral blood flow  

 

The diagnosis of Alzheimer’s disease (AD) rests largely on characterization of the 

cognitive profile, supported by neuroimaging26. A typical AD syndrome is characterized 

by early episodic memory loss, followed by various combinations of attention-executive, 

language and visuospatial impairment27,. Since the publication of the National Institute 

on Aging -Alzheimer Association criteria-(NIA-AA)28, the use of cerebrospinal fluid (CSF) 

and PET imaging as biomarkers in clinical diagnosis has increased: CSF Aβ42, 11C-PiB 

PET as biomarkers of amyloid β depositions and CSF tau and 18F-FDG PET as biomarkers 

of downstream neuronal degeneration. Postmortem studies of AD suggest that tau 

pathology follows a specific spreading pattern from the locus coeruleus29, entorhinal 

cortex/ hippocampus, to cortical association areas30,. Involvement of the cerebellum in 

this neuropathological process is mentioned only in the final stage of disease31. 

Therefore the cerebellar cortex is recommended as reference region in PET 

quantification32. AD-related change in 18F-FDG uptake is characterized by bilateral 

reduction in the posterior cingulate, temporal-parietal and prefrontal association 
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cortex33. Using the Scaled Subprofile Modeling/Principal Component Analysis 

(SSM/PCA), a multivariate analysis method to identify disease-specific cerebral brain 

patterns in neurodegenerative diseases, the “AD profile” shows bilaterally decreased 

temporo-parietal-  and relative increased metabolic activity in the subcortical white 

matter, cerebellum and sensorimotor cortex34. Notwithstanding bilateral involvement, 

the majority AD cases visually display an asymmetric  pattern at 18F-FDG PET35,. Amyloid 

deposition can also be asymmetric36. Asymmetric AD pathology can reflect atypical focal 

cortical presentations as Progressive Non-Fluent Aphasia (PNFA), Posterior Cortical 

Atrophy (PCA) and Corticobasal Syndrome (CBS)37. 

Obviously, the relation between CCD and the neurodegenerative process in AD is not 

well established. It is therefore important to obtain more data on well documented 

cases, preferably with imaging data, not only of the brain metabolism but also on 

amyloid and tau depositions. The strategy in our memory clinic to recruit dementia 

patients in an ongoing PET study combining 11C-PiB PET and 18F-FDG PET imaging 

yielded four amyloid positive AD cases with clear-cut CCD on visual inspection of FDG 

images . In the present paper, we describe the clinical characteristics and PET results 

and discuss the implications of these findings.   

 

Material and Methods:  

Subjects were recruited from 2013 until 2017 at the memory clinic of the University 

Medical Center of Groningen (UMCG). Standard dementia screening was performed, 

including medical history, physical and neurological examinations, screening laboratory 

tests and T1-weighted brain MRI. Standard cognitive test battery included Rey Auditory 

Verbal Learning test (REAVL)38, Visual Association Test (VAT)39,  Rey Complex Figure 

Test (RCFT-IR)40, Immediate Recall Location Learning Test (LLT-IR)41, Delayed Recall 

(LLT-DR)42, Doors Test A/ B43, Trail Making Test A/B (TMT)44, Semantic Fluency45 and 

Geriatric Depression Scale (GDS)46. CSF samples were collected in polypropylene tubes, 

transported to the laboratory, centrifuged, and measured or stored at –80°C until use. 

The Enzyme-Linked Immuno Sorbent Assay’s were used, according to the 

manufacturers’ protocol for the determination of Aβ42 (INNOTEST® β-AMYLOID (1–

42)), t-tau (INNOTEST® TAU Ag) and p-tau (INNOTEST® PHOSPHO-TAU (181P)). 

Clinical diagnosis was established by multidisciplinary team consensus according to the 

NIA-AA criteria47.   

Included subjects were between 50 and 80 years old. Exclusion criteria were major 

psychiatric illness, medications which may affect outcome, cerebrovascular disease 

(Fazekas-score 2 or higher), mentally incompetent to understand consequence of 

written informed consent and cognitive deficits explained by non-neurodegenerative 

condition. The study considered 5 groups of 20 patients with clinical diagnosis of mild 

cognitive impairment (MCI), probable AD, Frontotemporal Dementia (FTD), Lewy Body 
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Dementia (DLB) and 20 healthy controls. The ethics committee of the UMCG approved 

the study. The time between the different investigations was less than 3 months.  

All subjects underwent a dynamic 11C-PiB and a static 18F-FDG PET scan on the same day 

under standard resting conditions with eyes closed. Siemens Biograph 40 and 64 mCT  

PET/CT scanners were used. Radiotracers were manufactured at the radiopharmacy 

facility of the nuclear medicine department and synthesized according to the Good 

Manufacturing Procedure, and administered intravenously. The dynamic 60 minutes  
11C-PiB data acquisition was started at the time of tracer injection (387 ±18 MBq). The 

static 18F-FDG PET was acquired 30 minutes after 18F-FDG injection (208 ±8 MBq), at 

least 90 minutes after 11C-PiB injection. Obtained images were visually assessed by 

experts during a multidisciplinary consensus meeting. Changes in FDG uptake were 

classified as mild (+), moderate (++) or severe (+++). PET images were subsequently 

processed and analyzed with PMOD v3.8 (PMOD Technologies Ltd., Switzerland). 

Hammers atlas was used to define the anatomical brain regions48 of interest, after which 

the standard brain was transformed onto the individual subject brain. Only gray matter 

tissue was included for the analysis of cortical regions. Pharmacokinetic analysis was 

performed of 11C-PiB PET data, using the simplified reference tissue model 2 (SRTM2) to 

obtain R1 (tracer delivery normalized to the gray matter of the cerebellum) as an 

indicator of relative cerebral blood flow (rCBF)49 and the non-displaceable binding 

potential (BPND) values. Standardized Uptake Values (SUV), normalized to body weight, 

were calculated for 11C-PiB images (40-60 minutes interval) and 18F-FDG images. 

Descriptive PET results are given as mean difference (MD) between the left side minus 

the right side of the brain and its Standard Error(SE). Statistical differences between the 

left and the right side of the brain were explored using Paired Samples T-test. P values 

<0.05 were considered significant (uncorrected for multiple comparisons).  

 

Results: 

Among a series of eighty-four subjects, twenty-nine were 11C-PiB PET positive and four 

cases with 11C-PiB PET positive AD and CCD were identified. The neuropsychological 

characteristics and details of PET imaging are reported in Table 2 and 3, respectively.     

Report of the cases:  

1. A 67 year-old right-handed male interior decorator presented with a gradual 

onset of memory complaints since two years. Medical history noted extirpation 

of a parotid adenoma and a continuous positive airway pressure (CPAP) 

treated sleep apnea. He consumed two glasses of wine daily and had no 

neurological familial antecedents. The neurological examination showed no 

abnormalities. The neuropsychological tests revealed deficit in several 

cognitive domains, most pronounced in memory and executive functions. An 

MRI scan of the brain showed Global Cortical Atrophy (GCA) and symmetric 
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Medial Temporal lobe Atrophy (MTA) grade 1 and two microbleeds. CSF 

analysis disclosed an Alzheimer profile with decreased Aβ42 (470 ng/L) and 

increased t-tau (949 ng/L) and p-Tau (131 ng/L). The 18F-FDG PET scan 

showed general but mostly left-sided hypometabolism, including the 

mediofrontal cortex (+), parietal cortex (left ++/right +), symmetric 

involvement of the basal ganglia and a mild right-sided hypometabolism of the 

cerebellum. In the following years, the patient’s cognitive complaints gradually 

worsened. Repeated 18F-FDG PET three-and-a-half  years later showed 

progressive general and persistent most left-sided hypometabolism in the 

parietal (left +++, right ++), temporal (left +++, right ++), left frontal (+/++) 

cortex, left thalamus (+) and right cerebellar cortex (+). 11C-PiB PET showed 

evident symmetric accumulation in the  fronto-parietal-temporal cortex. The 

symptoms aggravated and, nursery home placement became unavoidable.    

2. A 63 year-old right-handed woman noticed progressive cognitive deficits since 

three years; she failed to assist clients in her job as a civil servant, could no 

longer carry out knitting-work and experienced difficulties orienting whilst 

driving. Medical history noted fibromyalgia and anxiety disorder, for which she 

used selective serotonin-reuptake-inhibitors. Her family history was negative 

for neurodegenerative disorders. Neurological examination revealed only a 

non-fluent aphasia. Neuropsychological test scores were decreased in the 

cognitive domains memory, language and executive functions, of which 

memory and executive functions were most pronounced. MRI scan of the brain 

showed some vascular white matter lesions (Fazekas 1) and symmetric GCA 

and MTA grade 1. CSF examination demonstrated decreased Aβ42 (234 ng/L), 

increased t-tau (482 ng/L) and p-tau (90 ng/L) levels. The 18F-FDG PET scan 

revealed hypometabolism most prominently in the left frontoparietal (left ++/ 

right +) cortex and the right cerebellum(+). A 11C-PiB PET accumulation was 

most prominent in the left fronto-parietal cortex. The clinical course was 

characterized by a gradual decline of cognitive functions.   

3. A 73 year-old right-handed women presented with gradually progressive 

language difficulties since one year, with relatively normal comprehension. Her 

movements became clumsy. Medical history noted hypertension and renal 

insufficiency. She used an ACE-inhibitor, diuretic and proton-pump-inhibitor. 

Her family history was unremarkable. Neurological examination showed severe 

non-fluent aphasia with concretism, bradykinesia, and ideomotor apraxia. 

Neuropsychological tests revealed severe deficits in language production and 

executive functions, with preservation of non-verbal memory. CSF analysis 

showed extreme high t-tau (2260 ng/L) and p-tau (232 ng/L) and decreased 

Aβ42 (245 ng/L) levels. MRI scan of the brain showed global, mostly left sided, 

cortical atrophy with an MTA score of 2 and diffuse white matter lesions 

(Fazekas 1). The 18F-FDG PET scan showed bilateral hypometabolism with a 

left-sided predominance of the fronto-parieto-temporal cortex (left +++, right 
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++) and left striatal  (+) together with right-sided hypometabolism of the 

cerebellum (+) (figure 1). 11C-PiB PET accumulation of amyloid was visual 

mostly left-sided in the parietotemporal cortex. The patient was diagnosed 

with a CBS- phenotype of Alzheimer’s disease. The clinical course was rapidly 

progressive and three years after presentation she suffered from end-stage 

dementia requiring placing in a nursing home.   

4. A right-handed 68 year-old woman presented with progressive language 

difficulties. Until recently, she was employed as director in public 

transportation. She feared developing dementia, as her mother and 

grandmother had both experienced the first symptoms of a dementing disorder 

at the age she had reached now. Medical history noted glaucoma  and 

mastopathy. Neuropsychological tests showed severe deficits in language 

production and attention. Test scores in the domain of executive functions 

were decreased but not impaired. Non-verbal memory was preserved. CSF 

revealed an abnormal increase of protein t-tau (828 ng/L) and p-tau (99 ng/L), 

with a normal level Aβ42 (636 ng/L). MRI scan of the brain showed left-sided 

frontoparietal cortical atrophy and an MTA score of 4. The 18F-FDG PET showed 

marked hypometabolism of the left parietal (++) and fronto-temporal (+) 

cortex and right cerebellum (+) and marginal hypometabolism of the left 

striatum and thalamus (Figure 1). The 11C-PiB PET clearly showed left-sided 

fronto-temporal accumulation of amyloid. The clinical diagnosis was a PNFA 

phenotype of Alzheimer’s disease. 

Neuropsychological testing revealed that patients 3 and 4 were severely impaired in 

language production (table 2) which implied that verbal memory could not be assessed 

properly.  Therefore, only nonverbal memory tests were applied. Language 

comprehension was unimpaired as assessed by means of standardized observation 

during testing. In three of our cases we found decreased volume on MRI in the brainstem 

(-6%, -1% and -3%, for cases 1, 2 and 4 respectively) and in two cases (cases 2 and 3) of 

the post-central gyrus (case 2: -4%, and case 4: -11%). Table 3 and figure 2 show the 

mean difference(MD) and standard error (SE) in PET results of the subjects. Statistically 

significant lower 18F-FDG PET uptake can be found in the left cingulate gyri, frontal, 

occipital, parietal and temporal lobes, thalamus and white matter (MD±SE is -0,54±0,2) 

as compared with the right hemisphere. It seems, therefore, that a global reduction of 

the 18F-FDG PET uptake was found in most of the cortical regions, and as expected on 

visual inspection, an opposite effect was found in the cerebellum, with a lower 18F-FDG 

uptake at the right than at the left side (MD±SE is 0,33±0,04). A similar effect was 

observed for the rCBF values extracted from the 11C-PiB PET (R1: relative tracer 

delivery), with statistically significant lower R1 values in the left cingulate gyri, frontal, 

parietal and temporal lobes, thalamus and white matter (MD±SE is-0,06±0,02) as 

compared with the right hemisphere; and higher R1 values in the left cerebellum than in 

the right side (MD±SE is 0,03±0,003). Interestingly, no statistical differences were found 

between hemispheres in the 11C-PiB uptake (SUV or BPND). 
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Table 2: Neuropsychological test scores of AD cases with CCD: 

 Case 1 Case 2 Case 3 Case 4 

Verbal memory impaired impaired - - 

RAVLT-DR (raw score, perc) 1, P1 3, P1 -  - 

     

Non-verbal memory impaired borderline Unimpaired unimpaired 

Test (raw score, perc) VAT  (1/12, 

P1) 

RCFT-IR (6/36, 

P7)  

RCFT-IR  (11/36, 

P31) 

LLT-IR     (11, 

P60-70) 

LLT-DR    (0, 

P100) 

Doors-A 

(11/12,P75) 

Doors-B (8/12, P75) 

     

Attention borderline unimpaired borderline impaired 

TMT-A  

(raw score, perc) 

55, P10 47, P16 77, P8 83, P1 

     

Language borderline borderline impaired impaired 

Fluency  

(raw score, perc) 

16, P10 15, P7 0, P1 8, P1 

     

Executive Functions Impaired impaired impaired unimpaired 

TMT-B B/A index (score, 

perc) 

discontinued discontinued 5.7, P1 2.0, P16 

     

Depression     

GDS15 5 1 9 1 

 

RAVLT: Rey Auditory Verbal Learning test, VAT: Visual Association Test, RCFT-IR: Rey Complex Figure Test – Immediate Recall, LLT-

IR: Location Learning Test – Immediate Recall, LLT-DR: Location Learning Test – Delayed Recall, Doors – A/B: Doors Test (from 
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Doors and People Test) version A and B, TMT-A/B: Trail Making Test A or B, Fluency: Semantic Fluency (# animals in 1 minute), 

GDS15: 15 item Geriatric Depression Scale.  

Table 3. Mean PET results of AD cases with CCD: 

 

SUV: Standardized Uptake Value (measured activity concentration/ normalized by injected dose divided by subject characteristics) 

R1: ratio of the delivery in the tissue region to the reference region  BPnd: binding potential relative to non-displaceable 

binding(ratio of the concentration of the ligand specifically bound over the concentration of the ligand in a given compartment at 

equilibrium)  SE: Standard Error. Descriptive PET results are given as mean difference between the left side minus the right side of 

the brain and its Standard Error(SE). Statistical differences between the left and the right side of the brain were explored using 

Paired Samples T-test. P values < 0.05 were considered significant.  

 

 18F-FDG (SUV) 11C-PiB (SUV) 11C-PiB (R1) 11C-PiB (BPnd) 

Brain Region Mean (± 

SE) 

p-

value 

Mean (± 

SE) 

p-

value 

Mean (± 

SE) 

p-

value 

Mean (± 

SE) 

p-

value 

Cerebellum 0,33 

(0,04) 

0,005 0,00 

(0,01) 

0,543 0,03 

(0,00) 

0,001 0,00 

(0,01)  

0,642 

Basal_ganglia -0,42 

(0,14) 

0,054 -0,02 

(0,02) 

0,325 -0,04 

(0,02) 

0,185 0,04 

(0,03) 

0,235 

Cingulate_gyri -0,51 

(0,12) 

0,025 0,02 

(0,01) 

0,095 -0,05 

(0,01) 

0,028 -0,05 

(0,04) 

0,351 

Frontal_lobe -0,71 

(0,14) 

0,015 0,01 

(0,01) 

0,637 -0,08 

(0,02) 

0,026 -0,07 

(0,04) 

0,150 

Insula -0,41 

(0,15) 

0,073 0,01 

(0,02) 

0,715 -0,07 

(0,02) 

0,057 -0,04 

(0,03) 

0,302 

Occipital_lobe -0,29 

(0,09) 

0,044 0,01(0,02) 0,466 -0,04 

(0,01) 

0,073 -0,02 

(0,04) 

0,646 

Parietal_lobe -0,76 

(0,07) 

0,002 0,02 

(0,03) 

0,428 -0,08 

(0,01) 

0,002 -0,02 

(0,05) 

0,758 

Temporal_lobe -0,79 

(0,18) 

0,021 0,03 

(0,03) 

0,364 -0,09 

(0,02) 

0,020 0,01 

(0,06) 

0,932 

Thalamus -0,66 

(0,10) 

0,008 -0,02 

(0,01) 

0,246 -0,07 

(0,01) 

0,010 -0,06 

(0,02) 

0,075 

White_matter -0,30 

(0,05) 

0,007 0,00 

(0,01) 

0,938 -0,04 

(0,01) 

0,022 -0,02 

(0,02) 

0,236 
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Discussion:  

We describe four AD subjects, according to the NIA-AA criteria with CCD. CCD has been 

described mainly in lateralized brain lesions and scarcely in neurodegenerative 

dementias. The definition of diaschisis is based on the ‘classic’ understanding of Von 

Monakow and involves changes of structural and functional neural network connectivity 

in areas distant from the lesion. Previous reports already described a total of 11 AD 

subjects with CCD. To our knowledge this is the first report of CCD in AD subjects with 

documentation of both 18F-FDG PET  and 11C-PiB PET imaging. 

The four AD subjects had a clinical phenotype within the heterogeneous spectrum of AD;  

subject 1 and 2 matched a typical AD syndrome27 and subject  3 and 4 presented as focal 

cortical AD syndromes CBS and PNFA37. Although all subjects had wide-spread 

hypometabolism in both hemispheres, there was a left-sided predominance of 

hypometabolism (most significantly in the frontal, parietal and temporal cortices) 

combined with crossed right cerebellar hypometabolism. None of our subjects had 

evident asymmetric neurological deficits at physical examination, except for language 

dysfunction. There were no structural or cerebellar lesions on MRI scan of the brain. 

Other associated diagnoses have been ruled out. Asymmetric cerebellar 

hypometabolism was therefore interpreted in the context of CCD, as a remote effect of  

cortical AD pathology.  

The neurophysiological basis of CCD is not fully understood, but is based on a remote 

effect in brain activity in response to a distant lesion. Focal diaschisis can be subdivided 

in functional or dynamic diaschisis. These changes normalize over time and are related 

to functional recovery. An asymmetric neurodegenerative process is proposed by 

Carrera (2014) as a new subtype of non-focal diaschisis, subdivided in connectional or 

connectomal diaschisis, with remote changes in network connectivity and the functional 

integrity. There is mounting evidence that diaschisis may be help understanding clinical 

findings that cannot be explained by local pathology alone1. The phenomenon of CCD in 

AD may be explained according to the concept of transneuronal degeneration, from early 

(potentially reversible) synaptic dysfunction, to irreversible neuronal loss4. In the study 

of Akiyama21 no gross cerebellar atrophy or evidence of significant neuronal loss in the 

cerebellum or pontine gray matter was found in 3 autopsy-proven AD cases with CCD. 

Other studies suggest that anterograde transneuronal degeneration is responsible for 

the irreversible component of the phenomenon, reflecting in secondary morphologic 

change50 and cerebellar atrophy51, 52,53.   In three of our cases we found decreased 

volume on MRI in the brainstem (cases 1, 2 and 4 ) and in the post-central gyrus (case 

2and 4). In one AD case,  subject 1, repeated 11C-PiB PET and 18F-FDG PET scan after 3.5 

years showed a persistent and even progressive phenomenon of CCD. Following the 

decreased volume and persistent CCD in our subjects, we hypothesize that CCD has both 

a functional, and a neurodegenerative basis. 
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AD is characterized by gradual bilateral neurodegeneration. A mechanism that may 

account for CCD in AD is asymmetric neuropathology.  However, we did not find 

significant asymmetry in amyloid accumulation in our subjects. Brain uptake of PET tau 

tracers is highly correlated with 18F-FDG PET hypometabolism54.  .  It is conceivable that 

the mechanism of CCD is explained by asymmetric tau-burden. The relationship 

between regional tau-burden and the functional connectome in AD is also described by 

Cope at al; In that study, analysis of 18F-AV-1451 PET scans showed that 

neurodegenerative tauopathies preferentially affect ‘hub’brain regions, with the 

functional consequence of progressive weakening of large scale connectivity networks 

throughout the cortex55. Apparently, a lesion anatomically located in the parietal 

junction has most impact on brain organization56. . In our subjects with CCD, we found 

global left-sided hypometabolism, which was more pronounced in the frontal, parietal 

and temporal lobes. Akiyama et al  similarly found a highly significant correlation of CCD 

with frontal  hypometabolism. This could be explained by a dominance of cortico-ponto-

cerebellar fibers from the frontal-parietal cortical areas associated with CCD57. We found 

lower relative tracer delivery of 11C-PiB (R1) in the left cerebral hemisphere and the 

right cerebellum, which can be interpreted as reduced perfusion. Cerebral blood flow 

correlates with amyloid burden across the spectrum from cognitively healthy to AD, 

which could be in part consequential, and in part contributing to impaired amyloid 

clearance58. Although we did not demonstrate an evident 1:1 correlation between 11C-

PiB (R1) and 18F-FDG, one may speculate that this asymmetric reduction in cerebellar 

blood flow also reflects CCD.   

 

We found a left-sided dominance in cortical hypometabolism in our subjects, correlated 

with right-sided cerebellar diaschisis. This left-sided dominance in AD cases with CCD is 

not specifically described by previously published AD cases, although Akiyama et al 

describe a tendency for a slightly higher cerebral metabolic rate of glucose in the right 

hemisphere21.  

A possible left-hemisphere  predominance in the neurodegenerative process of AD is 

suggested in other imaging studies59. One might speculate that handedness could relate 

to this asymmetry, as described in other neurodegenerative diseases60. All four cases 

were right-handed. The clinical impact of this left sided dominance is unclear, although a 

higher rate of asymmetry is associated with a faster disease progression61. Previous 

research suggests that CCD could serve as a potential marker of severity62 and cognitive 

decline63 and that this could imply a potential new therapeutic approach in VD. A few 

clinical trials found that electrical stimulation of the cerebellar fastigal nucleus (FNS)63 

could improve symptoms of dementia64 in VD. Future investigation will prove the 

validity of the concept of diaschisis in the therapeutical field.  
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The left-sided predominance of AD pathology in CCD is previously described by Akiyama 

et al21 and may be indicative of a specific subtype, prone to this phenomenon. The 

clinical impact of this subtype is still unclear, although a higher rate of asymmetry is 

associated with a faster disease progression61. This phenomenon may be 

underdiagnosed and could have pathophysiological and therapeutic importance and 

therefore warrants further investigation. These four AD subjects with CCD showed a 

different clinical presentation, though fitting within the heterogeneous spectrum of AD. 

Possibly the number of subjects was insufficient to contribute to the understanding of 

the clinical impact of this CCD subtype and further investigation is needed.  

A limitation of the present study is the small subject size of CCD in AD, not allowing the  

assessment of correlations between cerebellar asymmetries and cognitive scores. A 

future larger study will also benefit from a ‘control group’ of AD patients with 

asymmetrical hemisphere uptake of 18F-FDG but without CCD.  

The CCD, which was asymmetrical in our patients, might be an underdiagnosed 

phenomenon in AD, because the possible occurrence of symmetric bilateral cerebellar 

hypometabolism in case of symmetrically reduced (parietal) cortex metabolism could 

remain unnoticed. This would have implications for the interpretation and 

quantification of PET results, particularly when the cerebellar cortex is used as a 

reference region. This could potentially confound interpretation of results when 

normalizing to this region. Pickut et al. described variable cerebellar uptake values 

occuring between repeat SPECT examinations in AD patients and healthy volunteers65. 

Future studies need to clarify whether the use of a cerebellar reference regions in case of 

CCD needs to be reconciled.  

In summary, cerebellar hypometabolism(CCD) as a remote effect of AD-related 

dysfunction of the contralateral cortical hemisphere is scarcely described. We observed 

four AD subjects, with symmetrical amyloid accumulation on 11C-PiB PET, global left-

hemisphere hypometabolism and crossed right cerebellar hypometabolism on 18F-FDG 

PET. All cases had asymmetric, but most prominently frontal-parietal-temporal 

hypometabolism and decreased left hemispheric perfusion. The presence of CCD in AD 

may be an early event of transneuronal degeneration. The clinical impact and 

therapeutic implications of CCD, neurophysiological changes, and the role of the 

cerebellum in the complexicity of brain organization is still unclear. Future research 

should focus on the analysis of CCD in larger dementia cohorts with the use of different 

PET and MRI imaging modalities, including tractography and network connectivity 

analyses.  
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Figure 1: 18F-FDG PET scan of AD patient (subject 4) with crossed cerebellar diaschisis 

and marked hypometabolism of the left parietal (++) and fronto-temporal (+) cortex and 

right cerebellum (+) and marginal hypometabolism of the left striatum and thalamus. 
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Figure 2: Mean difference (left- minus right hemisphere) with the standard error. The 

greybars are statistically significant. 
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Abstract 

In Alzheimer’s Disease (AD) dual-tracer positron emission tomography (PET) studies 

with 2-[18F]-fluoro-2-deoxy-D-glucose (FDG) and 11C-labelled Pittsburgh Compound B 

(PIB) are used to assess metabolism and cerebral amyloid-β deposition, respectively. 

Regional cerebral metabolism and blood flow (rCBF) are closely coupled, both providing 

an index for neuronal function. The present study compared PIB-derived rCBF, 

estimated by the ratio of tracer influx in target regions relative to reference region (R1) 

and early-stage PIB uptake (ePIB), to FDG scans. Fifteen PIB positive (+) patients and 

fifteen PIB negative (-) subjects underwent both FDG and PIB PET scans to assess the 

use of R1 and ePIB as a surrogate for FDG. First, subjects were classified based on visual 

inspection of the PIB PET images. Then, discriminative performance (PIB+ versus PIB-) 

of rCBF methods were compared to normalized regional FDG uptake. Strong positive 

correlations were found between analyses, suggesting that PIB-derived rCBF provides 

information that is closely related to what can be seen on FDG scans. Yet group related 

differences between method’s distributions were seen as well. Also, a better correlation 

with FDG was found for R1 than for ePIB. Further studies are needed to validate the use 

of R1 as an alternative for FDG studies in clinical applications. 

 

Introduction 

Several clinical studies were performed over the last years to validate biomarkers for 

evaluating the pathological mechanisms of Alzheimer's disease (AD). It is important to 

consider that different biomarkers may point at abnormality at particular stages of 

disease progression [1], thus providing varied information in the discernment between 

conditions with concomitant AD pathology, such as dementia with Lewy bodies [2], 

Parkinson's disease with dementia [3], and frontotemporal lobar degeneration [4].  

Two of the main AD biomarkers are those related with the amyloid-β (Aβ) plaques 

deposition in the brain, a histopathology hallmark of the AD that has an important role 

in disease progression [1], and neurodegeneration biomarkers, which reflect synaptic 

dysfunction and degeneration. Moreover, the prodromal phase of AD, known as mild 

cognitive impairment (MCI), which is characterized by the onset of the earliest cognitive 

symptoms that do not meet dementia criteria, can present abnormal levels of these 

biomarkers [1]. In this context, positron emission tomography (PET) is becoming part of 

the clinical routine in AD, considering its ability to assess a broad range of these 

biomarkers and, therefore, of functional processes related to AD pathophysiology. PET 

imaging allows not only visual interpretation of the results for direct clinical use but, 

more importantly, provides quantitative brain data that may be used to further 

understand the pathophysiology [5]. The glucose analogue PET tracer 2-[18F]-fluoro-2-

deoxy-D-glucose (FDG) can be used to assess alterations in brain glucose metabolism. In 

this way, clinical symptoms can optimally be linked to patterns of regionally impaired 

brain function, particularly when the symptoms cannot be explained by anatomical 
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magnetic resonance imaging (MRI). This makes FDG PET a highly useful technique in the 

differential diagnosis of neurodegenerative diseases characterized by gradually 

emerging cognitive and/or motor defects [6]. Being one of the most accessible PET 

tracers in clinical routine, FDG PET has been extensively used in the early diagnosis and 

disease progression of AD [7]. However, it has become increasingly clear that AD is not 

expressed by a unique clinical syndrome [8,9], emphasizing the need for 

pathophysiological biomarkers, provided by e.g. 11C labelled Pittsburgh Compound B 

(PIB), and 18F-florbetaben PET. Classically, FDG PET studies have revealed that glucose 

metabolism is reduced in the parietal, temporal, posterior cingulate, and, less 

prominently, frontal cortices of AD patients when compared to healthy controls [5]. At 

the same time, visual analysis of amyloid PET data, with PET tracers such as PIB, 

provides information on the presence or absence of amyloid load in the brain, an aspect 

of major relevance in clinical practice in the early stages of AD [10]. When compared to 

healthy controls, AD patients showed increased PIB retention in cortical brain regions 

[11]. While complementary FDG and PIB PET scans might be helpful to improve 

diagnosis of AD, the use of different PET tracers increases costs, patient discomfort, 

scanning time, and exposure to radiation [12]. Therefore, the use of a single tracer that 

could provide information on more than one biomarker at the same time would be ideal. 

PIB PET is a well-known radiotracer for amyloid deposition [11], and due to its high 

lipophilicity, early-stage distribution in the brain might also be a good surrogate for 

brain perfusion [13,14]. These images can be assessed by making the time weighted 

average of the first frames of the dynamic PIB PET scan. The early frames provide an 

image that shows how the uptake of the tracer starts happening in the brain, and 

therefore can be used as a surrogate for brain perfusion. The time interval taken for PIB 

specifically has been optimized for the best correlation with FDG scans [15–18], but not 

for diagnostic purposes. Moreover, compartmental models used for PIB PET 

quantification [19] also provide a good estimation of the rate constant for ligand transfer 

from blood to tissue (K1). Thus, K1 is expected to provide a good estimation of cerebral 

blood flow. An extensive study of non-invasive reference tissue based parametric 

methods established that the 2-step simplified reference tissue model (SRTM2) [20] 

allows a fast and easy computation of high-quality parametric images of relative tracer 

flow (R1) [21]. Since R1 represents the ratio between K1 from the tissue of interest and 

the reference region, it is probable that R1 parametric maps generated by the SRTM2 

model provide a good image of relative cerebral blood flow (rCBF). Since regional 

glucose metabolism assessed with FDG PET and rCBF are closely related [22] in such a 

way that both are tightly coupled with regional neuronal activity [23,24], it enables the 

identification of regionally impaired brain function [25]. Therefore, the aim of the 

present study was to explore the use of R1, derived from dynamic PIB PET, as a 

surrogate for brain glucose metabolism, FDG PET, and then to examine if R1 estimates 

are more accurate than early-stage PIB uptake. To this end, regional R1 estimates 

obtained from voxel-based SRTM2 analysis of PIB PET scans were compared to the 

estimates of regional relative FDG and PIB early frames uptake in the same subjects. 
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Material and methods 

Subjects 

Thirty subjects were selected from a larger on-going study, recruited from 2013 till 

2017 at the memory clinic of the University Medical Centre of Groningen (UMCG), 

Groningen, The Netherlands. The subjects included patients with either AD or MCI, and 

healthy controls. In all subjects, standard dementia screening was performed. 

Multimodal neuroimaging was also performed, including PIB and FDG PET scans, as well 

as T1-3D magnetic resonance imaging (MRI). Clinical diagnosis was established by 

consensus in a multidisciplinary team according to the National Institute on Aging 

Alzheimer’s Association criteria (NIA-AA) [26] for the AD patients, and for the MCI, the 

Petersen criteria [27]. Healthy subjects had no cognitive complaints, and a mini-mental 

state examination (MMSE) score above 28. Subjects were then classified into two 

categories based on visual inspection of the PIB PET images: "PIB+" (i.e. patients that 

presented high levels of cortical PIB binding), and "PIB-" (i.e. participants that presented 

low levels of cortical PIB). A summary of the demographic characteristics is shown in 

Table 1. All subjects provided written informed consent to participate in the study. 

Patients with a MMSE score higher than 18 were considered mentally competent to give 

informed consent. This cohort of subjects had a minimum MMSE score of 22, therefore 

all subjects were considered mentally competent to give informed consent. The study 

was conducted according to the Declaration of Helsinki and subsequent revisions. 

Ethical approval for the whole study, including the informed consent, was obtained from 

the Medical Ethical Committee of the UMCG (2014/320). 

 

 

TABLE 1. Demographic summary of subjects. 
Group  PiB+(n = 15) PiB-(n = 15) p-value 
Sex Male 10 10  
 Female 5 5  
Diagnosis AD 8 1  
 MCI 7 3  
 HC 0 11  
Age (y)  66 ± 6 68 ± 4 0.20 
Weight (kg)  78 ± 13 78 ± 13 0.81 
MMSE Score  26 ± 3 29 ± 1 < 0.001 
Demographic summary of the characteristics of the subjects included in this study. The p-values reported 

are resulted from a t-test comparing data from the PIB+ and PIB- groups. 

 

PET Acquisition 

All subjects underwent dynamic PIB PET and a static FDG PET examination with either a 

Siemens Biograph 40mCT or 64mCT PET/CT scanner (Siemens Medical Solutions, USA). 

A t-test comparing data provided by the different scanners showed that they yielded no 

statistically significant differences between them. Both scans were performed under 

standard resting conditions with eyes closed. The FDG PET scan was performed on the 

same day at least 90 minutes after the PIB injection for most subjects, while seven 

subjects had a delay of up to two months between scans. All subjects fasted for at least 
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six hours before tracer injection, and plasma glucose levels were measured before the 

scan. The PIB and FDG tracers were manufactured at the radiopharmacy facility at the 

Department of Nuclear Medicine and Molecular Imaging at the UMCG, synthesized 

accordingly to the Good Manufacturing Procedure, and administered via venous cannula. 

The dynamic PIB PET acquisition started at the moment of tracer injection (384 ± 48 

MBq) and lasted for 60 minutes (frames: 7 × 10s, 3 × 30s, 2 × 60s, 2 × 120s, 2 × 180s, 5 × 

300s, and 2 × 600s) for 17 of the 30 subjects, 70 minutes (one extra 600s frame) for 8 

subjects, and 90 minutes (three 600s frames more than the 60 minutes scan) for 5 

subjects. 20 minutes static FGD images were acquired 30 minutes after injection (207 ± 

10 MBq). List-mode data from all PET scans were reconstructed using 3D OSEM (3 

iterations and 24 subsets), point spread function correction and time-of-flight, resulting 

in images with 400 × 400 × 111 matrix, isotropic 2mm voxels, smoothed with 2mm 

Gaussian filter at Full Width and Half Maximum (FWHM).  

 

Image Processing 

Image registration and data analysis were done using PMOD software package (version 

3.8; PMOD Technologies LLC). First, the T1 3D MRI was normalized to the Montreal 

Neurologic Institute space using tissue probability maps [28]. Then, the PET images 

were corrected for motion (in case of presence) by using the average of the first 12 

frames as reference, and were aligned to the individual MRI. The Hammers atlas [29] 

was used to define anatomical brain volumes of interest (VOI), which were  grouped on 

a total of 40 bilateral regions, with white matter separated from cortical tissue. Several 

regions from the original atlas were excluded from the analysis: cerebellar white matter, 

corpus callosum, third ventricle, lateral ventricle, and temporal horn. A list of regions 

used in this study is presented in S1 Table. Finally, the PET images were smoothed using 

a Gaussian filter of 6mm at FWHM, and everything that was outside of the brain was 

removed from the image.Parametric images of rCBF (i.e., R1 images) were generated 

using the PIB PET images in the individual space and the SRTM2 [21]. The grey matter of 

the cerebellum was chosen as the reference since it is a region without relevant specific 

PIB binding [11,19,30,31]. To apply the model, a first estimate of the binding potential 

(BPND) and efflux rate constant from the reference region (k’2) was obtained using the 

simplified reference tissue model (SRTM) [32]. Then, the k’2 parameter was defined as 

the median value from all voxels that have a BPND value higher than 0.05. After that the 

k’2 parameter was fixed and the SRTM2 model was applied to generate the final R1 

parametric images. To compare with the early-stage distribution, data from the early 

frames of the PIB PET scans (ePIB) were generated using the time weighted average of 

the frames corresponding to different time intervals: 20s to 40s, 20s to 60s, 20s to 100s, 

20s to 130s, and from 1min to 8min. In a previous study, it was shown that the interval 

from 1 to 8 minutes was the optimal interval when selecting early frames of PIB data, 

showing the best correlation with FDG uptake [15]. However, this time interval seems to 

be too long and might not be a pure measure of flow, but may already be presenting 

contributions from amyloid binding. Nonetheless, this interval was also considered, 

along with other earlier times that corresponded better with the influx of the tracer into 
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the brain. After the weighted averages were estimated, standardized uptake values were 

calculated and then normalized to the values of the reference region (cerebellum grey 

matter) for the same time interval. To compare PIB derived R1 and ePIB to FDG PET, 

standardized uptake value ratios (SUVR) were generated for the FDG PET images by 

normalizing the uptake to the mean value of the cerebellum (grey matter). All images 

were also transformed to atlas space for further voxel-based comparison. To better 

visualize the differences between the images, the FDG SUVR images were subtracted 

from the R1 and ePIB for each subject, and the mean image of all subjects per group was 

generated. This was done for an easier visual comparison voxel-by-voxel of the 

differences between the images. Finally, the images were also corrected for partial 

volume effects using the geometric transfer matrix method [33] to explore the possible 

impact of brain atrophy in the results. 

 

Statistics 

A general linear model was used to explore the relationship between R1 or ePIB 

(dependent variable) and FDG SUVR (independent variable) estimates of all regions for 

the subjects of each group. Additionally, in order to compare how much the suggested 

methods correlate, the same analysis was made between ePIB (dependent) and R1 

(independent variable). A p-value of 0.05 was used as significance threshold for all 

analyses. A Bland-Altman plot was made to evaluate the agreement between the two 

measurements (R1 or ePIB and SUVR). The difference between the two was plotted 

against the average SUVR values per region, considering the FDG PET measure as the 

reference [34]. All statistical analyses were done using Rstudio (R version 3.4.0, [35] 

Rstudio version 1.0.143). To compare the capacity of the methods to distinguish 

between PIB+ and PIB- groups, a voxel-based comparison was performed using SPM12 

(Wellcome Trust Centre for Neuroimaging, UK). A two-sample t-test between the groups 

was done independently for FDG SUVR, R1, and ePIB images. Interpretation of the 

resulting T-maps was done using a voxel threshold of p = 0.005 (uncorrected), and only 

clusters with p < 0.05 corrected for family-wise error were considered significant. 

Results 

Group Differences 

In general terms, the FDG SUVR images were in agreement with the literature (Fig 1) [5]. 

In the images from the PIB+ group, disease patterns of regional hypometabolism 

corresponded to those from literature [36]. The PIB- group did not show abnormally 

decreased cortical uptake. The resemblance between the R1 and FDG SUVR images was 

noticeable, with similar AD specific patterns in the PIB+ group. Better visual similarity 

between ePIB, SUVR, and R1 was only seen for later intervals of frames. Representative 

images for all time intervals can be seen in S1 Fig. 
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Fig 1. Mean images per group. Mean normalized FDG uptake images (first row), parametric images of 

PiB rCBF (R1; second row), and time weighted average of early PIB frames (20 to 130 seconds, and 1 to 8 

minutes; third and fourth row, respectively) of the PIB+ group (left), and the PIB- group (right). Shown are 

corresponding transaxial, and sagittal slices of the brain. All colour scales were adjusted to the same 

range. 

 

The FDG SUVR values from each region across subjects were (mean ± SD) 0.96 ± 0.15 

(range 0.49 - 1.44) and 1.01 ± 0.15 (0.67 - 1.42) for the PIB+ and PIB- patients 

respectively. Typical regions known for reduced FDG uptake such as the frontal and 

parietal lobes presented relative uptake values of 1.01 ± 0.11 (PIB+) and 1.07 ± 0.12 

(PIB-) for the frontal cortex, and of 0.99 ± 0.08 and 1.10 ± 0.09 for the parietal cortex 

(Fig 2). The regions that presented the highest FDG SUVR mean values were the 

putamen (1.23 ± 0.10), for the PIB+ group, and the cingulate gyrus posterior part along 

with the putamen (1.26 ± 0.09) for the PIB- group. Meanwhile, the brainstem was the 

region that presented the lowest values for both groups (0.72 ± 0.03 and 0.75 ± 0.03 for 

the PIB+ and PIB- groups respectively). 
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Fig 2. Distribution of R1 and FDG SUVR values per region. 

 
Distribution of individual subject's FDG SUVR (first and fourth rows), R1 (second and fifth rows), and 

ePIB(20-130s) (third and sixth rows) values per group in all VOIs. First three rows contain the values 

from the PIB+ group while the last three, from the PIB- group. Filled boxes represent regions that showed 

a statistical significant difference between PIB+ and PIB- groups. The filling of the background was made 

to differentiate between brain areas: frontal lobe, occipital lobe, temporal lobe, parietal lobe, central 

structures, insula and cingulate gyri, posterior fossa, white matter, and grey matter of the cerebellum 

(reference region), in this order. 
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For the R1 data, the regional values were 0.88 ± 0.13 (range 0.46 - 1.27) for the PIB+ 

group, and 0.90 ± 0.11 (0.58 - 1.26) for the PIB-. Frontal cortex presented uptake values 

of 0.90 ± 0.08 (PIB+) and 0.93 ± 0.07 (PIB-), while for the parietal cortex, these values 

were 0.88 ± 0.07 and 0.93 ± 0.05, respectively (Fig 2). The region that presented the 

highest values was, for both groups, the Putamen (1.14 ± 0.07 for the PIB+ group and 

1.13 ± 0.05 for the PIB- group). The smallest R1 values were found on the caudate 

nucleus, for both groups (0.66 ± 0.14 and 0.71 ± 0.07 respectively for the PIB+ and PIB- 

groups). The values for ePIB(20-130s) across all subjects were 0.91 ± 0.13 (range 0.38 – 

1.29) and 0.93 ± 0.11 (0.53 – 1.24) for the PIB+ and PIB- groups respectively. Frontal 

cortex presented values of 0.96 ± 0.09 (0.65 – 1.23) for PIB+ patients, and 0.96 ± 0.07 

(0.72 – 1.17) for PIB- subjects. Meanwhile, the parietal cortex had values of 0.89 ± 0.08 

(0.73 – 1.09), and 0.93 ± 0.05 (0.83 – 1.02) for PIB+ and PIB- subjects respectively. The 

putamen was the region that presented the highest values of ePIB(20-130s) (1.14 ± 0.08 

for the PIB+ group and 1.12 ± 0.06 for the PIB-). Meanwhile, the caudate nucleus 

presented the lowest values (0.64 ± 0.17 and 0.69 ± 0.07 for the PIB+ group and for the 

PIB- group respectively). With the exception of the hippocampus, brainstem, and white 

matter, all other regions in all methods presented higher average values after the partial 

volume effect correction was applied. For the FDG SUVR and the R1 methods, the 

thalamus also yielded lower values than the other regions. In general, the number of 

regions that presented a statistically significant difference between groups was reduced. 

Moreover, the standard deviations of the data increased after partial volume correction. 

A summary of all results for each region of both groups can be found in S2-8 Tables, and 

the results from the partial volume corrected data for the FDG SUVR, R1, ePIB(20-

130s)m and ePIB(1-8min) methods are shown in S9-S12 Tables. 

 

Difference Images 

When exploring the mean difference images per group (Fig 3), a clear difference was 

observed between PIB+ and PIB- groups. Overall, higher FDG SUVR values were found 

than those of R1 and ePIB (blue colour, Fig 3) especially at the parietal and frontal lobes 

of the PIB- subjects. Structures such as the thalamus, brainstem, and the cerebellum 

showed the opposite pattern, with higher R1 or ePIB values than FDG SUVR (red colour, 

Fig 3). The difference images for all time intervals included in this study can be seen in 

S2 Fig. 
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Fig 3. Mean difference images per group. Mean difference images per groups comparing normalized 

FDG uptake and R1 parametric maps (R1 – FDG SUVR; first row), and FDG SUVR and ePIB(20 to 130 

seconds) images (ePIB – FDG SUVR; second row). On the left, the mean difference image for the PIB+ 

group can be seen, and on the right, the PIB-. The closer the R1 or ePIB and FDG SUVR estimates, the more 

white the voxel appears. Negative values correspond to voxels where the FDG SUVR voxel presented a 

higher value than the R1 or ePIB. Bar plots representing the mean values of brain areas for each group are 

on the right of the respective images.  

 

 

Correlation Between Methods and SUVR 

The scatter plots of rCBF estimates from R1 and FDG SUVR uptake (Fig 4) suggest a 

strong correlation between R1 and FDG SUVR values, 0.86 for the PIB+ group and 0.84 

for the PIB-. In addition, FDG SUVR estimates were highly predictive of R1, accounting for 

72% (R2 = 0.72, p < 0.001, slope = 0.73, intercept = 0.18) and 67% (R2 = 0.67, p < 0.001, 

slope = 0.62, intercept = 0.27) of its variability, for PIB+ and PIB- respectively. While 

ePIB(20-130s) also presented a good correlation when compared to FDG SUVR, of 0.79 

(PIB+) and 0.73 (PIB-), this method was not as predictive as R1, accounting for 62% (R² 

= 0.62, p < 0.001, slope = 0.73, intercept = 0.21) for the PIB+ patients, and 54% (R² = 

0.54, p < 0.001, slope = 0.56, intercept = 0.36) for the PIB- subjects. S3 Fig depicts the 

same data but with subjects divided by diagnosis instead of PIB uptake. 
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Fig 4. Linear regression analysis for R1 and ePIB(20-130s) estimates. Scatter plot showing regional 

CBF estimates from R1 parametric images (top) and ePIB(20-130s; bottom) (y-axis), and normalized FDG 

FDG uptake (x-axis). Data are arranged according to patient group: circles represent PIB+ group, and 

triangles PIB-. Lines resulting from the linear regression applied to the data are also shown: a full line for 

the PIB+ group, and a dashed one for PIB-. Results of the linear regression are given in boxes at the bottom 

right corner. 

 

Bias Assessment  

Moreover, the mean bias between R1 and FDG SUVR (Fig 5) was of -0.08 ± 0.08 (range -

0.34 - 0.13) and -0.11 ± 0.09 (-0.39 - 0.13) for the PIB+ and PIB- groups, respectively. A 

moderate negative trend, proportional to the magnitude of the SUVR estimate was also 

observed. A linear regression from this data showed a bias of 27% for the PIB+ group 

(R2 = 0.27, p < 0.001, slope = -0.27, intercept = 0.18), and of 43% for the PIB- group (R2 = 

0.43, p < 0.001, slope = -0.38, intercept = 0.27). Furthermore, ePIB(20-130s) presented a 

similar negative trend, with a mean of -0.05 ± 0.09 (range -0.31 – 0.32) for the PIB+ 

group, and -0.09 ± 0.10 (-0.39 – 0.30) for the PIB-. For the PIB+ patients, a bias of 19% 

(R² = 0.19, p < 0.001, slope = -0.27, intercept = 0.19) was found, while the PIB- subjects 

presented a bias of 42% (R² = 0.42, p < 0.001, slope = -0.44, intercept = 0.36).  
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Fig 5. Bland-Altman plot. Bland-Altman plot showing the difference between the values of rCBF assessed 

by different methods (by R1, on the top row, and by ePIB(20 to 130 seconds), on the bottom, estimations 

and from the normalized FDG uptake). Circles represent data from the  PIB+ group, while triangles 

represent PIB-. The full line is at the mean difference value for all data (not classified in groups), and the 

dashed lines delimit the 95% agreement interval (at mean ± 1.96 × standard deviation). 
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Correlation Between ePIB and R1 

When comparing ePIB with R1, later time frames (20s to 100s, 20s to 130s, and 1min to 

8 min) presented the best correlations and predictability. Results are shown in Table 2. 

While those intervals showed no significant bias for the PIB+ group, for the PIB- 

subjects, there was a slight negative bias of 4%, 3%, and 22% respectively. 

 

TABLE 2. Linear regression results of the analysis between ePIB and R1.  

 

PIB+ PIB- 

20-40s 

R² 0.00 0.00 

Intercept 0.33 1.01* 

Slope 1.13 -0.07 

20-60s 

R² 0.03* 0.01* 

Intercept 0.56* 0.83* 

Slope 0.61* 0.33* 

20-100s 

R² 0.65* 0.55* 

Intercept 0.11* 0.21* 

Slope 0.95* 0.84* 

20-130s 

R² 0.87* 0.87* 

Intercept 0.03* 0.08* 

Slope 1.00* 0.93* 

1-8min 

R² 0.94* 0.96* 

Intercept 0.04* 0.12* 

Slope 0.90* 0.90* 

Results from the linear regression comparing the data from the R1 parametric maps and the early frames 

images. *p <0.05 

 

Voxel-Based Comparison Between Groups 

Voxel-based analysis showed statistically significant differences between subject groups 

in FDG SUVR and R1 images. The main discrepancies between tracers were the size of 

the clusters: while FDG SUVR had larger clusters, their main core could also be seen in R1 

(Fig 6). When exploring the differences between groups where PIB- subjects showed a 

higher flux than PIB+ subjects, the clusters were present in frontal, temporal, and 

parietal regions of both tracers. Meanwhile, when exploring the opposite differences, the 

brainstem and part of the cerebellum were the only visible region. 
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Fig 6. SPM analysis. Maximum Intensity Projections derived from the voxel based  analysis. First row 

contains the images from FDG SUVR, second row shows R1, third, ePIB(20 to 130 seconds), and fourth, 

ePIB(1 to 8 minutes). On the left, statistically significant regions where PIB+ group shows higher rCBF 

than the PIB- group, and, on the right, statistically significant regions where the PIB- group showed higher 

flow than the PIB+ group.  
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The same analysis was done for all ePIB intervals. The shorter intervals (20s to 40s, and 

20s to 60s) showed no statistically significant clusters. Meanwhile, the 20s to 130s 

interval presented similar results as R1 and FDG SUVR analysis also being able to display 

cluster that showed regions of PIB+ patients that had a larger perfusion than PIB- 

subjects. Later intervals (1 to 8 minutes) were not able to produce the same pattern of 

distinction between groups (Fig 6). 

 

 

Discussion 

In this study, the possibility of using PIB R1 and ePIB as surrogates for FDG SUVR was 

explored. The good agreement between measures and the resemblance of the images 

indicate that rCBF estimates from pharmacokinetic analysis of PIB might be a good 

alternative to an additional FDG scan. Therefore, a single PIB PET study might suffice to 

observe amyloid deposition and assess rCBF, as a surrogate for the FDG. This approach 

bypasses some limitations associated with PET studies and facilitates dual biomarker 

imaging, as subjects only need to undergo one scan, thus reducing radiation exposure 

and costs. For the estimation of the R1 in the present study, the SRTM2 model was used 

since it has been previously validated as the most suitable reference tissue model for PIB 

[21]. Although earlier studies indicate that PIB tissue kinetics are best represented by a 

two-tissue compartment [11], the resulting bias on the BPND using SRTM is small [37]. 

Optimization of k’2 estimation has also been made [20,38], but it has been observed that 

R1 is insensitive to minor inaccuracies of that estimation [32]. Taken together, this 

strongly suggests that SRTM2 might be a suitable choice for the R1 estimation. 

The results presented in the previous section showed a high correlation between R1 

estimates and FDG SUVR values. This response was already anticipated, as R1 has been 

found to be a valid marker of rCBF [39], and there is an established coupling between 

blood flow delivery and metabolic demand [23]. The high predictability of FDG SUVR by 

R1 (about 72%) also indicates that R1 might be a good surrogate for FDG PET imaging.  

Several studies have presented early frames from PIB [2,15,16,40] and other Aβ tracers 

[18,41–43] as a proxy to FDG. But while their choice of time interval was solely done 

considering the best correlation with FDG SUVR values, this study also considered the 

bias between measurements and how well the method could differentiate between the 

PIB+ and PIB- groups on a voxel level. The recommended time interval of 1 to 8 minutes 

[15] was not able to distinguish between the PIB+ and PIB- groups, and showed a similar 

bias to the measure when compared to FDG SUVR. This was of interest considering that, 

in a previous study [15], this time frame showed the best correlation with the FDG SUVR 

values. This time interval might be too long and thus picking up some amyloid binding. 

This would affect the results since it might not be a pure flow image. Considering these 

results, the early frames from 1 to 8 minutes may not be the best time interval to 

estimate regional flow distributions. Therefore, the preferred time interval taken here 

was from 20 to 130 seconds. Although the good resemblance of the images and the good 

correlation with both R1 and FDG SUVR measures, R1 still presented better correlation 

with FDG SUVR than ePIB. This might be due to the non-uniform distribution of the 



122 

 

tracer, small sampling window, and noise [15]. Therefore, the use of a full kinetic 

modelling approach might be a better approach, since it not only provides an estimation 

of amyloid deposition through BPND [2], but also an estimation of rCBF through R1. 

Moreover, the voxel-based group comparison demonstrated that R1 allows identification 

of regions with reduced rCBF in the PIB+ group, as compared with PIB-. This pattern 

coincided with the distribution of reduced in glucose metabolism, although cluster sizes 

appear to be smaller with R1 than with FDG SUVR (Fig 6). Again, these results suggest 

that changes in R1 distribution between subject groups seem to approximate those of 

FDG SUVR reasonably well, but possibly at the cost of lower sensitivity. Therefore, the 

diagnostic performance of using R1 parametric maps as a surrogate of FDG SUVR for 

diagnosis of AD will be further explored, although it can already be said that it might not 

be the best option for longitudinal studies due to its lower sensitivity to small changes. 

This sensitivity to differences between groups was also reduced when performing 

partial volume correction which is caused by an increment in data variance. This 

increased variance might be due to a higher noise, as consequence of the correction; an 

increased variability between subjects due to errors in the segmentation of tissues; or it 

might be a real larger spread in values. Moreover, previous studies have found that 

partial volume correction might lead to bigger bias on results[44,45], and there is not 

clear consensus about its use. 

Despite the fact that these findings showed a good correlation between R1 and SUVR 

values, some differences were also observed in the data. The slopes of the linear 

regressions were smaller than one, suggesting that R1 might be less sensitive than FDG 

SUVR. Moreover, the bias between R1 and FDG SUVR seems to increase with higher FDG 

SUVR values (Fig 5). In addition, FDG SUVR values were higher than those of R1 for most 

of the brain regions, with the exception of the cerebellum, brainstem, and thalamus (Fig 

3). These regions are known to be hyperperfused due to their “potential need for 

precipitous and rapid activation” [46]. Therefore, R1 should not be used for studies of 

changes in metabolism and pathophysiology, since it is not a true surrogate of FDG, but 

it can be considered for (differential) diagnosis. 

Interestingly, the degree of agreement between R1 and FDG SUVR values seems to be 

different for the PIB+ and the PIB- groups. Deposition of Aβ induces profound changes in 

the neurons' metabolic phenotype [24] and it is known to relate with neurovascular 

decoupling, resulting in a cerebrovascular dysfunction with a reduction of the rCBF [47]. 

For this study, it was hypothesized that the agreement between R1 and FDG SUVR 

images would be worse in the PIB+ group, where FDG will capture not only alterations 

in perfusion, but also in metabolism. However, what was found seems to be in 

contradiction with this initial hypothesis. The fact that PIB+ group presented a better 

correlation than the PIB-, a lower bias, and a higher predictability of FDG SUVR values 

might suggest that the R1 (i.e. PIB PET) could more accurately replace FDG PET in PIB+ 

subjects than in the PIB-. 
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Conclusion 

Phamacokinetic analysis of dynamic PIB PET studies provides high-quality rCBF images 

comparable with those obtained by FDG SUVR. The high correlation between R1 and 

normalized FDG uptake suggests that PIB PET parametric maps might be used as an 

alternative to FDG PET, and also R1 outperformed ePIB in this analysis. However, despite 

the good correlation between R1 and SUVR, there is still a need for further prospective 

studies to validate the use of R1 as an alternative of FDG SUVR for diagnostic purposes, 

and to monitor the progression of AD, since the observed differences between R1 and 

FDG SUVR might be of importance in longitudinal studies, for example, where small 

effect sizes are relevant. Nevertheless, the results presented in this study suggest that R1 

might be used as a surrogate for FDG and preferred over ePIB for (differential) diagnosis 

in neurodegenerative diseases with PET imaging. 
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Supporting information 

 
 

S1 FIGURE. Representative studies. Representative images of normalized FDG uptake 

images (first row), parametric images of PiB rCBF (R1; second row), and all time 

weighted average of early PIB frames (20 to 40 seconds on the third row, 20 to 60 

seconds on the fourth, 20 to 100 seconds on the fifth, 20 to 130 seconds on the sixth, and 

1 to 8 minutes on the seventh row) of a PIB+ patient (left), and a PIB- subject (right). 

Shown are corresponding transaxial, and sagittal slices of the brain. All colour scales 

were adjusted to the same range. 
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S2 FIGURE. Mean difference images per group. Mean difference images per groups 

comparing normalized FDG uptake and R1 parametric maps (R1 – SUVR; first row), and 

for all ePIB time intervals: 20 to 40 seconds (second row), 20 to 60 seconds (third row), 

20 to 100 seconds (fourth row), 20 to 130 seconds (fifth row), and 1 to 8 minutes (sixth 

row). On the left, the mean difference image for the PIB+ group can be seen, and on the 

right, the PIB-. The closer the rCBF and SUVR estimates, the more white the voxel 

appears. Negative values correspond to voxels where the SUVR voxel presented a higher 

value than the R1 or ePIB. 
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S3 FIGURE. Linear regression of subjects separated by diagnosis. Scatter plot 

showing regional CBF estimates from R1 parametric images (top) and ePIB(20-130s; 

bottom) (y-axis), and normalized FDG uptake (x-axis). Data are arranged according to 

subject diagnosis: red points represent AD patients, green points represent the HC 

subjects, and blue points represent MCI participants. Lines resulting from the linear 

regression applied to the data are also shown: a full line for the AD group, a dashed one 

for HC subjects, and a dot and dash line for the MCI participants. Results of the linear 

regression are given in boxes at the bottom right corner. 
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S4 FIGURE. SPM analysis of all methods. Maximum Intensity Projections derived from 

the voxel based  analysis. The rows contain, in order from top to bottom, FDG SUVR, R1, 

ePIB(20-40s), ePIB(20-60s), ePIB(20-100s), ePIB(20-130s), and ePIB(1-8min) . On the 

left, statistically significant regions where PIB+ group shows higher rCBF than the PIB- 

group, and, on the right, statistically significant regions where the PIB- group showed 

higher flow than the PIB+ group. 
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Brain Areas Name of Region 

Frontal Lobe 

Superior frontal gyrus 
Middle frontal gyrus 
Inferior frontal gyrus 
Precentral gyrus 
Straight gyrus 
Anterior orbital gyrus 
Lateral orbital gyrus 
Medial orbital gyrus 
Posterior orbital gyrus 
Subcallosal area 
Subgenual frontal cortex 
Pre-subgenual frontal cortex 

Occipital Lobe 
Cuneus 
Lingual gyrus 
Lateral remainder of occipital lobe 

Temporal Lobe 

Hippocampus 
Amygdala 
Anterior temporal lobe lateral part 
Anterior temporal lobe medial part 
Parahippocampal and ambient gyri 
Superior temporal gyrus anterior part 
Superior temporal gyrus posterior part 
Middle and inferior temporal gyrus 
Fusiform gyrus 
Posterior temporal lobe 

Parietal Lobe 
Postcentral gyrus 
Superior parietal gyrus 
Inferiolateral remainder of parietal lobe 

Central Structures 

Caudate nucleus 
Nucleus accumbens 
Putamen 
Thalamus 
Pallidum 
Substantia nigra 

Insula and Cingulate gyri 
Insula 
Cingulate gyrus anterior part 
Cingulate gyrus posterior part 

Posterior Fossa 
Brainstem 
Cerebellum 

White Matter White matter 

 

S1 TABLE. Regions of interest. List of all regions of interest included and their 

separation in this study. 
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 1.05 ± 0.07 1.12 ± 0.08 0.02 * 0.05 
Middle frontal gyrus 1.09 ± 0.09 1.21 ± 0.09 < 0.01 * 0.01 * 
Inferior frontal gyrus 1.10 ± 0.10 1.17 ± 0.08 0.03 * 0.07 
Precentral gyrus 1.06 ± 0.08 1.08 ± 0.07 0.40 0.44 
Straight gyrus 1.01 ± 0.07 1.06 ± 0.07 0.12 0.20 
Anterior orbital gyrus 1.06 ± 0.06 1.14 ± 0.08 < 0.01 * 0.04 * 
Lateral orbital gyrus 1.04 ± 0.09 1.11 ± 0.08 0.03 * 0.07 
Medial orbital gyrus 1.01 ± 0.07 1.06 ± 0.07 0.05 * 0.09 
Posterior orbital gyrus 1.03 ± 0.07 1.06 ± 0.07 0.30 0.38 
Subcallosal area 0.83 ± 0.08 0.86 ± 0.06 0.31 0.38 
Subgenual frontal cortex 0.90 ± 0.07 0.90 ± 0.05 0.66 0.68 
Pre-subgenual frontal cortex 1.04 ± 0.08 1.07 ± 0.09 0.38 0.43 
Cuneus 1.16 ± 0.10 1.22 ± 0.08 0.07 0.13 
Lingual gyrus 1.16 ± 0.11 1.16 ± 0.07 0.98 0.98 
Lateral remainder of occipital lobe 1.01 ± 0.07 1.07 ± 0.07 0.04 * 0.08 
Hippocampus 0.82 ± 0.05 0.87 ± 0.05 0.01 * 0.05 * 
Amygdala 0.76 ± 0.05 0.80 ± 0.04 0.03 * 0.07 
Anterior temporal lobe lateral part 0.85 ± 0.07 0.90 ± 0.05 0.01 * 0.05 * 
Anterior temporal lobe medial part 0.78 ± 0.04 0.80 ± 0.02 0.17 0.27 
Parahippocampal and ambient gyri 0.81 ± 0.04 0.82 ± 0.04 0.23 0.34 
Superior temporal gyrus anterior part 0.83 ± 0.06 0.84 ± 0.03 0.58 0.61 
Superior temporal gyrus posterior part 0.99 ± 0.08 1.05 ± 0.06 0.03 * 0.07 
Middle and inferior temporal gyrus 0.92 ± 0.08 1.02 ± 0.05 < 0.01 * < 0.01 * 
Fusiform gyrus 0.85 ± 0.05 0.87 ± 0.03 0.21 0.32 
Posterior temporal lobe 0.96 ± 0.07 1.04 ± 0.05 < 0.01 * < 0.01 * 
Postcentral gyrus 1.00 ± 0.08 1.03 ± 0.06 0.29 0.38 
Superior parietal gyrus 1.02 ± 0.08 1.15 ± 0.08 < 0.01 * < 0.01 * 
Inferiolateral remainder of parietal lobe 0.96 ± 0.07 1.11 ± 0.07 < 0.01 * < 0.01 * 
Caudate nucleus 0.74 ± 0.17 0.85 ± 0.12 0.05 0.09 
Nucleus accumbens 1.00 ± 0.07 1.03 ± 0.10 0.33 0.39 
Putamen 1.23 ± 0.10 1.26 ± 0.09 0.38 0.43 
Thalamus 0.96 ± 0.09 1.03 ± 0.08 0.04 * 0.08 
Pallidum 0.97 ± 0.09 1.00 ± 0.08 0.30 0.38 
Substantia nigra 0.75 ± 0.05 0.83 ± 0.06 < 0.01 * < 0.01 * 
Insula 0.99 ± 0.07 1.01 ± 0.05 0.27 0.38 
Cingulate gyrus anterior part 1.02 ± 0.08 1.05 ± 0.07 0.28 0.38 
Cingulate gyrus posterior part 1.11 ± 0.08 1.26 ± 0.09 < 0.01 * < 0.01 * 
Brainstem 0.72 ± 0.03 0.75 ± 0.03 0.01 * 0.05 * 
Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.04 * 0.09 
White matter 0.82 ± 0.05 0.86 ± 0.03 0.01 * 0.05 * 

* Statistically significant values. 

 

S2 TABLE. FDG SUVR values. FDG SUVR values (expressed as mean ± standard deviation) for each 

region per subject group, and uncorrected and corrected for false discovery rate p-values from the t-test. 
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 0.98 ± 0.06 0.92 ± 0.04 0.14 0.48 

Middle frontal gyrus 0.93 ± 0.06 0.98 ± 0.05 0.02 * 0.08 

Inferior frontal gyrus 0.94 ± 0.06 0.99 ± 0.04 0.01 * 0.08 

Precentral gyrus 0.91 ± 0.06 0.93 ± 0.03 0.40 0.60 

Straight gyrus 0.92 ± 0.07 0.94 ± 0.05 0.38 0.60 

Anterior orbital gyrus 0.92 ± 0.09 0.95 ± 0.05 0.33 0.60 

Lateral orbital gyrus 0.89 ± 0.10 0.93 ± 0.05 0.21 0.54 

Medial orbital gyrus 0.89 ± 0.08 0.91 ± 0.04 0.40 0.60 

Posterior orbital gyrus 0.93 ± 0.07 0.93 ± 0.04 0.88 0.91 

Subcallosal area 0.78 ± 0.09 0.81 ± 0.06 0.25 0.57 

Subgenual frontal cortex 0.84 ± 0.05 0.84 ± 0.06 0.85 0.91 

Pre-subgenual frontal cortex 0.97 ± 0.06 0.97 ± 0.08 0.89 0.91 

Cuneus 1.06 ± 0.08 1.10 ± 0.06 0.31 0.60 

Lingual gyrus 1.08 ± 0.07 1.07 ± 0.05 0.52 0.65 

Lateral remainder of occipital lobe 0.92 ± 0.08 0.93 ± 0.04 0.56 0.68 

Hippocampus 0.76 ± 0.05 0.79 ± 0.04 0.05 0.20 

Amygdala 0.74 ± 0.05 0.75 ± 0.02 0.19 0.54 

Anterior temporal lobe lateral part 0.76 ± 0.04 0.80 ± 0.04 0.01 * 0.08 

Anterior temporal lobe medial part 0.71 ± 0.04 0.72 ± 0.02 0.37 0.60 

Parahippocampal and ambient gyri 0.73 ± 0.05 0.73 ± 0.04 0.73 0.82 

Superior temporal gyrus anterior part 0.76 ± 0.05 0.78 ± 0.06 0.21 0.54 

Superior temporal gyrus posterior part 0.89 ± 0.06 0.96 ± 0.07 < 0.01 * 0.06 

Middle and inferior temporal gyrus 0.83 ± 0.06 0.90 ± 0.03 < 0.01 * 0.02 * 

Fusiform gyrus 0.77 ± 0.06 0.78 ± 0.03 0.45 0.62 

Posterior temporal lobe 0.89 ± 0.05 0.93 ± 0.03 0.01 * 0.07 

Postcentral gyrus 0.87 ± 0.06 0.89 ± 0.05 0.43 0.61 

Superior parietal gyrus 0.90 ± 0.08 0.95 ± 0.05 0.04 * 0.14 

Inferiolateral remainder of parietal lobe 0.86 ± 0.07 0.94 ± 0.05 < 0.01 * 0.02 * 

Caudate nucleus 0.66 ± 0.14 0.71 ± 0.07 0.25 0.57 

Nucleus accumbens 0.92 ± 0.07 0.93 ± 0.07 0.69 0.79 

Putamen 1.14 ± 0.07 1.13 ± 0.05 0.52 0.65 

Thalamus 0.98 ±  0.09 1.00 ± 0.06 0.39 0.60 

Pallidum 0.94 ± 0.08 0.94 ± 0.07 0.96 0.96 

Substantia nigra 0.74 ± 0.05 0.80 ± 0.06 < 0.01 * 0.04 * 

Insula 0.92 ± 0.06 0.93 ± 0.05 0.48 0.64 

Cingulate gyrus anterior part 0.91 ± 0.08 0.94 ± 0.06 0.33 0.60 

Cingulate gyrus posterior part 0.99 ± 0.08 1.07 ± 0.05 < 0.01 * 0.04 * 

Brainstem 0.77 ± 0.03 0.78 ± 0.02 0.20 0.54 

Cerebellum 1.01 ± 0.006 1.00 ± 0.004 0.32 0.60 

White matter 0.73 ± 0.05 0.74 ± 0.03 0.68 0.79 

* Statistically significant values. 

 

S3 TABLE. R1 values. R1 values (expressed as mean ± standard deviation) for each region per subject 

group, and uncorrected and corrected for false discovery rate p-values from the t-test.  
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Region PIB+ PIB- p-value
unc

 p-value
FDR

 

Superior frontal gyrus 0.63 ± 0.47 0.82 ± 0.33 0.22  0.66 

Middle frontal gyrus 1.07 ± 1.22 0.61 ± 0.34 0.18  0.66 

Inferior frontal gyrus 0.96 ± 0.63 0.87 ± 0.35 0.62  0.92 

Precentral gyrus 0.66 ± 0.45 0.70 ± 0.34 0.80  0.92 

Straight gyrus 1.31 ± 0.88 0.89 ± 0.56 0.13  0.66 

Anterior orbital gyrus 0.63 ± 0.41 0.61 ± 0.34 0.88  0.93 

Lateral orbital gyrus 0.72 ± 0.48 1.06 ± 0.62 0.11  0.66 

Medial orbital gyrus 1.56 ± 2.13 0.79 ± 0.37 0.17  0.66 

Posterior orbital gyrus 2.00 ± 1.91 1.31 ± 0.67 0.20  0.66 

Subcallosal area 1.19 ± 0.91 1.04 ± 1.52 0.75  0.92 

Subgenual frontal cortex 2.60 ± 4.99 1.06 ± 1.40 0.26  0.66 

Pre-subgenual frontal cortex 1.23 ± 0.84 1.31 ± 1.16 0.84 0.92 

Cuneus 1.78 ± 2.66 0.76 ± 0.46 0.16 0.66 

Lingual gyrus 2.09 ± 4.51 0.84 ± 0.52 0.29 0.66 

Lateral remainder of occipital lobe 0.89 ± 0.65 0.77 ± 0.37 0.54 0.87 

Hippocampus 1.31 ± 1.35 1.01 ± 0.58 0.44 0.76 

Amygdala 1.99 ± 1.62 1.31 ± 0.81 0.16 0.66 

Anterior temporal lobe lateral part 2.19 ± 4.24 1.01 ± 0.87 0.30 0.66 

Anterior temporal lobe medial part 1.50 ± 1.49 1.00 ± 0.52 0.22 0.66 

Parahippocampal and ambient gyri 1.50 ± 0.90 1.05 ± 0.60 0.11 0.66 

Superior temporal gyrus anterior part 1.53 ± 0.92 1.21 ± 0.65 0.27 0.66 

Superior temporal gyrus posterior part 1.96 ± 2.46 1.15 ± 0.59 0.23 0.66 

Middle and inferior temporal gyrus 1.31 ± 1.12 0.97 ± 0.48 0.29 0.66 

Fusiform gyrus 1.11 ± 0.50 1.54 ± 0.72 0.83 0.92 

Posterior temporal lobe 1.94 ± 3.15 0.98 ± 0.45 0.25 0.66 

Postcentral gyrus 1.29 ± 2.22 0.78 ± 0.43 0.39 0.73 

Superior parietal gyrus 0.59 ± 0.34 0.61 ± 0.31 0.85 0.92 

Inferiolateral remainder of parietal lobe 0.81 ± 0.55 0.67 ± 0.33 0.40 0.73 

Caudate nucleus 0.71 ± 0.55 0.68 ± 0.39 0.86 0.92 

Nucleus accumbens 1.08 ± 0.89 1.18 ± 1.58 0.83 0.92 

Putamen 1.51 ± 1.56 1.31 ± 0.49 0.65 0.92 

Thalamus 0.79 ± 0.55 0.77 ± 0.46 0.92 0.94 

Pallidum 1.15 ± 1.93 0.89 ± 0.62 0.64 0.92 

Substantia nigra 2.73 ± 7.37 1.06 ± 0.88 0.39 0.73 

Insula 1.84 ± 2.67 1.38 ± 0.65 0.52 0.87 

Cingulate gyrus anterior part 0.83 ± 0.64 0.78 ± 0.40 0.81 0.92 

Cingulate gyrus posterior part 0.86 ± 0.75 0.85 ± 0.64 0.99 0.99 

Brainstem 1.15 ± 0.54 1.04 ± 0.80 0.68 0.92 

Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.21 0.66 

White matter 0.99 ± 0.86 0.78 ± 0.28 0.38 0.73 

* Statistically significant values. 

S4 TABLE. ePIB(20-40s) values. ePIB(20-40s) values (expressed as mean ± standard deviation) 

for each region per subject group, and uncorrected and corrected for false discovery rate p-values from 

the t-test.  
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 0.99 ± 0.26 1.05 ± 0.20 0.46 0.90 

Middle frontal gyrus 0.91 ± 0.21 0.98 ± 0.17 0.35 0.82 

Inferior frontal gyrus 1.06 ± 0.21 1.17 ± 0.22 0.17 0.71 

Precentral gyrus 1.04 ± 0.31 0.99 ± 0.16 0.56 0.93 

Straight gyrus 1.40 ± 0.44 1.40 ± 0.32 0.96 0.96 

Anterior orbital gyrus 0.96 ± 0.30 1.00 ± 0.24 0.67 0.93 

Lateral orbital gyrus 0.92 ± 0.16 1.03 ± 0.23 0.16 0.71 

Medial orbital gyrus 1.16 ± 0.51 1.08 ± 0.20 0.58 0.93 

Posterior orbital gyrus 1.40 ± 0.46 1.37 ± 0.37 0.82 0.93 

Subcallosal area 1.39 ± 0.65 1.62 ± 0.71 0.35 0.82 

Subgenual frontal cortex 1.39 ± 0.52 1.42 ± 0.29 0.89 0.95 

Pre-subgenual frontal cortex 1.14 ± 0.32 1.43 ± 0.43 0.04 0.52 

Cuneus 1.10 ± 0.25 1.13 ± 0.15 0.66 0.93 

Lingual gyrus 1.18 ± 0.26 1.15 ± 0.15 0.71 0.93 

Lateral remainder of occipital lobe 0.84 ± 0.15 0.93 ± 0.16 0.14 0.71 

Hippocampus 1.05 ± 0.29 1.23 ± 0.40 0.17 0.71 

Amygdala 1.13 ± 0.27 1.27 ± 0.39 0.26 0.82 

Anterior temporal lobe lateral part 0.84 ± 0.21 0.88 ± 0.10 0.59 0.93 

Anterior temporal lobe medial part 0.99 ± 0.26 1.02 ± 0.18 0.70 0.93 

Parahippocampal and ambient gyri 1.26 ± 0.48 1.28 ± 0.27 0.91 0.95 

Superior temporal gyrus anterior part 1.05 ± 0.21 1.13 ± 0.28 0.37 0.82 

Superior temporal gyrus posterior part 1.17 ± 0.29 1.27 ± 0.28 0.34 0.82 

Middle and inferior temporal gyrus 0.83 ± 0.11 1.00 ± 0.29 0.44 0.52 

Fusiform gyrus 0.95 ± 0.27 1.00 ± 0.24 0.55 0.93 

Posterior temporal lobe 0.95 ± 0.21 1.04 ± 0.24 0.32 0.82 

Postcentral gyrus 1.02 ± 0.21 1.00 ± 0.22 0.84 0.93 

Superior parietal gyrus 0.88 ± 0.18 0.98 ± 0.19 0.15 0.71 

Inferiolateral remainder of parietal lobe 0.93 ± 0.25 1.02 ± 0.15 0.21 0.77 

Caudate nucleus 0.64 ± 0.19 0.82 ± 0.28 0.05* 0.52 

Nucleus accumbens 1.34 ± 0.48 1.47 ± 0.54 0.47 0.90 

Putamen 1.40 ± 0.58 1.27 ± 0.30 0.43 0.90 

Thalamus 1.05 ± 0.43 1.06 ± 0.18 0.93 0.96 

Pallidum 1.38 ± 1.28 1.05 ± 0.26 0.34 0.82 

Substantia nigra 1.37 ± 0.83 1.05 ± 0.27 0.18 0.71 

Insula 1.31 ± 0.40 1.36 ± 0.42 0.76 0.93 

Cingulate gyrus anterior part 1.26 ± 0.38 1.29 ± 0.32 0.77 0.93 

Cingulate gyrus posterior part 0.94 ± 0.20 1.23 ± 0.29 <0.01* 0.11 

Brainstem 1.03 ± 0.25 1.04 ± 0.17 0.84 0.93 

Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.77 0.93 

White matter 0.81 ± 0.23 0.84 ± 0.16 0.69 0.93 

* Statistically significant values. 

S5 TABLE. ePIB(20-60s) values. ePIB(20-60s) values (expressed as mean ± standard deviation) 

for each region per subject group, and uncorrected and corrected for false discovery rate p-values from 

the t-test.  
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 0.95 ± 0.08 0.95 ± 0.05 0.94 0.96 

Middle frontal gyrus 0.94 ± 0.07 0.98 ± 0.05 0.07 0.26 

Inferior frontal gyrus 1.01 ± 0.08 1.05 ± 0.05 0.06 0.26 

Precentral gyrus 0.96 ± 0.07 0.96 ± 0.04 0.89 0.96 

Straight gyrus 1.07 ± 0.10 1.07 ± 0.07 0.96 0.96 

Anterior orbital gyrus 0.93 ± 0.10 0.95 ± 0.06 0.56 0.83 

Lateral orbital gyrus 0.91 ± 0.10 0.96 ± 0.06 0.11 0.39 

Medial orbital gyrus 0.96 ± 0.09 0.96 ± 0.06 0.89 0.96 

Posterior orbital gyrus 1.07 ± 0.10 1.06 ± 0.06 0.94 0.96 

Subcallosal area 1.01 ± 0.17 1.04 ± 0.24 0.66 0.91 

Subgenual frontal cortex 1.07 ± 0.12 1.03 ± 0.10 0.47 0.82 

Pre-subgenual frontal cortex 1.11 ± 0.10 1.10 ± 0.11 0.84 0.96 

Cuneus 1.08 ± 0.10 1.12 ± 0.06 0.24 0.56 

Lingual gyrus 1.11 ± 0.10 1.11 ± 0.06 0.75 0.96 

Lateral remainder of occipital lobe 0.89 ± 0.10 0.93 ± 0.04 0.21 0.55 

Hippocampus 0.85 ± 0.09 0.91 ± 0.07 0.02* 0.15 

Amygdala 0.87 ± 0.12 0.92 ± 0.13 0.32 0.68 

Anterior temporal lobe lateral part 0.75 ± 0.07 0.80 ± 0.07 0.06 0.26 

Anterior temporal lobe medial part 0.77 ± 0.07 0.81 ± 0.05 0.14 0.39 

Parahippocampal and ambient gyri 0.89 ± 0.10 0.91 ± 0.07 0.59 0.84 

Superior temporal gyrus anterior part 0.85 ± 0.07 0.89 ± 0.08 0.12 0.39 

Superior temporal gyrus posterior part 0.98 ± 0.09 1.06 ± 0.09 0.02* 0.15 

Middle and inferior temporal gyrus 0.81 ± 0.08 0.88 ± 0.05 <0.01* 0.06 

Fusiform gyrus 0.79 ± 0.07 0.82 ± 0.07 0.34 0.68 

Posterior temporal lobe 0.90 ± 0.07 0.95 ± 0.04 0.02* 0.15 

Postcentral gyrus 0.92 ±  0.09 0.92 ± 0.06 0.87 0.96 

Superior parietal gyrus 0.89 ± 0.10 0.95 ± 0.07 0.04* 0.25 

Inferiolateral remainder of parietal lobe 0.86 ± 0.08 0.96 ± 0.05 <0.01* 0.02 *  

Caudate nucleus 0.94 ± 0.16 0.69 ± 0.07 0.22 0.56 

Nucleus accumbens 1.07 ± 0.14 1.03 ± 0.12 0.49 0.82 

Putamen 1.15 ± 0.09 1.13 ± 0.07 0.51 0.82 

Thalamus 0.98 ± 0.09 1.01 ± 0.06 0.26 0.57 

Pallidum 0.93 ± 0.84 0.92 ± 0.08 0.82 0.96 

Substantia nigra 0.87 ± 0.10 0.89 ± 0.09 0.55 0.83 

Insula 1.04 ± 0.08 1.04 ± 0.07 0.76 0.96 

Cingulate gyrus anterior part 1.05 ± 0.11 1.04 ± 0.07 0.87 0.96 

Cingulate gyrus posterior part 1.04 ± 0.10 1.16 ± 0.09 <0.01* 0.03 * 

Brainstem 0.84 ± 0.64 0.86 ± 0.05 0.42 0.81 

Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.49 0.82 

White matter 0.72 ± 0.05 0.74 ± 0.03 0.13 0.39 

S6 TABLE. ePIB(20-100s) values. ePIB(20-100s) values (expressed as mean ± 

standard deviation) for each region per subject group, and uncorrected and corrected 

for false discovery rate p-values from the t-test.  
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 0.93 ± 0.07 0.93 ± 0.04 0.88 0.99 

Middle frontal gyrus 0.94 ± 0.07 0.98 ± 0.05 0.06 0.33 

Inferior frontal gyrus 0.98 ± 0.07 1.02 ± 0.04 0.09 0.38 

Precentral gyrus 0.94 ± 0.07 0.94 ± 0.03 0.97 0.99 

Straight gyrus 1.00 ± 0.07 0.99 ± 0.05 0.71 0.92 

Anterior orbital gyrus 0.93 ± 0.09 0.94 ± 0.06 0.69 0.92 

Lateral orbital gyrus 0.91 ± 0.10 0.94 ± 0.06 0.43 0.69 

Medial orbital gyrus 0.93 ± 0.07 0.93 ± 0.04 0.94 0.99 

Posterior orbital gyrus 1.01 ± 0.08 0.99 ± 0.04 0.49 0.75 

Subcallosal area 0.90 ± 0.12 0.89 ± 0.12 0.79 0.99 

Subgenual frontal cortex 0.96 ± 0.09 0.93 ± 0.06 0.28 0.68 

Pre-subgenual frontal cortex 1.06 ± 0.09 1.02 ± 0.09 0.28 0.68 

Cuneus 1.08 ± 0.10 1.11 ± 0.06 0.42 0.69 

Lingual gyrus 1.10 ± 0.09 1.09 ± 0.05 0.60 0.82 

Lateral remainder of occipital lobe 0.91 ± 0.09 0.93 ± 0.04 0.41 0.69 

Hippocampus 0.81 ± 0.06 0.85 ± 0.04 0.03 0.22 

Amygdala 0.80 ± 0.08 0.82 ± 0.07 0.35 0.68 

Anterior temporal lobe lateral part 0.75 ± 0.06 0.79 ± 0.06 0.12 0.44 

Anterior temporal lobe medial part 0.74 ± 0.06 0.76 ± 0.03 0.34 0.68 

Parahippocampal and ambient gyri 0.82 ± 0.07 0.81 ± 0.04 0.92 0.99 

Superior temporal gyrus anterior part 0.80 ± 0.06 0.83 ± 0.07 0.32 0.68 

Superior temporal gyrus posterior part 0.94 ± 0.08 1.00 ± 0.08 0.03* 0.22 

Middle and inferior temporal gyrus 0.82 ± 0.07 0.88 ± 0.04 <0.01* 0.09 

Fusiform gyrus 0.78 ± 0.06 0.79 ± 0.04 0.58 0.82 

Posterior temporal lobe 0.89 ± 0.06 0.93 ± 0.03 0.03* 0.22 

Postcentral gyrus 0.90 ± 0.07 0.90 ± 0.05 0.98 0.99 

Superior parietal gyrus 0.90 ± 0.09 0.95 ± 0.05 0.07 0.35 

Inferiolateral remainder of parietal lobe 0.86 ± 0.07 0.95 ± 0.05 <0.01* 0.03 * 

Caudate nucleus 0.64 ± 0.17 0.69 ± 0.07 0.35 0.68 

Nucleus accumbens 1.00 ± 0.11 0.95 ± 0.09 0.18 0.61 

Putamen 1.14 ± 0.08 1.12 ± 0.06 0.34 0.68 

Thalamus 0.98 ± 0.10 1.01 ± 0.06 0.37 0.68 

Pallidum 0.92 ± 0.09 0.92 ± 0.07 0.93 0.99 

Substantia nigra 0.81 ± 0.08 0.84 ± 0.05 0.37 0.68 

Insula 0.98 ± 0.07 0.98 ± 0.06 0.94 0.99 

Cingulate gyrus anterior part 0.99 ± 0.10 0.99 ± 0.06 0.83 0.99 

Cingulate gyrus posterior part 1.03 ± 0.08 1.11 ± 0.06 <0.01* 0.09 

Brainstem 0.80 ± 0.04 0.82 ± 0.02 0.12 0.44 

Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.51 0.75 

White matter 0.72 ± 0.05 0.74 ± 0.03 0.28 0.68 

S7 TABLE. ePIB(20-130s) values. ePIB(20-130s) values (expressed as mean ± 

standard deviation) for each region per subject group, and uncorrected and corrected 

for false discovery rate p-values from the t-test.  
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 0.98 ± 0.07 0.93 ± 0.04 0.02* 0.11 

Middle frontal gyrus 1.02 ± 0.07 0.99 ± 0.04 0.09 0.27 

Inferior frontal gyrus 1.02 ± 0.07 0.99 ± 0.04 0.17 0.37 

Precentral gyrus 0.97 ± 0.06 0.95 ± 0.03 0.14 0.36 

Straight gyrus 1.01 ± 0.09 0.96 ± 0.05 0.06 0.23 

Anterior orbital gyrus 1.01 ± 0.10 0.97 ± 0.04 0.14 0.36 

Lateral orbital gyrus 0.96 ± 0.10 0.93 ± 0.05 0.35 0.52 

Medial orbital gyrus 0.97 ± 0.09 0.93 ± 0.04 0.08 0.27 

Posterior orbital gyrus 1.01 ± 0.08 0.96 ± 0.04 0.02* 0.11 

Subcallosal area 0.85 ± 0.10 0.83 ± 0.05 0.54 0.67 

Subgenual frontal cortex 0.93 ± 0.06 0.87 ± 0.05 <0.01* 0.07 

Pre-subgenual frontal cortex 1.06 ± 0.07 0.99 ± 0.06 <0.01* 0.07 

Cuneus 1.10 ± 0.09 1.01 ± 0.06 0.45 0.62 

Lingual gyrus 1.01 ± 0.07 1.06 ± 0.04 0.02* 0.11 

Lateral remainder of occipital lobe 0.98 ± 0.07 0.96 ± 0.04 0.30 0.47 

Hippocampus 0.81 ± 0.05 0.84 ± 0.04 0.19 0.37 

Amygdala 0.79 ± 0.05 0.80 ± 0.02 0.64 0.73 

Anterior temporal lobe lateral part 0.83 ± 0.05 0.83 ± 0.05 0.85 0.92 

Anterior temporal lobe medial part 0.77 ± 0.04 0.76 ± 0.02 0.34 0.52 

Parahippocampal and ambient gyri 0.79 ± 0.05 0.77 ± 0.04 0.22 0.42 

Superior temporal gyrus anterior part 0.83 ± 0.05 0.81 ± 0.05 0.30 0.47 

Superior temporal gyrus posterior part 0.97 ±0.07 0.97 ± 0.05 0.95 0.95 

Middle and inferior temporal gyrus 0.92 ± 0.06 0.93 ± 0.03 0.64 0.73 

Fusiform gyrus 0.84 ± 0.07 0.82 ± 0.03 0.49 0.64 

Posterior temporal lobe 0.97 ± 0.06 0.95 ± 0.03 0.47 0.63 

Postcentral gyrus 0.93 ± 0.06 0.91 ± 0.04 0.16 0.37 

Superior parietal gyrus 0.99 ± 0.09 0.96 ± 0.05 0.24 0.44 

Inferiolateral remainder of parietal lobe 0.95 ± 0.07 0.95 ± 0.04 0.91 0.95 

Caudate nucleus 0.70 ± 0.12 0.72 ± 0.08 0.72 0.80 

Nucleus accumbens 1.00 ± 0.08 0.95 ± 0.06 0.06 0.23 

Putamen 1.04 ± 0.08 1.17 ± 0.05 <0.01* 0.07 

Thalamus 1.04 ± 0.11 1.05 ± 0.06 0.93 0.95 

Pallidum 1.03 ± 0.07 1.02 ± 0.07 0.55 0.67 

Substantia nigra 0.81 ± 0.06 0.88 ± 0.06 <0.01* 0.07 

Insula 1.00 ± 0.07 0.96 ± 0.05 0.13 0.36 

Cingulate gyrus anterior part 1.00 ± 0.09 0.95 ± 0.05 0.08 0.27 

Cingulate gyrus posterior part 1.09 ± 0.09 1.07 ± 0.05 0.44 0.62 

Brainstem 0.82 ± 0.03 0.85 ± 0.02 <0.01* 0.07 

Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.15 0.36 

White matter 0.81 ± 0.05 0.80 ± 0.03 0.29 0.47 

S8 TABLE. ePIB(1-8min) values. ePIB(1-8min) values (expressed as mean ± standard deviation) for 

each region per subject group, and uncorrected and corrected for false discovery rate p-

values from the t-test. 
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 1.47 ± 0.14 1.53 ± 0.10 0.17 0.48 
Middle frontal gyrus 1.49 ± 0.13 1.60 ± 0.09 0.01* 0.08 
Inferior frontal gyrus 1.48 ± 0.16 1.53 ± 0.10 0.34 0.54 
Precentral gyrus 1.70 ± 0.27 1.66 ± 0.12 0.58 0.62 
Straight gyrus 1.29 ± 0.09 1.27 ± 0.09 0.59 0.62 
Anterior orbital gyrus 1.41 ± 0.13 1.48 ± 0.10 0.11 0.38 
Lateral orbital gyrus 1.41 ± 0.20 1.50 ± 0.14 0.19 0.48 
Medial orbital gyrus 1.35 ± 0.14 1.40 ± 0.10 0.26 0.50 
Posterior orbital gyrus 1.24 ± 0.12 1.27 ± 0.08 0.55 0.62 
Subcallosal area 1.18 ± 0.19 1.17 ± 0.10 0.80 0.82 
Subgenual frontal cortex 1.00 ± 0.08 0.91 ± 0.08 < 0.01* 0.03* 
Pre-subgenual frontal cortex 0.99 ± 0.17 0.95 ± 0.13 0.44 0.57 
Cuneus 1.59 ± 0.21 1.64 ± 0.08 0.43 0.57 
Lingual gyrus 1.45 ± 0.23 1.40 ± 0.09 0.51 0.60 
Lateral remainder of occipital lobe 1.35 ± 0.15 1.40 ± 0.08 0.25 0.50 
Hippocampus 0.73 ± 0.06 0.78 ± 0.07 0.03 0.15 
Amygdala 0.77 ± 0.06 0.80 ± 0.06 0.10 0.38 
Anterior temporal lobe lateral part 1.07 ± 0.12 1.11 ± 0.08 0.40 0.56 
Anterior temporal lobe medial part 0.94 ± 0.06 0.92 ± 0.04 0.48 0.60 
Parahippocampal and ambient gyri 0.95 ± 0.06 0.97 ± 0.07 0.41 0.56 
Superior temporal gyrus anterior part 1.10 ± 0.11 1.08 ± 0.04 0.33 0.54 
Superior temporal gyrus posterior part 1.36 ± 0.19 1.40 ± 0.10 0.58 0.62 
Middle and inferior temporal gyrus 1.15 ± 0.13 1.25 ± 0.06 0.01* 0.07 
Fusiform gyrus 0.94 ± 0.06 0.92 ± 0.05 0.22 0.50 
Posterior temporal lobe 1.11 ± 0.09 1.17 ± 0.06 0.03* 0.15 
Postcentral gyrus 1.67 ± 0.20 1.64 ± 0.08 0.51 0.60 
Superior parietal gyrus 1.46 ± 0.12 1.61 ± 0.09 < 0.01* 0.01* 
Inferiolateral remainder of parietal lobe 1.31 ± 0.10 1.46 ± 0.08 < 0.01* < 0.01* 
Caudate nucleus 0.83 ± 0.28 0.93 ± 0.18 0.25 0.50 
Nucleus accumbens 1.22 ± 0.15 1.29 ± 0.23 0.39 0.56 
Putamen 1.25 ± 0.13 1.32 ± 0.12 0.17 0.47 
Thalamus 0.98 ± 0.10 1.02 ± 0.10 0.24 0.50 
Pallidum 0.93 ± 0.13 0.97 ± 0.10 0.35 0.54 
Substantia nigra 0.82 ± 0.20 1.02 ± 0.18 0.01* 0.06 
Insula 0.99 ± 0.08 0.99 ± 0.07 0.94 0.94 
Cingulate gyrus anterior part 1.21 ± 0.11 1.17 ± 0.07 0.28 0.50 
Cingulate gyrus posterior part 1.36 ± 0.10 1.47 ± 0.10 < 0.01* 0.04* 
Brainstem 0.67 ± 0.04 0.69 ± 0.04 0.13 0.42 
Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.31 0.54 
White matter 0.37 ± 0.05 0.39 ± 0.03 0.10 0.38 

S9 TABLE. FDG SUVR partial volume corrected values. FDG SUVR values corrected 

for partial volume effects (expressed as mean ± standard deviation) for each region per 

subject group, and uncorrected and corrected for false discovery rate t-values from the 

t-test. 
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Region PIB+ PIB- p-valueunc p-valueFDR 

Superior frontal gyrus 1.24 ± 0.09 1.24 ± 0.08 0.85 0.97 
Middle frontal gyrus 1.25 ± 0.08 1.28 ± 0.09 0.36 0.76 
Inferior frontal gyrus 1.25 ± 0.08 1.28 ± 0.08 0.51 0.92 
Precentral gyrus 1.45 ± 0.15 1.42 ± 0.09 0.58 0.92 
Straight gyrus 1.19 ± 0.12 1.14 ± 0.07 0.19 0.66 
Anterior orbital gyrus 1.20 ± 0.14 1.21 ± 0.09 0.94 0.98 
Lateral orbital gyrus 1.19 ± 0.18 1.23 ± 0.11 0.49 0.92 
Medial orbital gyrus 1.17 ± 0.12 1.17 ± 0.10 0.90 0.98 
Posterior orbital gyrus 1.13 ± 0.09 1.12 ± 0.08 0.62 0.92 
Subcallosal area 1.15 ± 0.25 1.27 ± 0.25 0.21 0.66 
Subgenual frontal cortex 0.98 ± 0.12 0.87 ± 0.10 < 0.01 * 0.19 
Pre-subgenual frontal cortex 0.99 ± 0.14 0.89 ± 0.15 0.08 0.66 
Cuneus 1.15 ± 0.16 1.48 ± 0.12 0.95 0.98 
Lingual gyrus 1.37 ± 0.16 1.29 ± 0.10 0.12 0.66 
Lateral remainder of occipital lobe 1.23 ± 0.14 1.21 ± 0.10 0.79 0.97 
Hippocampus 0.69 ± 0.07 0.72 ± 0.07 0.25 0.66 
Amygdala 0.78 ± 0.05 0.78 ± 0.06 0.81 0.97 
Anterior temporal lobe lateral part 0.96 ± 0.07 0.96 ± 0.08 0.85 0.97 
Anterior temporal lobe medial part 0.84 ± 0.05 0.82 ± 0.07 0.14 0.66 
Parahippocampal and ambient gyri 0.86 ± 0.91 0.82 ± 0.08 0.24 0.66 
Superior temporal gyrus anterior part 1.00 ± 0.11 1.01 ± 0.09 0.94 0.98 
Superior temporal gyrus posterior part 1.24 ± 0.14 1.30 ± 0.15 0.27 0.66 
Middle and inferior temporal gyrus 1.03 ± 0.08 1.08 ± 0.04 0.07 0.66 
Fusiform gyrus 0.83 ± 0.07 0.82 ± 0.06 0.58 0.92 
Posterior temporal lobe 1.02 ± 0.06 1.03 ± 0.06 0.66 0.92 
Postcentral gyrus 1.42 ± 0.11 1.41 ± 0.12 0.66 0.92 
Superior parietal gyrus 1.28 ± 0.11 1.31 ± 0.08 0.29 0.66 
Inferiolateral remainder of parietal lobe 1.72 ± 0.09 1.21 ± 0.10 0.28 0.66 
Caudate nucleus 0.66 ± 0.27 0.75 ± 0.14 0.29 0.66 
Nucleus accumbens 1.16 ± 0.13 1.16 ± 0.17 0.98 0.99 
Putamen 1.17 ± 0.09 1.16 ± 0.08 0.67 0.92 
Thalamus 0.97 ± 0.14 0.99 ± 0.10 0.58 0.92 
Pallidum 0.94 ± 0.10 0.95 ± 0.11 0.76 0.97 
Substantia nigra 0.67 ± 0.17 0.86 ± 0.19 < 0.01 * 0.19 
Insula 0.93 ± 0.06 0.92 ± 0..7 0.69 0.91 
Cingulate gyrus anterior part 1.11 ± 0.10 1.07 ± 0.08 0.20 0.65 
Cingulate gyrus posterior part 1.23 ± 0.68 1.24 ± 0.52 0.63 0.91 
Brainstem 0.69 ± 0.03 0.71 ± 0.04 0.16 0.66 
Cerebellum 0.99 ± 0.00 0.99 ± 0.01 0.18 0.66 
White matter 0.33 ± 0.04 0.31 ± 0.06 0.29 0.66 

S10 TABLE. R1 partial volume corrected values. R1 values corrected for partial 

volume effects (expressed as mean ± standard deviation) for each region per subject 

group, and uncorrected and corrected for false discovery rate t-values from the t-test. 
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Region PIB+ PIB- p-value
unc

 p-value
FDR

 

Superior frontal gyrus 1.30 ± 0.10 1.27 ± 0.09 0.29 0.72 

Middle frontal gyrus 1.27 ± 0.08 1.28 ± 0.10 0.75 0.90 

Inferior frontal gyrus 1.33 ± 0.09 1.33 ± 0.10 0.96 0.99 

Precentral gyrus 1.52 ± 0.18 1.46 ± 0.10 0.21 0.66 

Straight gyrus 1.31 ± 0.10 1.22 ± 0.08 0.01 0.23 

Anterior orbital gyrus 1.22 ± 0.13 1.20 ± 0.10 0.64 0.90 

Lateral orbital gyrus 1.23 ± 0.19 1.25 ± 0.12 0.75 0.90 

Medial orbital gyrus 1.23 ± 0.11 1.21 ± 0.10 0.65 0.90 

Posterior orbital gyrus 1.28 ± 0.09 1.23 ± 0.09 0.16 0.59 

Subcallosal area 1.47 ± 0.38 1.61 ± 0.72 0.51 0.82 

Subgenual frontal cortex 1.20 ± 0.15 1.02 ± 0.11 < 0.01 * 0.05 * 

Pre-subgenual frontal cortex 1.12 ± 0.17 0.96 ± 0.19 0.02 * 0.25 

Cuneus 1.53 ± 0.18 1.51 ± 0.13 0.76 0.90 

Lingual gyrus 1.42 ± 0.18 1.34 ± 0.11 0.16 0.59 

Lateral remainder of occipital lobe 1.22 ± 0.16 1.22 ± 0.10 0.99 0.99 

Hippocampus 0.72 ± 0.08 0.77 ± 0.08 0.08 0.59 

Amygdala 0.87 ± 0.09 0.89 ± 0.13 0.69 0.90 

Anterior temporal lobe lateral part 0.95 ± 0.09 0.95 ± 0.11 0.95 0.99 

Anterior temporal lobe medial part 0.91 ± 0.06 0.90 ± 0.03 0.42 0.79 

Parahippocampal and ambient gyri 1.05 ± 0.12 1.01 ± 0.09 0.33 0.73 

Superior temporal gyrus anterior part 1.09 ± 0.13 1.09 ± 0.11 0.98 0.99 

Superior temporal gyrus posterior part 1.34 ± 0.18 1.38 ± 0.18 0.54 0.84 

Middle and inferior temporal gyrus 1.02 ± 0.10 1.07 ± 0.06 0.11 0.59 

Fusiform gyrus 0.85 ± 0.09 0.83 ± 0.07 0.47 0.79 

Posterior temporal lobe 1.05 ± 0.07 1.05 ± 0.06 0.81 0.92 

Postcentral gyrus 1.51 ± 0.14 1.43 ± 0.13 0.14 0.59 

Superior parietal gyrus 1.28 ± 0.12 1.31 ± 0.08 0.43 0.79 

Inferiolateral remainder of parietal lobe 1.18 ± 0.10 1.23 ± 0.10 0.17 0.59 

Caudate nucleus 0.67 ± 0.24 0.73 ± 0.11 0.41 0.79 

Nucleus accumbens 1.27 ± 0.21 1.16 ± 0.24 0.18 0.59 

Putamen 1.16 ± 0.09 1.15 ± 0.08 0.77 0.90 

Thalamus 0.98 ± 0.13 1.01 ± 0.08 0.43 0.79 

Pallidum 0.95 ± 0.14 0.95 ± 0.12 0.96 0.99 

Substantia nigra 0.87 ± 0.18 0.91 ± 0.18 0.46 0.79 

Insula 1.03 ± 0.08 1.00 ± 0.09 0.30 0.72 

Cingulate gyrus anterior part 1.25 ± 0.12 1.15 ± 0.09 0.02 * 0.23 

Cingulate gyrus posterior part 1.29 ± 0.06 1.30 ± 0.07 0.72 0.90 

Brainstem 0.76 ± 0.04 0.78 ± 0.04 0.15 0.59 

Cerebellum 1.00 ± 0.00 1.00 ± 0.00 0.27 0.72 

White matter 0.31 ± 0.03 0.33 ± 0.05 0.25 0.72 

S11 TABLE. ePIB(10-130s) partial volume corrected values. ePIB(20-130s) values 

corrected for partial volume effects (expressed as mean ± standard deviation) for each 

region per subject group, and uncorrected and corrected for false discovery rate t-values 

from the t-test. 
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Region PIB+ PIB- p-value
unc

 p-value
FDR

 

Superior frontal gyrus 1.36 ± 0.11 1.25 ± 0.08 < 0.01 * 0.02 * 

Middle frontal gyrus 1.39 ± 0.10 1.28 ± 0.09 < 0.01 * 0.02 * 

Inferior frontal gyrus 1.37 ± 0.10 1.28 ± 0.08 0.01 * 0.02 * 

Precentral gyrus 1.53 ± 0.17 1.43 ± 0.09 0.07 0.13 

Straight gyrus 1.31 ± 0.15 1.16 ± 0.06 0.02 * 0.01 * 

Anterior orbital gyrus 1.33 ± 0.15 1.23 ± 0.08 0.04 * 0.07 

Lateral orbital gyrus 1.30 ± 0.20 1.24 ± 0.11 0.38 0.46 

Medial orbital gyrus 1.29 ± 0.15 1.21 ± 0.09 0.07 0.13 

Posterior orbital gyrus 1.23 ± 0.10 1.14 ± 0.08 0.01 * 0.04 * 

Subcallosal area 1.24 ± 0.29 1.29 ± 0.21 0.61 0.70 

Subgenual frontal cortex 1.10 ± 0.15 0.92 ± 0.11 < 0.01 * 0.01 * 

Pre-subgenual frontal cortex 1.12 ± 0.15 0.93 ± 0.12 < 0.01 * 0.01 * 

Cuneus 1.52 ± 0.15 1.45 ± 0.10 0.16 0.22 

Lingual gyrus 1.40 ± 0.13 1.28 ± 0.09 0.01 * 0.02 * 

Lateral remainder of occipital lobe 1.31 ± 0.13 1.24 ± 0.09 0.10 0.18 

Hippocampus 0.74 ± 0.08 0.77 ± 0.07 0.34 0.42 

Amygdala 0.85 ± 0.06 0.84 ± 0.05 0.81 0.87 

Anterior temporal lobe lateral part 1.06 ± 0.09 1.01 ± 0.08 0.16 0.22 

Anterior temporal lobe medial part 0.93 ± 0.06 0.88 ± 0.03 < 0.01 * 0.02 * 

Parahippocampal and ambient gyri 0.93 ± 0.09 0.88 ± 0.07 0.13 0.21 

Superior temporal gyrus anterior part 1.11 ± 0.12 1.05 ± 0.09 0.14 0.22 

Superior temporal gyrus posterior part 1.35 ± 0.13 1.30 ± 0.12 0.27 0.35 

Middle and inferior temporal gyrus 1.15 ± 0.10 1.12 ± 0.04 0.21 0.27 

Fusiform gyrus 0.92 ± 0.10 0.88 ± 0.05 0.15 0.22 

Posterior temporal lobe 1.13 ± 0.07 1.06 ± 0.05 0.01 * 0.03 * 

Postcentral gyrus 1.52 ± 0.13 1.41 ± 0.11 0.02 * 0.06 

Superior parietal gyrus 1.43 ± 0.13 1.32 ± 0.08 0.01 * 0.04 * 

Inferiolateral remainder of parietal lobe 1.31 ± 0.11 1.23 ± 0.09 0.03 * 0.07 

Caudate nucleus 0.74 ± 0.28 0.76 ± 0.12 0.78 0.87 

Nucleus accumbens 1.29 ± 0.13 1.21 ± 0.14 0.13 0.21 

Putamen 1.27 ± 0.10 1.19 ± 0.08 0.02 * 0.05 

Thalamus 1.05 ± 0.16 1.04 ± 0.09 0.95 0.97 

Pallidum 1.05 ± 0.10 1.05 ± 0.11 0.97 0.97 

Substantia nigra 0.75 ± 0.19 0.97 ± 0.20 < 0.01 * 0.02 * 

Insula 1.03 ± 0.07 0.97 ± 0.07 0.03 * 0.07 

Cingulate gyrus anterior part 1.24 ± 0.10 1.10 ± 0.07 < 0.01 * < 0.01 * 

Cingulate gyrus posterior part 1.36 ± 0.08 1.24 ± 0.06 < 0.01 * < 0.01 * 

Brainstem 0.77 ± 0.03 0.80 ± 0.03 0.07 0.13 

Cerebellum 1.00 ± 0.01 1.00 ± 0.01 0.55 0.64 

White matter 0.40 ± 0.04 0.40 ± 0.04 0.86 0.91 

S12 TABLE. ePIB(1-8min) partial volume corrected values. ePIB(1-8min) values 

corrected for partial volume effects (expressed as mean ± standard deviation) for each 

region per subject group, and uncorrected and corrected for false discovery rate t-values 

from the t-test. 
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Chapter 9: 

Diagnostic classification following a blinded assessment of 

combined 11C-Pittsburgh compound B [PIB]-PET and 18F-

fluorodeoxyglucose [ FDG]-PET in distinct profiles of 

Dementia;  Preliminary results of the  ‘Dual PET’ study 
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Introduction: 

Previously, the definite diagnosis Alzheimer Disease (AD) required histopathological 

confirmation, while the probable clinical diagnosis was based on a cognitive profile, 

supported by neuroimaging1. Neuropathological, AD is characterized by amyloid-β (Aβ) 

depositions and intracellular neurofibrillary tangles consisting of hyper-phosphorylated 

tau2. The “amyloid cascade hypothesis” postulates that Aβ starts to accumulate, followed 

by a cascade of neuropathological events such as neurofibrillary tangles formation and 

neuroinflammation3. Since the development of in vivo biomarkers, the 

pathophysiological process is becoming more important in the clinical diagnosis, also in 

a prodromal stage, as recommended by the National Institute on Aging -Alzheimer 

Association in 20114. Recently, this guideline was updated for research purposes, with a 

proposed ‘A-T-N’ framework founded on a biological definition of AD5, with three 

different labels of biomarker evidence. Firstly, the “A” amyloidosis biomarkers in 

cerebrospinal fluid (CSF) and amyloid Positron Emission Tomography (PET) imaging 

(e.g. Pittsburgh compound-B or [11C] PIB). Secondly, “T” Tau-biomarkers in CSF 

(phosphorylated-Tau levels) and Tau- PET imaging6,7. Thirdly, the “N”-biomarkers of 

neurodegeneration such as cortical atrophy on structural magnetic resonance imaging 

(MRI), elevated CSF Total-Tau levels and a “classic” AD fluorodeoxyglucose ([18F]  FDG) 

PET scan. A “classic” AD [18F] FDG-PET scan shows hypometabolism in the temporal-

parietal association cortex, more variably also in the prefrontal cortex, but with a 

relative preservation of metabolism in the primary visual and sensorimotor cortex, 

striatum, and cerebellum8.  In the clinical diagnosis of AD, combining molecular imaging 

biomarker tracers have added value compared to the standard diagnostic criteria for 

different types of neurodegenerative dementia9–12.  Whereas 11C-PiB PET measures the 

amyloid deposits in the diagnosis of MCI or AD, compared to18F-FDG PET contributes 

more in patients with low diagnostic certainty13 and distinguishes between different 

dementia disorders14. A correct clinical diagnosis of dementia is supportive for the 

patient and caregivers and helps in therapeutic management. Future therapies and 

medication trials focus on specific proteinopathies, and therefore in vivo biomarkers are 

becoming important for the clinical diagnosis. 

The aim of the ‘dual PET’ study that we designed was to find out how 11C-PiB and 18F-

FDG PET can contribute to the clinical diagnosis of AD and other types of dementia and 

how this diagnosis correlates within the clinical differential diagnosis. In this study, 100 

subjects are to be included, with a clinical diagnosis of <1> Mild Cognitive Impairment 

(MCI), <2> probable AD, <3> probable Lewy Body Dementia (DLB), <4> probable 

Frontotemporal Dementia (FTD) and finally <5> a group of healthy controls. While the 

‘dual PET’ study also includes cerebral Magnetic Resonance Imaging (MRI) and formal 

neuropsychological assessment to further substantiate a final diagnosis, the preliminary 

analysis reported here had a restricted aim. The objective was to investigate a PET-

driven discrimination between different patient groups based on the distinction 

between PIB positive and negative scans and the subsequent pattern classification of 

reduced FDG uptake. This analysis thus provided the opportunity to evaluate the match 
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between abnormal cerebral amyloid accumulation and the ‘typical’ AD pattern of 

reduced parietal glucose metabolism. The PET-driven classification further enabled a 

general comparison with the clinical classification used for inclusion of the participants. 

The assessment was visually performed by a “blinded” expert, without knowledge of the 

clinical symptoms.  

 

Methods:  

All subjects included for the present preliminary analysis were recruited from 2013 

until 2018 at the memory clinic of the University Medical Center of Groningen (UMCG). 

Standard dementia screening was performed, including medical history, physical and 

neurological examinations, screening laboratory tests and T1-weighted MRI scan of the 

brain. Standard cognitive test battery included Mini Mental State Examination (MMSE)15, 

Rey Auditory Verbal Learning test (REAVL)16, Visual Association Test (VAT)17,  Rey 

Complex Figure Test (RCFT-IR)18, Immediate Recall Location Learning Test (LLT-IR)19, 

Delayed Recall (LLT-DR)20, Doors Test A/ B21, Trail Making Test A/B (TMT)22, Semantic 

Fluency23 and Geriatric Depression Scale (GDS)24. CSF samples were collected in 

polypropylene tubes, transported to the laboratory, centrifuged, and measured or stored 

at –80°C until analysis. The Enzyme-Linked Immuno Sorbent Assays were used, 

according to the manufacturers’ protocol for the determination of Aβ42 (INNOTEST® β-

AMYLOID (1–42)), t-tau (INNOTEST® TAU Ag) and p-tau (INNOTEST® PHOSPHO-TAU 

(181P)). CSF biomarkers were considered positive or indicative for AD when CSF Aβ is 

lower than 500 ng/L, while CSF Tau markers were considered positive when either or 

both CSF Tau is higher than 350 ng/L and CSF p-Tau higher than 85 ng/L. Clinical 

diagnosis was established by multidisciplinary team consensus according to the NIA-AA 

criteria25.  Inclusion and exclusion criteria are described in table 1- A and 1- B. The 

ethics committee of the UMCG approved the study (METc 2014/320). The time between 

the different investigations was less than 3 months. Demographical and clinical 

characteristics were compared between groups using chi-square tests and analysis of 

variance SPSS Statistics version 23.01). 
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Table 1- A: Inclusion criteria ‘dual PET’ study  

Inclusion criteria 

In order to be eligible to participate in this study, a subject needed to fulfil all of the criteria 

above. MMSE: MMSE: mini-mental state examination 

General Age from 50-80 year, sign informed consent 

  

Healthy controls (HC) MMSE scores between 28-30 

 Without subjective memory complaints 

  

Mild cognitive impairment 

(MCI) 

Diagnosis of MCI assessed by a clinician and neuropsychologist, 

according to Petersen26,27, divided in four subtypes: 

Amnestic, Non-amnestic, Multi-domain amnestic, Multi-domain 

non-amnestic 

  

Alzheimer’s disease 

dementia (AD) 

Diagnosis of probable AD according to the Alzheimer’s disease and 

Related Disorders Associations guidelines28 

 Subtype of primary cortical atrophy29,30 

 Logopenic progressive aphasia (LPA) due to AD31 

 Corticobasal Syndrome due to AD32 

  

Dementia with Lewy 

Bodies (DLB) 

Diagnosis of probable DLB according to the fourth DLB 

consortium33  with 2 of 4 clinical features: Visual hallucinations, 

Fluctuations, Parkinsonism, REM sleep behaviour disorder 

  

Frontotemporal dementia 

(FTD) 

Diagnosis of behavioural variant FTD according to the revised 

consensus criteria34 

 Diagnosis of the subtype of FTD of primary progressive aphasia 

(PPA), divided into semantic dementia (SD), progressive non-fluent 

aphasia (PNFA) and LPA due to FTD35,36 
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Table 1 –B: Exclusion criteria ‘dual PET’ study  

 

Exclusion criteria 

General History of major psychiatric illness 

  

 Cerebrovascular disease with cortical infarcts or a Fazekas-score of 2 or 

higher 

 Pregnancy 

 Mentally incompetent to understand full consequence of an informed 

consent  

Healthy controls (HC) Abnormal results on neuropsychological tests 

 Subjective memory complaints 

 

All subjects, except 

healthy controls 

Cognitive deficits could be explained by non-neurodegenerative 

conditions (e.g. stroke, neoplasm, head injury, hydrocephalus or other 

medical conditions) 

 A potential subject who meets any of the criteria above was excluded from participation in this 

study. 

 

All subjects underwent a dynamic [11C] PIB and a static [18F] FDG scan on the same day 

under standard resting conditions with eyes closed. Siemens Biograph 40 and 64 mCT  

PET/CT scanners were used. Radiotracers were manufactured at the radiopharmacy 

facility of the nuclear medicine department and synthesized according to the Good 

Manufacturing Procedure, and administered intravenously. Approximately 30 patients 

were scanned in 60 minutes. Advancing insight and the expert opinion lead to the 

decision to change the scanning time to 70 minutes37,38,39. Additionally, 10 patients (5 

AD and 5 HC) underwent a sensitivity analysis (comparable with other PET centres and 

literature) and therefore, scanned for an interval of 90 minutes. Longer scanning gives 

more stable kinetic analysis, because the longer timeframe shows better reversible 

tracer kinetics. The dynamic [11C] PIB data acquisition was started at the time of tracer 

injection (387 ±18 MBq). The static [18F] FDG PET was acquired 30 minutes after [18F] 

FDG injection (208 ±8 MBq); there were at least 90 minutes between [18F] FDG injection  

and  [11C] PIB injection. For the preliminary analysis reported here, the “blinded” expert 

was unaware of the clinical symptoms. The [11C] PIB PET scans were assayed in order of 

inclusion date and visually classified as PIB-positive or PIB-negative, based on the 

presence of cortical tracer accumulation, which is generally associated with the 

disappearance of a radial PIB white matter pattern characterizing PIB negative scans. 

Subsequently, the corresponding [18F] FDG -PET scans were assayed by annotating the 

severity of reduced FDG uptake (scaled ‘none’ to +++) with specification of particularly 
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(temporal-)parietal and frontal regions of each hemisphere. After the assessment of all 

FDG scans, the patterns of reduced uptake were classified as (1) “classic” AD pattern 

with temporal-parietal hypometabolism, (2) variable or non-specific  pattern of 

hypometabolism and (3) normal metabolism. Afterwards, the patients in these PET-

based categories were compared to the initial clinical diagnosis and, if available, the ‘A-

T-N’ classification with i.e. CSF amyloid-β (Aβ) and Tau biomarkers.  

Results:  

For the visual analysis presented here, 89 participant of the ‘Dual PET’ study were 

included. Regarding the [11C] PIB-PET scans, 44 were categorized as amyloid positive 

(49%) while the other 45 [11C] PIB-PET scans (51%) were amyloid negative. The visual 

assessment of the associated [18F] FDG PET scans resulted in a classification which is 

specified in Table 2. Examples of [18F] FDG-PET patterns in subjects with positive 

[11C]PIB- PET scans are illustrated in Figure 1.   

Figure 1: 

 

Examples of [18F] FDG-PET patterns in subjects with positive [11C]PIB- PET scans.    

Transversal brain sections of PET images obtained from example subjects representing 

the six groups that resulted from the classification by the expert blinded assessment. 

This classification resulted in 11C-PIB positive and negative PET images with 

subsequent distinction of three specific 18F-FDG patterns for the two PIB groups, i.e. (i) 
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a classic pattern compatible with AD, (ii) regionally decreased FDG uptake with an 

atypical or non-fitting AD distribution or (iii) an FDG pattern classified as normal. 

Between brackets [ ]  the diagnosis is added after final evaluation, including clinical 

course  (see also Table 4) 

PIB = Pittsburgh compound-B,  FDG = Fluor deoxyglucose,  AD = Alzheimer disease, 

DLB = Dementia of Lewy body disease, PPA = primary progressive aphasia, HC = healthy 

control. 

 

Table 2:  Global visual  judgement of blinded  Dual PET- scans in categories 

 [18F]FDG-PET Pattern  

 ‘Classic’  AD ‘Variable’ Normal Total 
[11C]PIB POSITIVE (%) 34 (77) 6 (14) 4 (9) 44 (100) 

[11C]PIB-NEGATIVE (%) 16 (35) 7 (16) 22 (49) 45 (100) 

Total 50 13 26 89 

AD: Alzheimer’s Disease, [11C] PIB: Pittsburgh compound-B PET scan, ([18F]  FDG: Fluorodeoxyglucose PET 

scan, AD is a  ‘classic’ AD pattern with temporal-parietal hypometabolism, ‘variable’ patterns: not-specific 

pattern of hypometabolism and ‘normal’ pattern: normal metabolism.  

 

In the group of 44 [11C]PIB-positive PET scans, 34 subjects (77%) showed a ‘classic’ AD 

pattern on their [18F]FDG PET scan, 6 subjects (14%) had a variable or non-specific FDG 

pattern with focal (frontal) or strongly lateralized hypometabolism, while in 4 subjects 

(9%) the [18F]FDG PET was considered normal. Particularly in group of the non-specific 

FDG pattern (n=6), more restricted focal asymmetric cortical PIB accumulation was 

seen. See further Table 3, which also highlights the diagnosis at inclusion, and Table 4A, 

which specifies the diagnosis after final evaluation.  

In the group of 45  [11C] PIB-negative PET scans, 22 subjects (49%) had a normal pattern 

on  [18F] FDG-PET scan. This concerned 11 healthy controls at inclusion and 11 subjects 

that were included with cognitive impairment and a probable dementia syndrome, but 

eventually turned out to have complaints due to an alternative psychiatric diagnosis (see 

Table 4B). However, in 16 subjects (35%) with a [11C]PIB-negative scan, a ‘classic AD’ 

FDG pattern of hypometabolism was found. The majority of this group concerned DLB 

patients (n=5). One of the initially diagnosed AD patients appeared to be affected from 

Creutzfeldt Jacob Disease(CJD) as post-mortem confirmed. Another initially diagnosed 

AD subject had dementia with unknown cause. Three subjects had an initial diagnosis of 

MCI, but a likely alternative cause of cognitive dysfunction was found such as medical 

side effects, psychiatric symptoms and obstructive sleep apnea syndrome (OSAS), 

respectively. Two subjects had an initial diagnosis FTD, which remained a clinically 

confirmed diagnosis of behavior variant FTD. The four healthy controls without 

cognitive deficits were assessed to have only slightly reduced parietal FDG uptake. 

 

Table 3: Summary of demographics, according to initial clinical diagnosis 
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  AD (20) MCI (18) FTD (20) DLB 

(15) 

HC (16) Total 

(89) 

 Age, years 66 (8) 65 (7) 68 (7) 68 (8) 68 (5) 67 (7) 

 Male, % 70 61 70 87 63 70 

 MMSE 23 (4) 27(2) 24(6) 23(5) 30(1) 25 (4) 

        

P
IB

 +
 

FDG-AD 14 13 4 3 - 34 

FDG-VAR 3 - 3 - - 6 

FDG-NORM 1 - 2 1 - 4 

        

P
IB

 -
 

FDG-AD 2 3 2 5 4 16 

FDG-VAR - 1 5 - 1 7 

FDG-NORM - 1 4 6 11 22 

AD: Alzheimer’s Disease, MCI: Mild Cognitive Impairment, FTD: Frontotemporal dementia, DLB: Lewy 

Body dementia, HC: healthy control. MMSE: Mini Mental State examination. Age and MMSE in mean 

(standard deviation). PIB: Pittsburgh compound-B or [11C] PIB PET scan, + is positive and – is negative. 

FDG: fluorodeoxyglucose ([18F]  FDG) PET scan, AD is a  “classic” AD pattern with temporal-parietal 

hypometabolism, VAR is: variable or not-specific pattern of hypometabolism and NORM is: normal 

metabolism.  

Taking in account that 20 subjects with an initial clinical diagnosis of AD were included, 

the diagnosis was confirmed with a positive [11C]PIB PET scan in 18 subjects, of which 3  

did not show  a ‘classic’ AD pattern on [18F] FDG PET and 1 subject was even judged as 

having a visual normal FDG pattern. As described above, these variable patterns on the 

[18F] FDG PET scan did correlate with clinically atypical presentations of AD such as CBS 

and PPA. In 13 subjects with MCI diagnosed at inclusion (8 ‘pure’ and 5 ‘multi-domain’ 

amnestic), Dual PET imaging provided support for the diagnosis MCI due to prodromal 

AD. The other 5 subjects were confirmed clinical AD.  In 4 subjects with an initial clinical 

diagnosis of probable FTD, dual PET imaging changed the diagnosis to AD or mixed 

pathology. The initial diagnosis of DLB appeared to be associated with a variable 

combination of [11C]PIB and [18F]FDG uptake, ranging from normal on both (n=6) to a 

profile of mixed pathology with AD (n=3). In case of regionally reduced FDG uptake, this 

exclusively concerned the parietal cortex. In table 4 A and B the diagnosis after ‘dual 

PET’ study with [11C]PIB-positive PET scans (A) and [11C]PIB-negative PET scans are 

described.  

In 26 of the 44 subjects with [11C]PIB-positive PET scans CSF was available. According to 

the  ‘A-T-N’ classification, we found in 14 of 26 subjects (54%) a concordance in ‘A’ 
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(amyloid) classification with positive PIB imaging and decreased CSF Aβ (‘A’) biomarker, 

and in 12 of these 26 subjects (46%) also concordance was found in ‘T’(tau) 

classification of AD with increased CSF p-Tau biomarker results. ‘N’ 

(neurodegeneration) classification is based on an increased CSF Tau in 20 of 26 subjects 

(77%) and decreased [18F]FDG-PET hypometabolism (‘classic’ and ‘variable’ pattern of 

hypometabolism) in 40 of 44 (91%). CSF biomarkers that were available for 14 of 45 

negative [11C]PIB-PET subjects and were all  normal, except from 1 subject with an 

isolated decreased Aβ.   

Table 4- A: Diagnosis after ‘dual PET’ study with [11C]PIB-positive PET scans  

                                     [11C]PIB POSITIVE (44) 

[18F]FDG-PET Pattern 

Diagnosis after ‘Dual PET’ 

‘Classic’  AD (34) AD with dementia (14), AD with amnestic MCI (8), AD with multi-domain MCI (5), AD 

with FTD-phenotype (4), Mixed diagnosis AD and DLB (3)    

‘Variable’ (6) Probable AD, AD-CBS, AD-PPA, AD- FTD phenotype (3)  

Normal (4) Probable AD, FTD-phenotype, PPA, AD-DLB mixed diagnosis    

 

Table 4- B: Diagnosis after ‘dual PET’ study with [11C]PIB-negative PET scans  

                                      [11C]PIB NEGATIVE (45) 

[18F]FDG-PET Pattern 

Diagnosis after ‘Dual PET’ 

‘Classic’  AD (16) Dementia unknown cause, CJD, behavior variant FTD(2), probable DLB(5), MCI with 

causes of cognitive dysfunction, i.e. medical side effects, psychiatric symptoms and 

OSAS, HC (4)   

‘Variable’ (7) FTD (5), MCI, HC 

Normal (22) HC (10), alternative  psychiatric diagnosis(11), (3 years non-progressive) MCI.  

 

AD: Alzheimer’s Disease, MCI: Mild Cognitive Impairment, FTD: Frontotemporal dementia, DLB: Lewy 
Body dementia, CBS: Corticobasal Syndrome, CJD: Creutzfeldt Jacob Disease,  HC: Healthy Control, OSAS: 
obstructive sleep apnea syndrome, PIB: Pittsburgh compound-B or [11C] PIB PET scan, [18F] FDG: 
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fluorodeoxyglucose PET scan, AD is a  “classic” AD pattern with temporal-parietal hypometabolism, VAR 
is: variable or not-specific pattern of hypometabolism and normal: normal metabolism.  

 

Discussion: 

The aim of the Dual PET study is to investigate how PET imaging with the combination 

of [11C] PIB binding and expressed pattern of [18F]  FDG uptake contributes to  the 

clinical diagnosis of AD and differential diagnosis of non-AD dementia (MCI, DLB and 

FTD) and healthy controls. The results presented here of 89 participants (out of a 

planned number of 100) represents a preliminary analyses in which the starting point 

was the distinction between PIB-positive and negative scans followed by the 

classification of associated patterns of reduced FDG uptake. This analysis,  based on the 

visual assessment of a single expert, without knowledge of the clinical symptoms, 

resulted in a clear distinction between PIB positive and negative scans, while the 

additional assessment of FDG scans resulted in a fruitful classification of 6 categories. At 

the time of analysis, the clinical inclusions were not finally completed and future 

analysis will include all diagnostic and neuropsychological data in a multimodal, 

multitracer and multivariate analysis to demonstrate regional and voxelwise 

correlations.  

The results obtained here underscore that the diagnosis of specific subtypes of dementia 

remains a challenge. Following the ‘A-T-N’ framework5,6, [11C] PIB-PET scans confirmed 

a biological definition of AD or Alzheimer’s pathological changes. However, there seems 

to be various subgroups of AD;  the majority of PIB positive scans with a classic FDG 

pattern of reduced parietal uptake concerned AD patients at inclusion, followed by MCI 

due to AD, the remaining various types of reduced FDG patterns indeed appeared to 

correspond with non-classic AD presentations, including e.g. PPA. [18F] FDG PET is a 

non-AD-specific (“N”) biomarker of neurodegeneration, and disease-specific patterns of 

hypometabolism are described in MCI, AD, FTD and DLB40. [18F]FDG PET correlates with 

CSF Tau biomarker concentrations and seems to ‘mirror’ neurodegenerative Tau-

pathology, as observed with the PET tracer [18F]AV 14517. Combining a [18F]FDG PET 

and a [11C] PIB- PET scan, could therefore improve the differential diagnosis of 

dementia, also in case of AD subgroups and  concomitant (mixed) non-AD pathology41.  

Especially in early stages of disease as in MCI, and in clinically ambiguous cases42, the 

clinical utility of [11C] PIB-PET imaging appears to provide an important contribution. 

Abnormal CSF Aβ (although limited available) was in concordance with abnormal [11C] 

PIB- PET scans in 64 %, which is in line with former literature43. Although CSF 

biomarkers have a better diagnostic performance in combination with increased CSF 

Tau and p-Tau44, [11C] PIB- PET scans perform better than CSF biomarkers in confirming 

the diagnosis of AD45.   

This first ‘blinded’ visual assessment, further generated a preliminary global overview of 

the included subjects of the Dual PET study, when specifically taking into account the 
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pattern of regional hypometabolism identified by  [18F] FDG PET. As stated above, the 

classic bilateral parietal FDG reduction associated with PIB-positive scans clearly 

correspond with clinical ‘classic’ AD. On the other hand, in 35 % of [11C] PIB- PET 

negative subjects, a ‘classic AD’ [18F] FDG PET pattern was observed associated with the 

clinical diagnosis of DLB, FTD, other dementia and obstructive sleep apnea syndrome 

(OSAS). The pattern of reduced FDG uptake thus provides a fair marker for regional 

impairment of cerebral function, but not necessarily due to AD pathology. Therefore, 

[18F] FDG PET scans may not be optimally specific as an AD marker, however it has a 

high negative predictive value40 and has thus at least the added value of excluding 

dementia.  

In a variable pattern, predominant focal and lateralized hypometabolism is observed in 

the [18F] FDG PET scan, distinctive from an AD pattern. In our [11C] PIB- PET negative 

subjects, most subjects with a variable FDG PET pattern were clinically diagnosed as 

FTD. On the other hand, a ‘variable’ [18F] FDG PET pattern in our [11C] PIB-PET positive 

cases is observed in clinically ambiguous cases. This variation reflects the fact that AD is 

a multifactorial and heterogeneous disorder consisting of various subgroups of AD42, i.e. 

Corticobasal syndrome (CBS), Primary progressive aphasia (PPA) and Posterior cortical 

atrophy (PCA)46 each with its, potentially distinctive, pattern. It is suggested that Tau- 

rather than Amyloid- pathology may be driving disease manifestation and might thus 

correlate better with clinical symptoms47. Unfortunately, Tau-imaging is not yet used in 

clinical practice but it promises to be of additional diagnostic value in different 

subgroups of AD and clinically ambiguous cases7. In what extent a Tau PET marker will 

provide a more accurate diagnosis than the combined [11C] PIB- and [18F] FDG PET has 

to be elucidated.     

Only a small amount of subjects (9 %) had a normal metabolism at [18F] FDG PET and a 

positive [11C] PIB PET scan. The initial clinical diagnosis of these cases were early stage 

dementia, with clinical phenotype of AD, FTD (2) and DLB. This is consistent with the 

assumption that amyloid deposition is an earlier sign of disease, and may thus be 

detectable before cerebral metabolic disruption can be quantified48. On the other hand, 

PIB PET imaging alone is not adequate since amyloid accumulation in the brain is 

associated with older age and does not always lead to cognitive complaints49, although  

overall it is associated with cognitive declines50.  

To conclude, the ‘blind’ visual assessment by an expert of the ‘Dual PET’ scans resulted 

in a classification of six groups of participant, which was of additional value to the initial 

clinical diagnosis of HC, AD, MCI, DLB and FTD, in such a way that (1) unmistaken 

support for AD pathology could be provided, also in the clinical stage of MCI,  (2) 

support was obtained for distinct AD subtypes and (3) the issue of mixed pathology in 

the clinical ambiguous cases came to the forefront in a series particularly consisting of 

DLB patients. Future analysis will follow.   
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General Discussion: 

 

 

Dementia is responsible for the greatest burden of neurodegenerative diseases, with 

Alzheimer’s Disease (AD) representing approximately 60-70% of dementia cases1. To 

organize optimal individual care for these patients and to predict the disease course, a 

correct diagnosis is essential.  Therefore, a standard clinical work up normally  includes  

a clinical evaluation, neuropsychological tests and imaging of the brain is performed.  

Clinical diagnosis is established by multidisciplinary team consensus according to the 

NIA-AA criteria2. Since the development of in vivo biomarkers, information about the 

pathophysiological process is becoming more important to diagnose AD3. 

Histopathological hallmarks of AD are deposits of extracellular Amyloid (Aβ) protein 

and hyper phosphorylated Tau proteins, aggregated in intracellular neurofibrillary 

tangles4,5. Valid diagnostic biomarkers are linked to neuropathology and detect the 

disease early in its course and distinguish it from other neurodegenerative diseases6. 

This thesis focus on Cerebrospinal  fluid (CSF) compounds- and nuclear molecular 

imaging Positron Emission Tomography (PET)  tracer biomarkers to diagnose and stage 

the different types of dementia.   

 

Summary of main findings 

Part 1. 

In the first part of the thesis, CSF biomarkers are described and their potential to 

discriminate AD and different types of dementia. The AD-CSF biomarker profile is 

characterized by decreased  concentration of CSF Aβ  and increased concentration of CSF 

Tau and P-Tau7. In chapter 2, the perspectives of the established CSF biomarkers and 

potential new biomarkers in dementia are discussed, with an update of the past and the 

present. In chapter 3, CSF biomarkers Aβ1-42 , Tau and P-Tau were investigated in a 

broad population visiting a memory clinic. Baseline CSF was collected from 512 AD 

patients and 272 patients with other types of dementia, 135 patients with a psychiatric 

disorder and 275 patients with only subjective memory complaints (SMC). Autopsy was 

obtained in a subgroup of patients in who neuropathological diagnosis was obtained and 

the concordance with clinical diagnosis was 85%, while CSF markers reflected 

neuropathology in 94%. Older patients are more likely to have a CSF AD biomarker 

profile. We found overlap in CSF biomarker AD profile with other types of dementia, 

especially in patients with Lewy Body Dementia (DLB, 47% ), Corticobasal degeneration 

(CBD, 38% ), and 30% in both Frontotemporal dementia (FTD) and vascular dementia 

(VaD). Normal CSF biomarker profiles were found in 91% of patients with a psychiatric 

disorder and in 88% of patients with subjective memory complaints.  The conclusion 

http://www.neurodegenerationresearch.eu/about/goals/
http://www.neurodegenerationresearch.eu/about/why/
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was, that the AD-CSF biomarkers are useful to diagnose AD, but to differentiate AD from 

other types of dementia, more specific CSF biomarkers  are needed. In chapter 4, CSF α-

Synuclein was assessed as a biomarker to differentiate DLB and Parkinson Disease (PD), 

which represent two Parkinson syndromes with α-Synucleinopathy as pathologic 

hallmark, from  AD. We included 35 patients with DLB, 63 AD patients, 18 PD patients 

and 34 patients with SMC. In our subjects, the CSF α-Synuclein levels could not 

differentiate between the diagnostic groups (p = 0.16). On the other hand, in DLB 

patients, linear regression analyses of CSF biomarkers showed that lower α-Synuclein 

was related to lower MMSE and fluency (p < 0.05) and thus related to impaired (worse) 

cognitive performance. Elevation of the AD-CSF biomarker levels P-Tau and Tau, 

enabled  differentiation between  AD and DLB patients (p < 0.05), although various DLB 

patients had also a CSF AD profile compared to patients with subjective memory 

complaints or PD(p < 0.05). Therefore,  we concluded based on this investigation that α-

Synuclein CSF biomarker was  not useful  to differentiate DLB or PD from AD or 

subjective memory complaints and other biomarkers are needed.  

Part 2 

In the second part of the thesis, the diagnostic potential of positron emission 

tomography (PET) biomarkers in dementia was investigated. Molecular imaging 

techniques, such as amyloid PET ligands, localize and quantify amyloid depositions8.  

[11C]Pittsburgh Compound-B ([11C] (PiB) is an accurate amyloid ligand, although the 

short half-life of [11C] (20 min), limits its use to centres with a cyclotron and a 

specialised radiochemistry department. [18F]FDG is a glucose metabolism tracer and as 

such is a topographic marker for synaptic dysfunction and can thus be applied in a wider 

field of neurodegeneration than AD9. Chapter 5 does not contain research data but gives 

an overview of functional imaging and PET biomarkers for FTD, a major cause of young 

onset dementia. FTD is a heterogeneous  syndrome, with different clinical subtypes. 

Neuropathological characteristics of FTD can be divided in tauopathy (FTD-TAU), 

ubiquitin pathology (FTD-U or FTD-TDP) or can be associated with Fused in Sarcoma 

(FUS) protein accumulation (FTD-FUS). Almost half of FTD cases are familial and genetic 

heterogeneity is reflected by the identification of mutations in causative genes. 

Diagnostic criteria have modest sensitivity and it is challenging to differentiate FTD from 

other types of dementia, especially AD. [18F] FDG-PET improves early diagnosis and 

differentiation of FTD and AD particularly because frontotemporal hypometabolism 

correlates with the clinical symptoms. Nuclear imaging techniques may also be helpful in 

the detection of amyloid markers or deficits of the serotonergic, noradrenergic or 

cholinergic neurotransmitter systems, depending on the degeneration of subcortical 

nuclei and thereby provide valuable insight in the pathophysiology of FTD. In addition, 

TAU PET scan is expected to have a role in the diagnosis of specific subtypes of FTD, but 

Tau tracers are not yet available in clinical practise10. In chapter 6 we identified a DLB-

related cerebral glucose metabolic covariance pattern(DLBRP) using a multivariate 

Scaled Subprofile Model and Principal Component Analysis (SSM PCA) analysis in 

[18F]FDG PET in 19 healthy controls (HC) and 19 DLB subjects in a Dutch cohort. The 
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DLBRP expression was subsequently validated in an independent Belgian cohort of 20 

HC and 37 DLB subjects. Altered regional FDG PET uptake in DLB is a supportive 

biomarker for Dementia with Lewy Bodies (DLB), although its diagnostic specificity is 

not yet clear. SSM PCA derived patterns have shown to be useful in tracking disease 

progression and differential diagnosis and have advantages over univariate techniques 

in multiple neurodegenerative diseases, including AD and PD. The DLBRP was 

characterized by relative hypometabolism in the occipital cortex (including the primary 

visual cortex), parietal cortex and lateral frontal cortex, covarying with relatively 

increased metabolism in the brainstem, cerebellum, putamen/pallidum, thalamus, and 

sensorimotor cortex. FDG standardized uptake value (SUV) in the occipital (visual) 

cortex was decreased in patients (p<0.001) and correlated with the DLBRP in the DLB 

subjects of the Dutch cohort, a correlation, however, which did not reach statistical 

significance in the Belgian cohort. These group differences were speculated to relate to 

the variance in clinical presence of visual hallucinations in the two cohorts and 

differences in underlying neuropathology. In this, a variable amount of ‘pure’ neocortical 

Lewy body pathology was considered11. We conclude that 18F-FDG-PET imaging, 

combined with semi-quantitative multivariate analysis techniques, such as SSM PCA, 

represents a reliable and valuable biomarker in DLB diagnosis. The clinical implication 

of this DLBRP to differentiate from other neurodegenerative disease pathology as in AD 

or PD, needs further investigation. In this respect, future molecular imaging studies 

targeting α-Synucleinopathy are expected to shed further insights into the pathogenesis 

of DLB and the relationship between different pathologies. Chapter 7 describes four out 

of 29 PIB-positive AD subjects selected from the Dual PET project, i.e. our study with 

combined 18F-FDG PET and 11C-PiB PET imaging, who exhibited reduced cerebellar FDG 

uptake associated with reduced uptake in the contralateral cerebral hemisphere. The 

patients were diagnosed according to the National Institute on Aging - Alzheimer 

Association (NIA-AA) criteria. PET has additional value on top of the standard diagnostic 

work-up in AD, especially in early disease or when prior diagnostic confidence is low12. 

A “classic” AD [18F] FDG-PET scan shows hypometabolism in the temporal-parietal 

association cortex, more variably also in the prefrontal cortex, but with a relative 

preservation of metabolism in the primary visual and sensorimotor cortex, striatum, and 

cerebellum13. Such prefrontal involvement was particularly the case in the described 

patients. The cerebellum is often used as a reference region in the analysis of PET brain 

scans14, because of the late stage cerebellar involvement in AD in post-mortem studies15. 

Although, [18F] FDG PET AD pattern can also predominantly show focal and lateralized 

hypometabolism and contralateral cerebellar hypometabolism can be observed, 

disputing the function as a reference region.  This is the first report describing in a small 

subset of subjects the phenomenon of crossed cerebellar diaschisis (CCD) in AD. CCD is 

the phenomenon of unilateral cerebellar hypometabolism as a remote effect of 

supratentorial dysfunction of the brain in the contralateral hemisphere.  The mechanism 

implies the involvement of the cortico-ponto-cerebellar fibers. The pathophysiology is 

thought to have a functional or reversible basis but can also reflect secondary 

morphologic change. We found a correlation and interaction between  Aβ deposition and 
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reduced glucose metabolism and a possible role of the bloodflow. We hypothesed that 

CCD  can be explained on a functional basis due to the non-amyloid neurodegenerative 

pathology in the contralateral (particularly left) hemisphere. In chapter 8 dual-tracer 

studies with 18F-FDG and 11C-PIB PET are used to assess respectively metabolism and 

cerebral amyloid-β deposition in AD. Regional cerebral metabolism and blood flow 

(rCBF) are closely coupled, both providing an index for neuronal function. The present 

study compared 11C-PIB-derived rCBF, estimated by the ratio of tracer influx in target 

regions relative to reference region (R1) and early-stage 11C-PIB uptake (ePIB), to FDG 

scans. By making this comparison we aimed to assess the use of R1 and ePIB as a 

surrogate for 18F-FDG. To that end, 15 11C-PIB positive (+) patients and 15 11C-PIB 

negative (-) subjects underwent both FDG and 11C-PIB PET. First, subjects were 

classified based on visual inspection of the 11C-PIB PET images. Then, discriminative 

performance (PIB+ versus PIB-) of rCBF methods were compared to normalized 

regional 18F-FDG uptake. Strong positive correlations were found between analyses, 

suggesting that the 11C-PIB-derived rCBF provides information that is closely related to 

what can be seen on 18F-FDG scans. Further studies are needed to validate the use of R1 

as an alternative for 18F-FDG studies in clinical applications. Chapter 9 describes the 

preliminary results of the ‘dual PET’ study, i.e. combined 11C-PiB and 18F-FDG PET scans 

in the clinical diagnosis of AD and other types of dementia. In this ongoing study, 89 

subjects were included, with a clinical diagnosis of MCI, probable AD, probable DLB, FTD 

and healthy controls. For this preliminary analysis, an image-driven approach was 

chosen to investigate the potential of ‘Dual PET’ scans in the different patient groups. To 

that end, a “blinded” expert made a visual judgment of the PET- scans, without 

knowledge of the clinical symptoms. At first, 11C-PiB PET scans were judged as amyloid 

positive (n=44) or negative (n=45); next 18F-FDG PET scans were assigned as (i) ‘classic’ 

AD pattern, (ii) non- or atypical AD pattern or (iii) a normal 18F-FDG PET  pattern. It 

appeared that the majority of subjects with a clinical diagnosis of AD (18 of 20 subjects) 

had both a positive [11C]PIB PET scan and a ‘classic AD’ [18F] FDG PET pattern. The non- 

or atypical AD [18F] FDG PET patterns associated with [11C] PIB-positive PET scans 

(18%) concerned subjects that clinically presented as an atypical AD; yielding a 

‘spectrum’ with other neurodegenerative dementias and are assembled in AD- 

syndromes, as corticobasal syndrome (CBS), primary progressive aphasia (PPA) and 

posterior cortical atrophy (PCA)16. In a minority of subjects (9 %) had normal [18F] FDG 

PET metabolism and a positive [11C] PIB PET scan, suggesting an early sign of disease17. 

In most of the [11C] PIB- PET negative scans, subjects were clinically diagnosed as FTD. 

In 35 % of [11C] PIB- PET negative subjects, the [18F] FDG PET pattern was classified as 

“classic AD”. The clinical diagnosis of these patients comprised DLB, FTD, other 

dementia and obstructive sleep apnea syndrome (OSAS). Therefore, [18F] FDG PET scan 

is not specific, but has an added negative predictive value18 to exclude (other types of) 

dementia. The preliminary conclusion was that this adjustments after ‘Dual PET’ 

analysis match the clinical diagnosis. Further analysis of clinical and neuropsychological 

subtypes in this cohort will follow.   
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Biomarkers to diagnose dementia: 

Biomarkers ideally provide an early stage diagnosis of dementia, enabling the  

differentiation between distinct types of neurodegenerative diseases, while they may 

additionally serve as a marker of disease progression. A correct diagnosis is an 

indispensable starting point for dementia research and future therapies. On the other 

hand, a cure for dementia is still missing. Therefore, to consider the application of 

dementia biomarkers in general practice is an individual choice, and depends on the 

specific needs of the patient and his/her family. In practice, it concerns ‘shared decision 

making’ which implies that patients have the right to either be informed, or remain 

unknown about their diagnosis. Also cost effectiveness is an important issue to consider. 

If future treatment trials start to be effective, the role of dementia biomarkers will 

enhance.  

 

CSF biomarkers to diagnose AD:  

CSF biomarkers for AD (low levels of Aβ with high levels of t-tau and p-tau) have high 

sensitivity and specificity compared with cognitively normal individuals19 and are 

embedded in guidelines and clinical criteria of AD20. CSF analysis is relatively 

inexpensive and can be performed in a broad clinical setting and is therefore a preferred 

tool for work up in AD. CSF Aβ42 has a robust correlation with pathology and is an early 

marker of AD21. CSF T-Tau and P-Tau are also increased in AD, but not in several other 

tauopathies22. A high CSF Tau concentration correlates with rapid disease progression23. 

Although, in meta-analysis, CSF biomarkers have not yet reached the required validation 

level to be routinely applied in the clinic24. One of the reasons is that there is substantial 

overlap in abnormal CSF AD markers in several other dementia syndromes25. In real-life 

clinical setting, ‘pure’ etiologies among dementia syndromes are relatively rare and AD 

neuropathology is found in several other neurodegenerative diseases26. CSF biomarkers 

of AD can also be abnormal in cognitively unimpaired individuals27 and in prodromal 

stage of disease28.  As described in chapter 3, the CSF AD biomarker profile raises with 

older age29,30 and is also found in DLB (47%), CBD (38%),  FTD (30%) and VaD (30%). 

Meanwhile,  an evolution has taken place in  neuropathological criteria of dementia 

syndromes to clinicobiological entities and in vivo biomarkers, reflecting the disease-

specific pathophysiological processes26. The NIA-AA working group recently defined AD 

biomarkers for diagnostic research criteria and therapeutic trials, grouped into amyloid-

β deposition, tau pathology and neurodegeneration in the ‘A/T/N classification’3.   

According to amyloid biomarkers: The sensitivity and specificity of CSF Aβ42 is overall 

lower than  amyloid PET24. The concordance of amyloid CSF and amyloid PET markers 

are 60%31 to 80%32, although a more specific ratio of CSF Aβ42/Aβ40 can partly correct 

for  disconcordance33,34. In chapter 8 we assembled 14 AD patients which underwent 

both PIB PET and CSF examination and found a concordance of 54% in [11C]PIB- positive 

subjects and 93% in [11C]PIB-PET negative subjects. If CSF results are doubtful, 
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conflicting or ‘borderline’35, there is an additional value of amyloid PET scan of 35%36. In 

case that  lumbar puncture is not applicable, as it may be refused, not be successful or 

not possible because of risk factors, PET biomarkers may be appropriate. 

 

[18F]FDG PET biomarkers to diagnose different types of dementia: 

[18F]FDG PET brain scan is commonly used in general practice as a topographic marker 

of synaptic dysfunction and is related to neurodegenerative diseases and dementias9. 

Specific metabolic patterns of disease provide a deeper insight into the interplay 

between topography of neurodegeneration and clinical presentation. How [18F]FDG PET 

scan can lead to new insights in mechanisms underlying the topography of  dysfunction 

is shown by the phenomenon of crossed cerebellar diaschisis (CCD) in AD as we 

described in Chapter 7. Pathophysiological mechanism of reduced glucose metabolism 

and [18F]FDG PET hypometabolism correlates with the bloodflow, and may be reversible 

or reflect morphologic change. This strong positive correlation in regional cerebral 

bloodflow and decreased metabolism is also demonstrated in the dual (FDG and PiB 

PET)-tracer study described in Chapter 6. As shown in the preliminary results of the 

‘Dual PET ‘study (Chapter 8): [18F]FDG PET scan can be assessed in the work up, if more 

than one class of dementia is possible to diagnose or when an atypical AD variant is 

suspected. [18F]FDG PET  is the main tool to ascertain atypical AD variants such as PPA 

or PCA36 and improves the differentiation of FTD37 and DLB38. Combined with optimized 

semi-quantitative multivariate approaches such as SSM PCA, [18F]FDG PET can be an 

even more effective tool to support diagnosis in a quantitative fashion. [18F]FDG PET 

scan has a high negative predictive value and a normal scan rules out a 

neurodegenerative disease. For example, in depressed patients an underlying 

neurodegenerative disease may be suspected. In identifying prodromal AD in MCI 

patients, the [18F]FDG PET scan has a similar accuracy39 and is therefore an alternative 

to CSF biomarkers, especially  in older age- with decreased CSF specificity. [18F]FDG PET 

scan may function as a non-specific progression marker of neurodegenerative disease40 

and can therefore also be used as a surrogate outcome measure in clinical trials. A 

limitation of [18F]FDG PET is the lack of specificity in a heterogeneous disease spectrum 

and in mixed dementias and specific neuropathological markers may then be needed.     

 

The role of amyloid PET in clinical practice: 

Amyloid PET is a specific biomarker with a sensitivity  around 95%41, and is therefore 

currently the best tool to rule out AD diagnosis24. The [11C]-PiB PET ligand is capable to 

trace insoluble amyloid in the brain42 but can also be positive in other diseases, such as 

cerebral amyloid angiopathy in patients without dementia43. In clinical practice, amyloid 

PET is employed in case of an unclear diagnosis to (i) rule out or confirm diagnosis of 

AD; (ii) gain support for an atypical presentation with AD CSF profile, or (iii) further 
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evaluate the clinical suspicion of AD in case of negative or unclear CSF results. Also, 

early-stage 11C-PIB uptake may function as a surrogate for 18F-FDG PET, providing an 

index for neuronal function44. The use  of amyloid PET is still very limited in Europe and 

the United States, because the costs are  not reimbursed by the majority of health 

providers. The Alzheimer Biomarker in Daily Practice study is a clinical study to assess 

the diagnostic value of amyloid PET scan in clinical practise45. The ‘Dual PET’ study 

extends on this by investigating how the different PET modalities, increase the clinical 

accuracy. Future analysis of the ‘Dual PET’ study data, including multivariate analysis of 

multiple PET tracers, will focus on the correlation between clinical symptoms, amyloid 

accumulation and neurodegeneration as revealed by regionally impaired 18F-FDG 

uptake. In this, particularly (lateralized) dementia cases may provide further insight in 

underlying disease mechanism.   

 

Future biomarkers for dementia: 

Several future promising biomarkers for the differential diagnosis of dementia have 

become available, of which particularly the development of Tau tracers for PET (such as 

THK5317, THK5351, AV-1451 and PBB3) raise high expectations. To assess their 

usefulness as an early biomarker of the underlying pathology, there is still work to be 

done in order to characterize the binding properties for the variety and complexity of 

the various types of tau deposits in different diseases46,47. New candidate biomarkers for 

AD or other dementias are still under investigation, but sensitivity and specificity 

analysis are not yet applicable for clinical practice6. Specific α-Synucleine biomarkers to 

diagnose Parkinsonian syndromes and DLB are still an unmet need.  Novel ultrasensitive 

immunoassays and mass spectrometry methods are being investigated for future clinical 

practice48. Recent technical development of serologic amyloid biomarkers may have 

potential in the enrichment of AD therapeutic trials. Serologic biomarker ‘Neurofilament 

light’ is a  general marker of neurodegeneration and could be used as a marker of 

progression49. Also multivariate analysis of large sets of serum proteins can be expected 

to achieve a high level of accuracy to predict AD diagnosis50,51.  

 

From biomarkers to clinical and therapeutic trials: 

The majority of biomarkers used in therapeutic trials are based on the ‘amyloid cascade’ 

hypothesis, i.e. the imbalance between production and clearance of the Aβ protein52, 

which leads to toxic deposits of extracellular amyloid plaques53, 54 and aggregates of 

intracellular neurofibrillary tangles4, 55, causing widespread neurodegeneration56. In our 

center we are currently involved in a phase -1 clinical trial, based on RIPK1 as the 

therapeutic target57 to reduce amyloid burden, inflammatory cytokines and memory 

deficits57. Another recently initiated phase 1 trial is a promising therapeutic approach 

for primary and secondary tauopathies58 employing  an antisense oligonucleotide, 
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developed to reduce Tau expression mRNA. Future drug design methods will potentially 

focus on multi-target pharmacological treatment of AD59. However, also other concepts 

concerning complex and multifactorial disease mechanism in dementia may generate 

hypotheses that lead to pioneering research and therapeutic trials. In this respect, the 

notion that the blood-brain barrier (BBB) is a endothelial protecting membrane to 

neurotoxic components and pathogens60 ,with the consequence that BBB dysfunction 

leads to neurodegeneration, is one of such hypotheses. Targeting the BBB dysfunction 

forms the basis for developing new dementia therapies61. In our research group, 

molecular PET tracers, as (R)-[11C]verapamil, are developed to quantify the efflux 

function of P-glycoprotein, an ABC transporter of the BBB and new PET probes are 

focused on improved characteristics62. Another hypothesis to target disease modifying 

strategies of neurodegenerative diseases, is the focus on noradrenergic loss of Locus 

Coeruleus (LC) projection neurons, mediating attention, memory and arousal63. In our 

center we apply [11C] Methylreboxetine (MRB)64, a selective  PET imaging biomarker, to 

measure noradrenaline transporter (NET) availability in LC projection neurons in 

neurodegenerative disorders (AD, DLB and PD). Another important hypothesis of 

neurodegenerative mechanism of diseases is based on the cell's protein degradation of 

the ubiquitin proteasome system (UPS) causing misfolded proteins, and future 

treatment targets are directed to this proteasome65.  

 

To conclude, biomarkers for dementia are important in clinical practice as well as 

research to diagnose and stage AD and other types of dementia. Combining high 

standard clinical practice and clinical research will hopefully lead to the future therapies 

for dementia.    
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