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English Summary 

Early and accurate diagnosis of dementia is essential to establish proper treatment, support, and 

care. However, the clinical diagnosis may be complicated by a clinicopathological heterogeneity 

in Alzheimer's disease and other dementias together with a considerable overlap between the 

dementia diseases. 

2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography (2-[18F]FDG-PET) has achieved 

an emerging supportive role in dementia diagnostic as distinctive metabolic patterns are specific 

for both Alzheimer's disease, dementia with Lewy bodies and frontotemporal dementia. 

The addition of biomarkers such as 2-[18F]FDG-PET and cerebrospinal fluid biomarkers are 

recommended, if clinical diagnosis is uncertain after standard diagnostic assessment. However, 

there is limited knowledge on how to weigh, combine and interpret the biomarkers across the 

spectrum of dementia diseases. Another challenge is the growing amount of extensive and 

complex patient data, which potentially result in underutilization of important diagnostic 

information. 

 

The studies in this PhD project aimed at optimizing the clinical value of 2-[18F]FDG-PET in the 

diagnosis of dementia disorders by proposing three disease-specific 2-[18F]FDG-PET biomarkers 

and evaluating the clinical value of 2-[18F]FDG-PET against commonly used biomarkers. 

 

In study I, the objective was to compare the added clinical value of cerebrospinal fluid 

biomarkers and 2-[18F]FDG-PET to a standard diagnostic program in a routine clinical setting. 

The study population consisted of 81 subjects suspected of having Alzheimer's disease, who 

were examined with a standard diagnostic program, 2-[18F]FDG-PET and cerebrospinal fluid 

biomarkers as part of the clinical work-up. The clinical value on diagnosis, prognosis and patient 

management was comparable for the two biomarkers across all diagnoses when added 

individually to the standard diagnostic program. However, the clinical value for correctly 

classified Alzheimer's disease patients was higher for cerebrospinal fluid biomarkers than for 2-

[18F]FDG-PET. 

 

In study II, the objective was to develop and evaluate a visual rating scale for cingulate island 

sign on 2-[18F]FDG-PET to support the diagnosis of dementia with Lewy bodies and 



VI 

 

differentiating from Alzheimer's disease. The study population consisted of 35 patients with 

dementia with Lewy bodies, 36 patients with Alzheimer's disease and 23 controls. The visual 

rating scale for cingulate island sign was able to significantly differentiate patients with dementia 

with Lewy bodies from patients with Alzheimer's disease and controls. 

 

In study III, the objective was to evaluate the value of 2-[18F]FDG-PET biomarkers to commonly 

used diagnostic tests in the differential diagnosis of dementia using a data-driven decision model. 

In addition, two automated disease-specific 2-[18F]FDG-PET biomarkers were proposed, i.e. 

API-PET and occipital vs. temporal index, to improve the diagnostic accuracy for frontotemporal 

dementia and dementia with Lewy bodies, respectively. 

The study population consisted of 259 subjects diagnosed with either Alzheimer's disease, 

dementia with Lewy bodies, frontotemporal dementia, vascular dementia, or subjective cognitive 

decline. The addition of 2-[18F]FDG-PET biomarkers to the other diagnostic tests improved the 

classification accuracy for both frontotemporal dementia and dementia with Lewy bodies. 

Moreover, API-PET and occipital vs. temporal index improved the accuracy for frontotemporal 

dementia and dementia with Lewy bodies. 

 

In conclusion, the addition of 2-[18F]FDG-PET was valuable in the clinical decision-making. 

Particularly, the proposed visual rating scale for cingulate island sign showed promising results 

for distinguishing dementia with Lewy bodies from Alzheimer's disease. In addition, the two 

automated disease-specific 2-[18F]FDG-PET biomarkers for identifying dementia with Lewy 

bodies and frontotemporal dementia had potential for improving the differentiation from 

Alzheimer's disease. Future prospective studies are needed to validate the proposed visual rating 

scale for cingulate island sign and the automated disease-specific 2-[18F]FDG-PET biomarkers. 
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Danish Summary 

En rettidig, korrekt udredning og demensdiagnose er en vigtig forudsætning for, at patienten kan 

få adgang til relevant behandling, støtte og pleje. Imidlertid kompliceres den diagnostiske 

udredning dels af en betydelige heterogenitet i både de kliniske symptomer og neuropatologi ved 

Alzheimers demens og andre demenssygdomme samt et betydelige overlap i de kliniske 

symptomer mellem demenssygdomme. 

Den funktionelle positron emission tomografi-skanning med glukoseanalogen fluordeoxyglukose 

som sporstof (FDG-PET) har opnået en fremtrædende rolle i demensdiagnostikken, idet 

reduktion af glukoseoptagelsen kan påvises i karakteristiske områder i cortex ved både 

Alzheimers demens, Lewy body demens og frontotemporal demens. 

Det anbefales, at foretage supplerende undersøgelser for at øge den diagnostiske sikkerhed, hvis 

der er usikkerhed om diagnosen efter det basale udredningsprogram. Disse supplerende 

undersøgelser omfatter blandt andet FDG-PET og biomarkører i cerebrospinalvæsken. Der er 

dog fortsat begrænset viden om hvordan de enkelte biomarkører skal vægtes og kombineres for 

at øge den diagnostiske sikkerhed. Den diagnostiske udredningsproces kompliceres tillige i takt 

med at flere biomarkører bliver tilgængelige, idet den voksende mængde af komplekse 

patientdata kan medføre at diagnostisk information ikke udnyttes optimalt. 

 

Det overordnede formål med dette ph.d.-projekt var at optimere den kliniske anvendelse af FDG-

PET i demensdiagnostikken ved dels at udvikle sygdomsspecifikke FDG-PET biomarkører samt 

at evaluere den kliniske værdi af FDG-PET i forhold til andre hyppigt anvendte biomarkører i 

demensdiagnostikken. 

 

I studie I var formålet at sammenligne den kliniske værdi af biomarkører i cerebrospinalvæsken 

og FDG-PET i et klinisk relevant diagnostisk udredningsscenarie. Kohorten bestod af 81 

patienter der var under klinisk udredning for Alzheimers demens. Alle patienterne blev 

undersøgt med et basalt udredningsprogram samt FDG-PET og biomarkører i 

cerebrospinalvæsken som led i den diagnostiske udredning. Overordnet havde de to biomarkører 

samme diagnostiske værdi for hele kohorten. Men når de to biomarkører blev sammenholdt i den 

patientkohorte som fik en Alzheimers demens diagnose, havde biomarkøerne i 

cerebrospinalvæsken en større diagnostisk værdi i forhold til FDG-PET. 
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I studie II var formålet at udvikle og validere en visuel skala til påvisning af cingulate island sign 

på FDG-PET-skanninger for dels at forbedre identifikationen af Lewy body demens samt at 

forbedre differentieringen af Lewy body demens fra Alzheimers demens. Kohorten bestod af 35 

patienter med Lewy body demens, 36 patienter med Alzheimers demens og 23 raske kontroller. 

Den visuelle skala til påvisning af cingulate island sign var en sensitiv metode til at skelne 

patienter med Lewy body demens fra patienter med Alzheimers demens og raske kontroller. 

 

I studie III var formålet at evaluere den diagnostiske værdi af FDG-PET-biomarkører i forhold til 

hyppigt anvendte diagnostiske tests i en computerassisteret beslutningsmodel. Tillige blev de to 

sygdomsspecifikke FDG-PET-biomarkører, API-PET og occipital vs. temporal indeks, udviklet 

for at forbedre differentieldiagnostikken af henholdsvis frontotemporal demens og Lewy body 

demens. Kohorten bestod af 259 patienter diagnosticeret med Alzheimers demens, Lewy body 

demens, frontotemporal demens, vaskulær demens eller subjektiv kognitiv svækkelse. 

Differentieldiagnostikken af såvel frontotemporal demens og Lewy body demens blev forbedret, 

når FDG-PET-biomarkørerne blev tilføjet til de andre diagnostiske test. Derudover forbedrede de 

to FDG-PET biomarkører, API-PET og occipital vs. temporal indeks, differentieringen af 

henholdsvis frontotemporal demens og Lewy body demens fra med Alzheimers demens. 

 

Sammenfattende viste de tre studier, at FDG-PET biomarkørerne har en vigtig rolle i 

demensdiagnostikken. Særligt den visuelle skala til påvisning af cingulate island sign viste 

lovende resultater til at skelne Lewy body demens fra Alzheimers demens. Derudover forbedrede 

de to sygdomsspecifikke FDG-PET-biomarkører, API-PET og occipital vs. temporal indeks, 

identifikation af henholdsvis frontotemporal demens og Lewy body demens samt 

differentieringen fra Alzheimers demens. Disse resultater skal efterprøves i større, prospektive 

studier, herunder validering af den visuelle skala til påvisning af cingulate island sign samt API-

PET og occipital vs. temporal indeks. 
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1. Introduction 

Currently, more than 47 million people are living with dementia worldwide, and the number is 

expected to increase to over 130 million in 2050, largely due to increasing life expectancy [1,2]. 

Dementia is a syndrome in which there is an acquired loss of cognitive functioning, such as 

thinking, remembering, and reasoning, that interfere with activities of daily living [3,4]. Dementia 

results from a broad category of brain diseases with the most common causes being Alzheimer's 

disease (AD), followed by vascular dementia (VaD), dementia with Lewy bodies (DLB), and 

frontotemporal dementia (FTD). However, mixed dementia caused by coexisting pathologies, most 

often AD and VaD or AD and DLB, is very common, especially in older people [5,6]. 
 

Early and accurate diagnosis of dementia is essential to establish proper treatment, support, and care 

[7]. However, the clinical diagnosis may be complicated by a clinical heterogeneity in AD and other 

dementia disorders together with a considerable clinical overlap between the dementia disorders 

[8,9]. Biomarkers can improve the diagnosis of dementia by identifying disease-related pathology, 

which can be measured before clinical symptoms are recognized [10]. 
 

Positron emission tomography using 2-[18F]fluoro-2-deoxy-D-glucose as tracer (2-[18F]FDG-PET) 

has become a widely available and established biomarker in differential diagnosis of dementia by 

identifying disease-specific patterns of regional hypometabolism [11,12]. Nevertheless, the clinical 

value of 2-[18F]FDG-PET in the diagnosis of dementia disorders is not completely determined. 
 

The studies in this PhD project aimed at optimizing the clinical value of 2-[18F]FDG-PET in the 

diagnosis of dementia, particularly in the differential diagnosis of AD, DLB, and FTD, by 

proposing three disease-specific 2-[18F]FDG-PET biomarkers and evaluating the clinical value of 2-

[18F]FDG-PET against commonly used biomarkers. 

1.1 Clinical diagnosis of dementia 

1.1.1 Diagnostic evaluation in a clinical setting 

The current guidelines for diagnosis and assessment of dementia in a clinical setting recommend the 

use of a standard diagnostic program including clinical history, neurological and physical 

examination, screening tests for assessment of cognitive functions, blood tests, and a structural 

neuroimaging, i.e. either computed tomography (CT) or magnetic resonance imaging (MRI). If the 
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diagnosis is uncertain after the initial assessment, additional investigations can supplement the 

diagnostic assessment [7,13–15]. 

The purpose of the clinical work-up is to determine the degree of cognitive impairment and 

functional disability (syndrome diagnosis) and to identify the specific subtype disease that causes 

the syndrome (etiological diagnosis) [16]. 
 

The syndrome diagnosis is classified according to the severity of cognitive and functional 

impairment. Subjective cognitive decline (SCD) refers to the self-perception of cognitive decline 

without impairment in cognition on standard assessment [17]. Mild cognitive impairment (MCI) is 

regarded as an intermediate state between the cognitive changes of normal aging and dementia, and 

is defined as an acquired cognitive decline greater than expected based on age and education level 

without notable interference in activities of daily life [18,19]. Dementia is the most severe stage, 

and is defined as an acquired cognitive decline with significant interference in activities of daily 

living [3]. 
 

The etiological subtype diagnosis is established by using diagnostic criteria for specific subtypes of 

dementia. The two major subtypes of dementia are: the neurodegenerative dementias characterized 

by a progressive loss of nerve cells and synapses; and the dementias caused by cerebrovascular 

disease (CVD) [20]. 

The characteristics for the most common subtypes of dementia are presented in the following 

sections. 

1.1.2 Alzheimer's disease 

AD accounts for 60-80% of all dementias [21]. The pathologic hallmarks of AD are accumulation 

of amyloid beta (Aβ) plaques and tau tangles along with cortical atrophy and a prominent 

cholinergic deficit [22]. 
 

The most common clinical presentation of AD is the amnestic presentation characterized by an 

insidious onset of a progressive impairment in learning and recall and at least one other cognitive 

domain, such as executive functions, visuospatial abilities, language functions, or behavioral 

changes. In the non-amnestic presentation, the most prominent early deficits are either language 

presentation, visuospatial presentation, or executive dysfunction [3]. The diagnostic criteria for AD 

are summarized in Table 1. 
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Table 1. Diagnostic criteria for clinical diagnosis of probable and possible AD [3]. 

 Core clinical criteria for probably AD 

1 Meets criteria for dementia [3], and the following characteristics:  
2 Insidious onset. 
3 Clear-cut history of worsening of cognition. 
4 The initial and prominent cognitive deficits are one of the following categories: 

 Amnestic presentation 

 Non-amnestic presentations: 
o language presentation; or 
o visuospatial presentation; or 
o executive dysfunction. 

 Exclusion criteria 

5 The diagnosis of probably AD should not be applied when there is evidence of: 

 substantial concomitant CVD; or 

 core features of DLB; or 

 prominent features of FTD; or 

 evidence for another concurrent, active neurological disease, or a non-neurological medical comorbidity or use 
of medication that could have a substantial effect on cognition. 

 Core clinical criteria for possible AD 

1 Meets core clinical criteria for probably AD, and has either of the following circumstances: 
2  atypical course; or 
 etiologically mixed presentation. 

Abbreviations: AD = Alzheimer's disease; CVD = cerebrovascular disease; DLB = dementia with Lewy bodies; FTD = 
frontotemporal dementia; 
 

Clinicopathological studies have shown good diagnostic accuracy for clinical diagnosis of AD with 

approximately sensitivity of 80% and specificity of 70% [3,23,24]. The lower specificity is 

predominantly due to the clinical heterogeneity of AD and a considerable clinical and pathological 

overlap with other subtypes of dementia, such as DLB and FTD. 
 

The identification and understanding of disease-specific biomarkers for AD have advanced greatly. 

The growing body of evidence for the utility of biomarkers across the spectrum of AD has led to the 

incorporation of five AD biomarkers (two CSF proteins and three brain imaging measures) in the 

research diagnostic criteria for AD [3,24–26]. The recommendations of MCI and dementia due to 

AD are intended for clinical setting, whereas the recommendations of preclinical AD are intended 

for research purposes [27]. 
 

Figure 1A shows a hypothetical model of the dynamic changes in biomarkers associated with 

progression of AD. The A/T/N classification scheme has recently been proposed as a biomarker-

based research framework due to a new paradigm that focuses on the diagnosis of AD with 

biomarkers [28]. The classification is not based on the clinical consequences of the disease and 
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Figure 1. Hypothetical model of prodromal AD (A) and DLB (B). 

 
The hypothetical model of temporal ordering of biomarker abnormalities and detectable clinical features in 
association with progression of AD and DLB is a reprint of the hypothetical model of prodromal dementia with AD 
and DLB by [30], based on the original model by [10]. 
(A) In patients with AD, amyloid biomarkers (amyloid PET or CSF Aβ42) become abnormal first, followed by tau 
biomarkers (tau PET or CSF p-tau) and biomarkers of neurodegeneration (MRI, 2-[18F]FDG-PET, or CSF t-tau), 
respectively. Subsequently evidence of cognitive impairment becomes evident, and finally clinical symptoms are 
detectable. 
(B) In patients with DLB, progression of α-synuclein-mediated neuron dysfunction precedes detectable alterations 
of sleep and arousal behavior, followed by alterations in cognition, then alterations in motor and clinical functions, 
and finally detectable abnormalities on brain neuroimaging. 
Abbreviations: Aβ = amyloid beta; AD = Alzheimer's disease; CSF = cerebrospinal fluid; DLB = dementia with Lewy 
bodies; MCI = mild cognitive impairment; MRI = magnetic resonance imaging; p-tau = phosphorylated tau at threonine 
181; PET = positron emission tomography; t-tau = total tau; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D-glucose 
positron emission tomography; 
Reprinted from The Lancet, 386; Walker Z, Possin KL, Boeve BF, Aarsland D; Lewy body dementias; 1683-1697, 
2015, with permission from Elsevier. 



5 

 

should not be considered as diagnostic criteria for AD. The AD biomarkers were divided into 

three binary categories based on the specific underlying pathophysiology that the biomarkers 

measure: “A” refers to measure of brain Aβ deposition with CSF amyloid beta 1-42 (Aβ42) and 

amyloid PET; “T” refers to measure of tau pathology with CSF phosphorylated tau at threonine 

181 (p-tau); and “N” refers to measures of AD-like neurodegeneration with CSF total tau (t-tau), 

atrophy on structural MRI, and hypometabolism on 2-[18F]FDG-PET [29]. 

1.1.3 Dementia with Lewy bodies 

DLB is the third most common cause of dementia after AD and VaD, accounting for probably 10-

15% of all dementias [30]. 

The pathologic hallmarks of DLB are accumulations of aggregated alpha-synuclein neuronal 

inclusions of Lewy bodies (LB) and Lewy neurites along with a cortical cholinergic deficit and a 

nigrostriatal dopamine loss, which are also found in Parkinson's disease (PD) [31,32]. However, 

more than half of the patients with DLB have coexisting AD pathology, that is Aβ plaques and tau 

tangles [33–36]. 
 

The central feature of DLB is a progressive, disabling cognitive decline, prominently in the domains 

of attention, visuospatial and executive functioning, whereas memory is relatively spared in the 

early stage. The core clinical features include fluctuating cognition, recurrent visual hallucinations, 

parkinsonism, and rapid eye movement (REM) sleep behavior disorder, of which the first three 

typically occur early. The supportive clinical features are commonly present, but not specific 

features of DLB [34]. The diagnostic criteria for DLB are summarized in Table 2. 

The prodromal phase may be heterogenous, given the diverse clinical presentations of DLB. Figure 

1B shows a hypothetical model for the changes in biomarkers and detectable clinical features 

associated with progression of DLB. 

DLB and Parkinson's disease dementia (PDD, when dementia occurs in PD) are clinically similar, 

however, differ in the temporal sequence with regards to onset of cognitive impairment and 

parkinsonism. In DLB, the cognitive impairment occurs prior to or simultaneous with onset of 

parkinsonism, whereas in PDD, the cognitive impairment is arbitrarily set at occurring 12 months or 

longer after onset of PD. Nearly 80% of patients with PD will progress to dementia [37]. 

Patients with DLB have a poorer prognosis than patients with AD based on increased healthcare 

costs, accelerated admission to a nursing-home, and higher mortality. Various clinical and 

pathological features contribute to the poorer prognosis, and hence emphasize the need for 



6 

 

identification and intervention of these features to optimize treatment and clinical management of 

DLB [38–40]. 

 

Table 2. Diagnostic criteria for clinical diagnosis of probable and possible DLB [34]. 

I Essential criteria for 

 Meets criteria for dementia [3] 

II Core clinical features 

  Fluctuating cognition. 

 Visual hallucinations. 

 REM sleep behavior disorder. 

 Parkinsonism. 

III Supportive clinical features 

  severe neuroleptic sensibility; 

 postural instability; 

 repeated falls; 

 syncope; 

 severe autonomic dysfunction; 

 sleep disorders; 

 hallucinations in other modalities; 

 mood disturbances including apathy, anxiety, and depression. 

IV Indicative biomarkers 

  Reduced DAT uptake in basal ganglia demonstrated by SPECT or PET. 

 Abnormal 123iodine-MIBG myocardial scintigraphy. 

 Polysomnographic confirmation of REM sleep without atonia.  

V Supportive biomarkers 

  Relative preservation of medial temporal lobe structures on CT/MRI. 

 Generalized low uptake on SPECT/PET perfusion/metabolism scan with reduced occipital activity ± CIS on 
2-[18F]FDG-PET. 

 Prominent posterior slow-wave activity on EEG with periodic fluctuations in the pre-alpha/theta range.  

VI Probable DLB 

 Can be diagnosed if: 

 Two or more core clinical features of DLB are present, with or without the presence of indicative 
biomarkers; or 

 Only one core clinical feature is present, but with one or more indicative biomarkers. 
Probable DLB should not be diagnosed on basis of biomarkers alone.  

VII Possible DLB 

 Can be diagnosed if: 

 Only one core clinical feature of DLB is present, with no indicative biomarker evidence; or 

 One or more indicative biomarkers is present but there are no core clinical features. 

Abbreviations: CIS = cingulate island sign; CT = computed tomography; DAT = dopamine transporter; DLB = 
dementia with Lewy bodies; EEG = electroencephalogram; MIBG = metaiodobenzylguanidine; MRI = magnetic 
resonance imaging; PET = positron emission tomography; REM = rapid eye movement; SPECT = single photon 
emission computed tomography; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D-glucose positron emission 
tomography; 
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Previous clinicopathological studies have found a poor sensitivity, but a moderate-to-high 

specificity of the clinical DLB diagnoses and neuropathological diagnoses [23,41], i.e. the clinical 

diagnosis of DLB was usually correct, but many cases were missed. 

Currently, there is no valid biological marker to confirm the diagnosis of DLB, but several indirect 

biomarkers are available. In the DLB consensus criteria, the indicative and supportive biomarkers 

are classified according to diagnostic specificity and existing evidence of good quality. 

The indicative biomarkers corroborate the detection of clinical features of DLB, i.e. PET or single 

photon emission computed tomography (SPECT) imaging can detect reduction of dopamine 

transporter (DAT) in caudate nucleus and putamen to distinguish DLB from AD [42]; 

metaiodobenzylguanidine (MIBG) myocardial scintigraphy can identify cardiovascular autonomic 

dysfunction in DLB as opposed to AD [43]; and polysomnographic analysis can demonstrate the 

presence of REM sleep, which is highly specific for LB pathology [44]. 

The supportive biomarkers are commonly present in DLB but lack clear diagnostic specificity. The 

three supportive biomarkers are relative preservation of medial temporal lobe on CT or MRI; 

generalized low uptake on SPECT and 2-[18F]FDG-PET with reduced occipital activity and 

presence of cingulate island sign (CIS); and prominent posterior slow-wave activity on 

electroencephalogram (EEG) [34]. Currently, neither plasma nor CSF α-synuclein are valid 

biomarkers for DLB [30,34]. 
 

Despite the revised DLB consensus criteria, detection and recognition of DLB is still very complex, 

especially in the early and late stages of the disease, partly because DLB shares clinical, cognitive 

and neuropathological features with AD and PD [32–34,45]. However, it is essential to make a 

correct diagnosis of DLB to optimize treatment and clinical management including identifying and 

managing additional DLB-specific symptoms; to properly inform patients and relatives about the 

disease and the diverse range of symptoms; and to enroll patients into clinical trials. Therefore, 

more specific biomarkers for DLB are urgently needed. 

1.1.4 Frontotemporal dementia 

FTD is the second most common cause of early-onset dementia after AD, i.e. onset of dementia 

before 65 years of age. Up to 40% of patients with FTD have a history of a similar disorder within 

the family, however, disease-causing mutations are only identified in about 10% [46,47]. 

FTD is characterized by prominent frontotemporal lobar degeneration, and associated with 

characteristic patterns of abnormal protein depositions, predominantly TDP-43 and tau [48,49]. 

 



8 

 

The core clinical feature of FTD is a progressive, insidious change in behavior or language [50]. 

The diagnostic criteria for FTD are summarized in Table 3. FTD encompasses three main clinical 

variants with distinct clinical features and patterns of atrophy: behavioral variant of FTD (bvFTD) 

is the most common FTD syndrome and characterized by behavioral changes with executive 

dysfunction [51]; progressive non-fluent aphasia (PNFA) is characterized by progressive deficit in 

expressive language; and semantic dementia is characterized by impaired understanding of semantic 

knowledge and naming [52]. 

The prognosis of FTD is variable most likely due to the fact that it is a heterogenous disorder with 

multiple neuropathological causes, but eventually the patients with FTD will progress toward global 

cognitive impairment and associated motor deficits [46]. 

 

Table 3. Diagnostic criteria for clinical diagnosis of FTD [50]. 

 Core clinical criteria for FTD 

1. Development of behavior or cognitive deficits manifested by either: 
 early and progressive changes in personality, characterized by difficulty in modulating behavior, often resulting in 

inappropriate responses or activities; or 
 early and progressive change in language, characterized by problems with expression of language or severe naming 

difficulty and problems with word meaning.  
2. The deficits outlined in 1a or 1b cause significant impairment in social or occupational functioning and represent a 

significant decline from a previous level of functioning.  
3.  The course is characterized by a gradual onset and continuing decline in function. 

 Exclusion criteria for FTD 

4.  The deficits outlined in 1a or 1b are due to other nervous system conditions, systemic condition, or substance-
induced conditions.  

5.  The deficits occur exclusively during a delirium.  
6.  The disturbance is better accounted for by a psychiatric diagnosis.  

Abbreviations: FTD = frontotemporal dementia; 
 

The clinical variants of FTD are associated with various neuropathological abnormalities, and 

specific pathological findings have not been associated with specific clinical manifestations [50]. 

The current validated biomarkers for FTD include specific frontotemporal patterns of atrophy on 

MRI and hypometabolism on 2-[18F]FDG-PET. In addition, the CSF concentrations of Aβ42, p-tau, 

and t-tau can be supportive to distinguish underlying AD pathology from other FTD pathologies in 

patients suspected of FTD [53] since normal Aβ42 rules out AD. 

Even though no disease-modifying drugs are available for treatment of FTD, correct diagnosis is 

central to establish proper management of the behavioral symptoms. However, it is often difficult to 

distinguish FTD from AD and other neurologic or psychiatric disorders, which emphasizes the need 

for sensitive biomarkers for FTD [46]. 
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1.1.5 Vascular dementia 

VaD is the second most common cause of dementia after AD, accounting for about 20% of all cases 

of dementia, which also includes the frequently present mixed dementia with predominant AD 

pathology and coexisting vascular lesions. VaD is common among the older population [54]. 

VaD is a clinical syndrome that imply the presence of an acquired cognitive deficit secondary to 

proven evidence of a wide range of vascular pathologies. The diagnostic criteria for VaD are 

summarized in Table 4. Recently, vascular cognitive disorder has been proposed as a broader term 

for the clinical syndrome to encompass the entire spectrum of cognitive decline, i.e. MCI and 

dementia, associated with CVD regardless of underlying mechanism and occurrence of stroke 

symptoms [55,56]. 
 

Several vascular pathologies are associated with cognitive decline and dementia. Small vessel 

arteriosclerosis and large vessel atherosclerosis can result in cortical and subcortical infarcts, 

subcortical ischaemic lesions (white matter lesions and lacunar infarcts), and large and small 

cerebral hemorrhages [54,58]. 

The clinical features are very variable given the great heterogeneity of vascular pathologies (e.g. 

location, size, number and type of lesions). However, the clinical characteristics of cerebral small 

vessel disease commonly involve domains of complex attention and executive functions, together 

with frequent occurrence of gait disturbance, urinary symptoms, and changes in behavior and mood 

such as depression and apathy [59]; whereas the clinical characteristics of large vessel disease 

involve cognitive domains and focal neurological deficits consistent with the location of the infarct 

[54,57]. 
 

The progression of the vascular cognitive impairment is less predictable including both acute and 

stepwise, gradually and fluctuating courses according to etiology, lesion, and location. However, 

whereas the cognitive decline may be similar in VaD and AD, mortality is higher for VaD with a 

mean survival of less than five years, particularly due to cardiovascular and cerebrovascular causes 

[54]. 
 

Structural neuroimaging of CT or MRI is the only validated biomarker for VaD, with the latter 

being more sensitive to identify location, lesion, and extent of the CVD [57,58]. Additionally, 

biomarkers of AD pathology, i.e. CSF AD biomarkers and amyloid PET, may be useful to indicate 

if the vascular cognitive impairment is caused by a mixed dementia etiology [3,24,58]. 
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Table 4. Diagnostic criteria for clinical diagnosis of probable and possible VaD [57]. 

I Core clinical criteria for probable VaD 

1. Meets criteria for dementia [3]. 
Exclusion criteria: cases with disturbance of consciousness, delirium, psychosis, severe aphasia, or major 
sensorimotor impairment precluding neuropsychological testing. Also excluded are systemic disorders or other 
brain diseases that in and of themselves could account for deficits in memory and cognition.  

2. CDV, defined by the presence of focal signs on neurologic examination consistent with stroke (with or without 
history of stroke), and evidence of relevant CVD by brain imaging (CT or MRI) including multiple large vessel 
infarcts or a single strategically placed infarct, as well as multiple basal ganglia and white matter lacunes, or 
extensive periventricular white matter lesions, or combinations thereof. 

3.  Relationship between the above two disorders, manifested or inferred by the presence of one or more of the 
following: 

 onset of dementia within 3 months following a recognized stroke; and/or 

 abrupt deterioration in cognitive functions; and/or 

 fluctuating, stepwise progression of cognitive deficits. 

II Clinical features for probable VaD 

1. Early presence of gait disturbance.  
2. History of unsteadiness and frequent, unprovoked falls.  
3. Early urinary frequency, urgency, and other urinary symptoms not explained by urologic disease.  
4. Pseudobulbar palsy.  
5. Personality and mood changes, abulia, depression, emotional incontinence, or other subcortical deficits including 

psychomotor retardation and abnormal executive function. 

III Exclusion criteria for VaD 

1.  Early onset of memory deficit and progressive worsening of memory deficit and progressive worsening of 
memory and other cognitive functions such as language, motor skills, and perception, in the absence of 
corresponding focal lesions on brain imaging.  

2.  Absence of focal neurological signs, other than cognitive disturbance.  
3. Absence of cerebrovascular lesions on brain CT or MRI. 

IV Clinical diagnosis of possible VaD 

 Meets criteria for dementia [3] with focal neurologic signs in patients in whom brain imaging studies to confirm 
definite CVD are missing; or in the absence of clear temporal relationship between dementia and stroke; or in 
patients with subtle onset and variable course of cognitive deficits and evidence of relevant CVD. 

Abbreviations: CT = computed tomography; CVD = cerebrovascular disease; MRI = magnetic resonance imaging; 
VaD = vascular dementia; 
 

1.1.6 Mixed dementia 

Mixed dementia is characterized by coexisting pathologies where both pathologies are estimated to 

contribute to the clinical syndrome. Coexisting pathologies (hereafter referred to as dual pathology) 

have been demonstrated in up to 75% of all autopsied cases, especially in advanced age [60]. 

However, the clinical diagnosis of mixed dementia can be very complex and covers a wide 

spectrum of dual pathologies and concurrent mixed disease-specific clinical presentations, from 

clinical presentations with one predominant pathology and minor contributions from other 

pathologies, to clinical presentations with equally contributing pathologies [24]. Currently, there are 

no well-established diagnostic criteria for coexisting pathologies other than mixed AD. The 
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diagnostic criteria for mixed AD is based on the presence of current disease-specific clinical 

features and biomarker evidence for both pathologies (AD pathology and either CVD or LB 

pathology) [24]. The diagnostic criteria for mixed AD are summarized in Table 5. 

 

Table 5. Diagnostic criteria for mixed AD [24]. 

A Clinical and biomarker evidence of AD (both are required) 

  Amnestic syndrome of the hippocampal type or one of the clinical phenotypes of atypical AD. 

 Decreased Aβ42 together with increased T-tau or P-tau in CSF, or increased tracer retention on amyloid PET. 

B Clinical and biomarker evidence of mixed pathology 

 For CVD (both are required) 

 Documented history of stroke, or focal neurological features, or both. 

 MRI evidence of one or more of the following: corresponding vascular lesions, small vessel disease, strategic 
lacunar infarcts, or cerebral hemorrhages. 

 For DLB (both are required) 

 One of the following: extrapyramidal signs, early hallucinations, or cognitive fluctuations. 

 Abnormal DAT imaging. 

Abbreviations: Aβ42 = amyloid beta 1-42; AD = Alzheimer's disease; CSF = cerebrospinal fluid; CVD = 
cerebrovascular disease; DAT = dopamine transporter; DLB = dementia with Lewy bodies; MRI = magnetic 
resonance imaging; p-tau = phosphorylated tau at threonine 181; PET = positron emission tomography; t-tau = total 
tau; 
 

1.2 Biomarkers in clinical diagnosis of dementia 

The clinical practice for diagnosing dementia has gradually shifted from a solely clinical-based 

diagnosis to a biomarker-supported diagnosis as biomarkers have become widely available in 

clinical practice. 
 

Biomarkers are either physiological, biochemical, or anatomic parameters which can objectively 

measure specific features of the disease-related pathophysiological processes in-vivo [61]. Although 

there is a large range of potentially useful biomarkers, the most well-established biomarkers for 

clinical use include neuroimaging and CSF AD biomarkers. Subsequently, these biomarkers have 

been incorporated across the disease spectrum of AD in the proposed research criteria [3,24–26]. In 

addition, neuroimaging biomarkers are included as supportive features in the recent diagnostic 

criteria for VaD, DLB, and FTD [34,51,52,58,62]. 

The three most commonly used biomarkers for clinical diagnosis of dementia and other relevant 

neuroimaging biomarkers are presented in the following sections. 

1.2.1 Magnetic resonance imaging 

MRI is the preferred structural imaging modality as it is more sensitive with regards to visualizing 

subtle vascular and atrophy changes compared to CT [14,63]. Accordingly, MRI has become a 



12 

 

routine part of the clinical work-up of dementia to exclude alternative causes of dementia, detect 

CVD, and recognize focal patterns of atrophy to support the diagnosis of dementia [15]. In addition, 

MRI is considered a topographic downstream biomarker with proven evidence of correlation 

between cortical atrophy and neurofibrillary tangle Braak staging [29,64]. 
 

Cerebral atrophy can be detected prior to clinical manifestations, and distinctive imaging features 

are supportive for specific subtypes of dementias [3,24,50–52], although a certain degree of overlap 

may occur. 

In patients with AD, the cerebral atrophy initially involves the medial temporal lobe, predominantly 

hippocampus and entorhinal cortex, followed by changes in the posterior cingulate cortex (PCC), 

precuneus, and the temporoparietal association neocortex [65]. Although atrophy in medial 

temporal lobe including hippocampus correlates with AD pathology and is regarded as an imaging 

biomarker of AD [3,16,66], atrophy in this region is also common in other dementias, such as DLB 

and FTD [63]. 

There is no characteristic atrophy pattern for DLB [14], although, recognition of relative spared 

medial temporal lobe has been suggested to support the differentiating of DLB from AD [34]. 

Patients with FTD have more severe atrophy in the frontal lobe and anterior temporal pole together 

with relative preserved temporoparietal association neocortex compared to patients with AD, and 

this anterior-posterior gradient of atrophy can support the distinction between FTD and AD [67]. 

Predominant left-sided posterior frontoinsular atrophy is often seen in PNFA, whereas more 

pronounced atrophic changes in anterior temporal lobe is typically found in semantic dementia [52]. 

There are no specific atrophy patterns for VaD, although a lesser extent of cerebral atrophy may be 

present in patients with VaD [63]. On the other hand, MRI is sensitive to detect various vascular 

pathologies, which is required for a clinical diagnosis of probable VaD [58]. Although the presence 

of vascular lesions are specific for VaD, they are also present to a lesser degree in healthy elderly 

controls and in patients with AD and FTD [68,69]. 
 

Currently, visual imaging assessment is the most commonly used method in clinical settings, 

although an established algorithm for identifying and evaluating diagnostical relevant imaging 

features is lacking [70]. Several visual rating scales have been developed to assess global and focal 

atrophy for integration in visual imaging assessment, because they are both fast to perform and easy 

to apply on routine acquired images. A few scales, such as the MTA scale to assess medial temporal 

atrophy [71], the GCA scale to assess global cortical atrophy [72], and the Fazekas scale to rate 
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white matter hyperintensities [56,73], are extensively used in both research and clinical settings 

[74]. However, their disadvantages include interrater variability. 

More advanced methods such as volumetric quantification of brain structures and automatic 

classifier algorithms including voxel-based morphometry (VBM) and tensor-based morphometry 

(TBM) are objective and have been proposed to improve differential diagnosis of dementia in 

clinical settings. However, these methods are both time-consuming and require extensive 

training and dedicated software. Furthermore, a standard operation procedure for metrics (image 

acquisition and preprocessing, measurement, and determination of reliable abnormality 

thresholds) is needed before these methods can be sufficiently integrated in clinical setting as 

results can vary across scanners and metrices [66,75]. 

1.2.2 Cerebrospinal fluid biomarkers 

The CSF circulates in the subarachnoid space surrounding the brain and spinal cord, and 

accordingly biochemical changes in the brain are reflected in the CSF. The three core CSF 

biomarkers for AD hereafter referred to as CSF AD biomarkers are the Aβ42 which is a 42 amino 

acid long Aβ peptide reflecting cortical amyloid deposition; t-tau reflecting cortical neuronal loss; 

and p-tau reflecting cortical tangle formation [27]. 
 

Concentrations of CSF Aβ42 are fully abnormal more than 5-10 years prior to clinical symptoms of 

dementia with AD, whereas CSF t-tau and p-tau are considered as later markers of the degenerative 

process and become gradually more abnormal as the clinical manifestation becomes evident [10,76] 

(Figure 2). 

The biomarkers have a high diagnostic accuracy to identify AD at the MCI stage with sensitivity 

and specificity of 85–90% [22]. Consequently, the biomarkers are recommended as addition to the 

diagnostic evaluation of patients suspected of AD if the diagnosis is uncertain or the clinical 

presentation is atypical [3]. In addition, the biomarkers can also to some extent be useful as 

exclusion criteria in the differential diagnosis of other neurodegenerative disorders [51,58,77–79]. 
 

Nevertheless, some important factors should be considered when interpreting the CSF AD 

biomarkers in clinical practice. First of all, the specificities of the CSF AD biomarkers for AD are 

not optimal, because abnormal concentrations are also found in other dementia disorders such as 

FTD, DLB, and VaD [27]. This may, however, reflect the presence of mixed pathology, which is a 

common finding at autopsy [80]. Moreover, the prevalence of abnormal CSF AD biomarkers is high 

in elderly cognitively intact individuals because prevalence of preclinical AD increases with age 
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[81,82]. Another issue is the considerable variabilities in measurements of these markers between 

laboratories, which has hampered the consensus on standardized, established cutoffs [83,84]. 

Despite these issues, the CSF AD biomarkers have reached a prominent role in the early and 

differential diagnosis of AD in clinical practice. 

 

Figure 2. Temporal ordering of CSF AD biomarkers. 

 
Mean baseline concentrations of (A) CSF Aβ42, (B) p-tau, and (C) t-tau stratified into patients with MCI converting 
to AD within 0–2.5 years (n=28), 2.5–5 years (n=32), or 5–10 years (n=12). Biomarker concentrations in a 
cognitively healthy control group are also given. Concentrations of Aβ42 did not differ between any of the MCI 
groups. Concentrations of t-tau and p-tau were significantly lower in late converters (5–10 years) than in very early 
converters (0–2.5 years). The error bars show standard errors. 
Abbreviations: Aβ42 = beta-amyloid 1-42; AD = Alzheimer's disease; MCI = mild cognitive impairment; p-tau = 
phosphorylated tau at threonine 181; t-tau = total tau; 
Reprinted from The Lancet Neurology, 12; Jack Jr CR, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen 
PS, Shaw LM, Vemuri P, Wiste HJ, Weigand SD, Lesnick TG, Pankratz VS, Donohue MC, Trojanowski JQ; 
Tracking pathophysiological processes in Alzheimer's disease: An updated hypothetical model of dynamic 
biomarkers; 207-216, 2013, with permission from Elsevier. 
 

1.2.3 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography 

2-[18F]FDG-PET has become widely available for clinical use and is a well-established method 

in differential diagnosis of dementia [15,85]. 2-[18F]FDG is a radiolabeled glucose analogue 

measured by PET to reflect cerebral glucose metabolism in-vivo. Cerebral glucose 

hypometabolism is a marker of neurodegeneration [11]. Thus, 2-[18F]FDG-PET is considered a 

marker of neuronal injury demonstrating both the topographic extent of the neuronal dysfunction 

and the disease severity [29]. 
 

Previous studies have shown that addition of 2-[18F]FDG-PET to the diagnostic evaluation 

improved the diagnostic accuracy when compared to both final clinical evaluation and 

pathological diagnosis [86,87]. Accordingly, current guidelines recommend that 2-[18F]FDG-
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PET can be added as a supportive biomarker in clinical settings, if clinical diagnosis is uncertain 

after standard diagnostic assessment including structural imaging [14,15,85]. Several previous 

studies have found that 2-[18F]FDG-PET can be used to distinguish neurodegenerative dementias 

from other forms of cognitive dysfunction and detection of distinctive disease patterns of 

hypometabolism can support the diagnosis of AD, FTD, and DLB [3,15,24,34,51,52,85]. 
 

In patients with AD, the initial hypometabolic pattern typically involves the temporoparietal 

regions including the precuneus and the PCC, followed at a later stage by dorsolateral prefrontal 

cortex; whereas, the sensorimotor and visual cortices, basal ganglia and cerebellum remain 

relatively preserved [11,88] (Figure 3B). MCI subjects that converts to AD typically have an 

AD-like pattern of hypometabolism, although with less severe hypometabolism [89]. However, 

temporoparietal hypometabolism is not specific for AD, and is also seen in a variety of other 

disorders such as CVD, clinical variants of FTD, and DLB [11,29]. 

Patients with DLB have a more prominent occipital hypometabolism particularly in the primary 

visual cortex, whereas the parietotemporal hypometabolism is somewhat similar to AD [90,91]. 

In addition, many DLB patients have a relatively spared PCC, which is termed the cingulate 

island sign (CIS) (Figure 3C+D). CIS is defined as relatively sparing of the PCC relative to 

precuneus and cuneus [92]. CIS can differentiate DLB from AD with high accuracy [92–96]. 

CIS and occipital hypometabolism on 2-[18F]FDG-PET are both proposed as supportive DLB 

biomarkers in the updated diagnostic criteria for DLB [34]. However, occipital hypometabolism 

are also seen in patients with PD, PDD, and posterior cortical atrophy [97,98], and CIS has been 

suggested to be more specific for DLB than occipital hypometabolism [92,93,99,100]. 
 

Patients with FTD have early and more severe frontal and anterior temporal hypometabolism 

with preserved uptake in PCC compared to AD [101] (Figure 3E). Furthermore, the clinical 

variants of FTD have characteristic patterns of hypometabolism which are typically asymmetric, 

that is patients with PNFA predominantly have a pattern of left posterior frontoinsular 

hypometabolism; patients with semantic dementia usually have a pattern of left anterior temporal 

hypometabolism; whereas patients with bvFTD predominantly have frontal and anterior 

temporal hypometabolism [51,52]. 

Patients with VaD have no characteristic patterns of hypometabolism on 2-[18F]FDG-PET, but 

lower metabolism has been demonstrated in subcortical VaD compared to AD in mainly the 

primary cortices, middle temporal gyrus, anterior cingulate gyrus, deep grey nuclei, and 

cerebellum [102]. 
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The standard procedure to evaluate 2-[18F]FDG-PET images is visual assessment by a nuclear 

medicine physician [103], which requires adequate training and experience. Consequently, 

centres without advanced expertise in visual assessment may have reduced clinical value of 2-

[18F]FDG-PET. 

Several fully and semi-automatic tools have been developed to assist the visual assessment by 

providing statistical brain mappings of regional glucose metabolic abnormalities as compared 

against a reference group of healthy controls [104]. However, standard operating procedures for 

2-[18F]FDG-PET metrics are essential for implementation in clinical routine. A large meta-

analysis study on imaging AD biomarkers concluded that diagnostic accuracy was highly 

dependent on how the biomarker was measured and evaluated, particularly for 2-[18F]FDG-PET 

[75]. 

1.2.4 Other biomarkers 

Other commonly used biomarkers include amyloid PET, DAT imaging, and tau PET. DAT 

imaging is a well-established neuroimaging biomarkers, whereas amyloid PET and tau PET are 

still developing technologies that are mainly available in specialized clinical centres. 

 DAT imaging has a high sensitivity to detect presynaptic dopaminergic dysfunction in-vivo, 

which is a distinctive feature for patients with parkinsonism [105]. Reduced DAT uptake in the 

basal ganglia demonstrated by SPECT or PET is clinically useful in distinguishing DLB from 

AD with a high sensitivity (78%) and specificity (90%) [42]. Consequently, DAT imaging has 

been included as an indicative biomarker in the diagnostic criteria for DLB [34]. Although DAT 

imaging cannot distinguish DLB from other nigrostriatal disorders that are associated with 

dopaminergic dysfunction, such as PDD, vascular parkinsonism with dementia, multiple system 

atrophy (MSA), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), or FTD 

with parkinsonism [106,107]. Furthermore, about 20% of probable DLB cases have a normal or 

inconclusive DAT imaging, and therefore does a negative DAT scan not exclude a diagnosis of 

DLB [108]. 
 

Amyloid PET uses Aβ-specific tracers to enable in-vivo detection of fibrillar Aβ in neuritic 

plaques [109,110]. Amyloid PET has a high accuracy to distinguish disorders with a prominent 

amyloid deposition from those without, such as FTD [111]. Nevertheless, cerebral amyloidosis is 

a necessary but not exclusive condition for AD, as the prevalence of cerebral amyloidosis 

increases with age in cognitively normal individuals [112]. Furthermore, a high percentage of 
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patients with other dementia disorders also have cerebral amyloidosis as seen in patients with 

DLB [113]. 
 

Tau PET is a promising method to assess tau neurofibrillary tangle deposition in-vivo [114], 

which is a pathologic hallmark of AD [22] and many other neurodegenerative disorders known 

as tauopathies [115]. Several tau PET studies have demonstrated that the topographic tau binding 

is consistent with the pathologic Braak neurofibrillary tangle stage in AD [116–118]. The 

emerging role of tau PET is also acknowledged in the A/T/N classification, where tau PET is 

included as a tau biomarker for AD [29]. The clinical utility of tau PET needs to be investigated 

further, and extensive tracer development is ongoing with regards to e.g. reduction of off-target 

binding which has been a problem especially in first-generation tracers [115]. 

1.3 Clinical challenges in differential diagnosis of dementia 

Clinical diagnosis of dementia can be challenging due to a great degree of overlap in clinical 

symptoms and pathologies [9,33,80,119,120]. Furthermore, despite the emerging role of available 

biomarkers over the last decades, biomarkers for non-AD dementia such as DLB and FTD are less 

developed [75,121]. Consequently, a substantial number of patients with dementia are still 

unrecognized or misdiagnosed, the latter is especially related to difficulties of distinguishing AD 

from DLB and FTD [23,36,41,122–124]. 
 

The clinical decision-making process can be very complex, as conflicting or inconclusive results 

can complicate interpretation of diagnostic test results. Moreover, factors such as age, educational 

level, and comorbidities should also be taken into consideration in the diagnostic evaluation. In 

general, there is limited knowledge of how to both weigh, combine and interpret biomarkers across 

the spectrum of dementia diseases, although a greater understanding of these issues are valuable in 

the clinical decision-making process [75,90,121,125]. The clinicians must consider if an ancillary 

diagnostic test is needed and weigh the cost and benefits including the efficacy, experience and 

access to apply and interpret the biomarker appropriately as well as factors such as suitability of the 

biomarker, especially in elderly, frail patients. 
 

The current knowledge of the performance of the biomarkers is predominantly based on the 

performance of a single modality marker in differentiating between two homogenous diagnostic 

groups, for the most part involving comparison of a subtype of dementia with healthy elderly 

controls [121]. However, in clinical practice the common clinical challenge is to identify the 
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specific subtype of dementia rather than to distinguish whether a patient has dementia or is 

cognitively intact. In addition, the clinical value of biomarkers is outlined in general terms and lack 

recommendations for how to prioritize and weigh the biomarkers in differential diagnosis of 

dementia. This emphasizes the need for further research to optimize and validate the added value of 

biomarkers in decision-making of dementia. 

1.4 Disease state index classifier 

There is a growing amount of extensive and complex patient data-driven in part on the one hand by 

the desire for earlier diagnosis where the patients have more subtle symptoms, and on the other 

hand the increasing availability of biomarkers and diagnostic tests. Consequently, clinicians face a 

major challenge of getting a comprehensive overview of the available patient data, which 

potentially results in underutilization of important diagnostic information. This issue has led to the 

development of clinical data-driven decision support models that are useful for efficiently 

integrating biomarkers and diagnostic tests from extensive, heterogenous patient data in an 

objective and systematic way to assist clinicians in decision-making [126]. 
 

In the PredictND project, a consortium of collaborators from four European memory clinics and 

various research partners focused on developing and validating a data-driven decision support tool, 

that is the PredictND tool, to support clinicians in earlier and more objective evaluation of 

biomarkers in the diagnosis of dementia [127,128]. In addition, the PredictND project aimed at 

developing methods for segmenting and extracting features of brain structures on MR scans [129–

131]. The clinical value of the PredictND tool along with the developed image analysis methods 

was evaluated in terms of effect on improving diagnostic accuracy and confidence of the diagnosis 

in a clinical setting. 
 

The PredictND tool is composed of the disease state index (DSI) classifier, which is an ensemble 

classifier that uses a data-driven statistical model to compute a scalar index value, i.e. the DSI 

value, as an estimation of the similarity of an undiagnosed patient to a disease state. The classifier 

extracts data from a large quantity of training data from patients with known diagnosis to derive an 

algorithm that is specific for each disease state. This algorithm can be applied to an undiagnosed 

patient to estimate patient-specific DSI values for each disease state as an indication of which 

disease state most closely resemble the undiagnosed patient [128,132]. 

The DSI describes the ability of each biomarker or diagnostic test to distinguish between two 

disease states, e.g. AD and DLB (the relevance value) and the extent to which the biomarker or 
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diagnostic test resembles one of the disease states (fitness value). The DSI value for each biomarker 

or diagnostic test is weighed by the relevance to obtain a composite DSI value. An “overall” DSI 

value is obtained by combining composite DSI values for each biomarker or diagnostic test [128]. 

To support clinical decision-making, the classifier can provide a visual representation of all 

available data from an undiagnosed patient in the disease state fingerprint (DSF) to give the 

clinician an overview of the contribution of each biomarkers and diagnostic tests to the computed 

DSI [128,133]. In the DSF, the DSI value is presented as a numeric value, whereas the fitness value 

is indicated by box color (e.g. red color indicates similarity AD, whereas blue color indicates 

similarity to DLB) and the relevance is indicated by the box size. An example of the DSF are shown 

in Figure 4. 

The classifier can cope with many different combinations of variables such as demographic data, 

cognitive tests, CSF AD and neuroimaging biomarkers [130,134,135]. Moreover, the classifier can 

deal with missing data without requiring any imputation. 
 

Previous DSI classifier studies have demonstrated high diagnostic accuracies for AD, VaD, and 

controls using different combinations of cognitive tests, CSF and MRI biomarkers (AUC > 

70%), whereas the diagnostic sensitivity for FTD and in particular DLB was suboptimal with 

many cases being misclassified as AD [130,132,134,135]. However, the addition of 2-[18F]FDG-

PET biomarkers may enhance the classification accuracy for FTD and DLB in the DSI classifier 

considering that 2-[18F]FDG-PET is included as a supportive biomarker for both AD, DLB, and 

FTD [3,34,50–52]. Until now, studies based on the DSI classifier have not included 2-[18F]FDG-

PET data. 
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Figure 4. Screenshot of the PredictND tool. 

 
A. Visualization of the “overall” DSI value for the five disease states (SMC, LBD, FTD, AD, and VaD). 
B. Visualization of the DSF for FTD vs. SMC with weighted contribution of individual and combined 
biomarkers and diagnostic tests. C. Visualization of the relative influence of the individual biomarker or 
diagnostic test on the DSI classification as compared to the training data. D. Visualization of the 
“overall” classification. 
Abbreviations: AD = Alzheimer's disease; DSF = disease state fingerprint; DSI = disease state index; FTD = 
Frontotemporal dementia; LBD = dementia with Lewy bodies; MRI = magnetic resonance imaging; SMC = subjective 
memory complaint; VaD = vascular dementia; 
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2. Objectives and hypothesis 

The overall objective of this PhD project was to optimize the clinical value of 2-[18F]FDG-PET by 

proposing three disease-specific 2-[18F]FDG-PET biomarkers and to evaluate the added value of 2-

[18F]FDG-PET against commonly used biomarkers in the differential diagnosis of dementia. 

 

Study I 

The objective was to compare the added clinical value of CSF AD biomarkers and 2-[18F]FDG-PET 

in a routine clinical setting with regards to diagnosis, prognosis, and patient management in patients 

suspected of having AD. 

Hypothesis: CSF AD biomarkers have a higher clinical impact on diagnosis, prognosis and patient 

management in patients with AD compared in comparison to 2-[18F]FDG-PET. 

 

Study II 

The objective was to develop a visual rating scale for CIS on 2-[18F]FDG-PET and to validate the 

diagnostic accuracy in patients with DLB +/- dual pathology and patients with AD. 

Hypothesis: The visual rating scale for CIS can differentiate patients with DLB +/- dual pathology 

from patients with AD. 

 

Study III 

The objective was to evaluate the value of 2-[18F]FDG-PET biomarkers when added to commonly 

used diagnostic tests (cognitive tests, CSF and MRI biomarkers) in the differential diagnosis of 

dementia using a data-driven decision model. 

Hypothesis: 2-[18F]FDG-PET biomarkers will improve the diagnostic accuracy for patients with 

DLB and FTD. 
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3. Materials and methods 

3.1 Study participants 

The study participants were included from two independent cohorts: 

3.1.1 The PredictND cohort 

For this project, a subgroup from the PredictND study, referred to as the PredictND cohort, was 

included. In the PredictND study, a prospective cohort consisting of 779 participants was enrolled 

from four European memory clinics between March 2015 and June 2016 [127]. The participants 

were included if they were suspected of having cognitive complaints due to neurodegenerative 

disease (ND) and had a baseline mini-mental state examination (MMSE) score ≥ 18; a clinical 

dementia rating (CDR) global score ≤ 1.0 and had undergone a T1-weighted MRI ≥ 1.5 Tesla. The 

participants were excluded if they had excessive alcohol intake and/or substance abuse within the 

last 2 years or had a psychiatric or brain disorder diagnosis that could have caused the cognitive 

impairment. 
 

The PredictND cohort consisted of 144 participants from the PredictND study who also had a 2-

[18F]FDG-PET scan at baseline (119 participants from the Danish Dementia Research Centre at 

Copenhagen University Hospital, Rigshospitalet, Copenhagen, Denmark (RH) and 25 participants 

from the Department of Gerontology and Geriatrics at “S. Maria della Misericordia” Hospital, 

Perugia, Italy (PER)). Flow chart for the PredictND cohort is shown in Figure 5. 

At baseline, all participants underwent a standardized diagnostic program including medical 

history, physical and neurological examinations, cognitive testing with a neuropsychological test 

battery, blood screening and an MRI. On clinical indication, the standard diagnostic program 

was supplemented with ancillary investigations, such as further neuropsychological testing, CSF 

AD biomarkers, 2-[18F]FDG-PET, DAT-SPECT, and amyloid PET. 

After 12 months, the subjects had a standardized clinical follow-up visit including of a clinical 

interview with the patient, assessment of MMSE and CDR, and determination of a clinical 

follow-up diagnosis and disease course (progressed or stable). This follow-up diagnosis was used 

as reference diagnosis. 
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Figure 5. Flow chart for the PredictND cohort. 

 
1Specific inclusion criteria for this study cohort. 
*Follow-up diagnosis was made by an experienced dementia specialist according to clinical diagnostic criteria 
[3,24,37,50,57,105,136–139]. 
Abbreviations: Aβ = amyloid beta; CDR = clinical dementia rating; CSF = cerebrospinal fluid; DAT-SPECT = 
dopamine transporter single photon emission computed tomography; MMSE = mini-mental state examination; MRI 
= magnetic resonance imaging; n = number; PER = section of Gerontology and Geriatrics, University of Perugia and 
“S. Maria della Misericordia” Hospital of Perugia, Perugia, Italy; RH = memory clinic, Copenhagen University 
Hospital, Rigshospitalet, Copenhagen, Denmark; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D-glucose positron 
emission tomography; 
 
Furthermore, a prospective cohort of 18 healthy research volunteers was enrolled between 

August 2017 and May 2018 from the memory clinic at RH as part of the PredictND study. 

Subjects were included if they were > 60 years old and excluded if they had subjective cognitive 

decline. 

All volunteers underwent an assessment program included medical history, physical and 

neurological examinations, cognitive testing with a neuropsychological test battery, blood 

screening, an MRI, and a 2-[18F]FDG-PET. CSF AD biomarkers was collected by lumbar 

puncture as an optional ancillary investigation. 
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The exclusion criteria were abnormal performance on neuropsychological assessment and/or 

abnormal MRI, 2-[18F]FDG-PET and CSF AD biomarkers. 

3.1.2 The COP cohort 

The COP cohort consisted of 144 retrospectively identified patients diagnosed with AD, DLB, 

FTD, VaD, or SCD between 2009 and 2018 at four Danish memory clinics in the greater 

Copenhagen area (RH, Glostrup Hospital (GLO), Bispebjerg Hospital (BBH), and Roskilde 

Hospital (ROS)). Flow chart for the COP cohort is shown in Figure 6. 
 

At baseline, all patients underwent a standard diagnostic program including medical history, 

physical and neurological examinations, cognitive testing with MMSE, routine blood screening, and 

an MRI. On clinical indication, the standard diagnostic program was supplemented with ancillary 

investigations, such as further neuropsychological testing, CSF AD biomarkers, 2-[18F]FDG-PET, 

DAT-SPECT, and amyloid PET. The included patients had a minimum of clinical baseline data 

consisting of assessment with MMSE, an MRI, and a 2-[18F]FDG-PET. 

The clinical diagnosis was confirmed by an experienced dementia specialist based on all 

available clinical patient data including diagnostic test results from baseline to the most recent 

clinical follow-up. The confirmed diagnosis was used as reference diagnosis. 

3.1.3 Diagnostic criteria for reference diagnosis 

The syndrome diagnosis was established according to the clinical diagnostic criteria: the 

diagnosis of MCI was based on the Petersen and the national institute on aging-

Alzheimer's association (NIA-AA) criteria for MCI [18,25,140], and the diagnosis of dementia 

was based on the NIA-AA criteria for all-cause dementia [3]. The diagnosis of SCD was based 

on the subjective cognitive decline initiative criteria for SCD [17], when the criteria for MCI and 

dementia were not met [3,18,25,140] 

 

The etiological diagnosis was established according to the clinical diagnostic criteria: the NIA-

AA criteria for AD [3]; the DLB consortium criteria for DLB [105]; the working group on 

frontotemporal dementia and Pick’s disease criteria for FTD [50]; the national institute of 

neurological disorders and stroke and the association internationale pour la recherche et l-

enseignement en neurosciences criteria for VaD [57]; the NIA-AA and the international working 

group 2 criteria for mixed AD [3,24]; the Relkin criteria for idiopathic normal pressure 

hydrocephalus (NPH) [136]; the movement disorder society criteria for PDD [37]; the national 
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Figure 6. Flow chart for the COP cohort. 

 
1Patients were exclusively included for study II. 
* Reviewed by an experienced dementia specialist according to clinical diagnostic criteria [3,17,50–52,57,58,105] 
Abbreviations: Aβ42 = amyloid beta 1-42; AD = Alzheimer's disease; BBH = memory clinic, Copenhagen 
University Hospital, Bispebjerg Hospital, Copenhagen, Denmark; CSF = cerebrospinal fluid; DAT-SPECT = 
dopamine transporter single photon emission computed tomography; DLB = dementia with Lewy bodies; FTD = 
frontotemporal dementia; GLO = memory clinic, Glostrup Hospital, Copenhagen, Denmark; MRI = magnetic 
resonance imaging; n = number; RH = memory clinic, Copenhagen University Hospital, Rigshospitalet, 
Copenhagen, Denmark; ROS = memory clinic, Department of Neurology, Zealand University Hospital, Roskilde, 
Denmark; SCD = subjective cognitive decline; VaD = vascular dementia; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-
D-glucose positron emission tomography; 
 
institute of neurological disorders and stroke and the society for PSP criteria for PSP [137]; the 

Gilman criteria for MSA [138]; and the Riley & Lang criteria for CBD [139]. 

3.2 Study populations for each study 

Flow chart for the study populations for each study is shown in Figure 7. 
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Figure 7. Flow chart for study I, II, and III. 

 
Abbreviations: Aβ42 = amyloid beta 1-42; AD = Alzheimer's disease; CERAD = consortium to establish a registry 
for Alzheimer's disease; CSF = cerebrospinal fluid; CT = computed tomography; DAT-SPECT = dopamine 
transporter single photon emission computed tomography; DLB = dementia with Lewy bodies; FTD = 
frontotemporal dementia; MMSE = mini-mental state examination; MRI = magnetic resonance imaging; NPH = 
normal pressure hydrocephalus; n = number; ND = neurodegenerative disease; p-tau = phosphorylated tau at 
threonine 181; PET = positron emission tomography; RAVLT = Rey auditory verbal learning task; SCD = 
subjective cognitive decline; TMT = trail making test; VaD = vascular dementia; 2-[18F]FDG-PET = 2-[18F]fluoro-
2-deoxy-D-glucose positron emission tomography; 

 

3.2.1 Study population for study I 

The study population for study I consisted of 81 subjects suspected of having AD from the 

PredictND cohort. 

The subjects were included, if they had an MRI, a 2-[18F]FDG-PET, and measurement of CSF 

AD biomarkers. The subjects were excluded if the clinicians in the consensus group had prior 

clinical knowledge of the subject. 

Ancillary investigations of neuropsychological testing, DAT-SPECT, and psychiatric assessment 

were included if available. 
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3.2.2 Study population for study II 

The study population for study II consisted of 37 patients with DLB matched on age, gender, and 

MMSE with 37 patients with AD and 23 healthy, elderly controls from the PredictND and COP 

cohorts. 

The dementia patients were included, if they had a structural scan, a 2-[18F]FDG-PET image, and 

determination of the brain Aβ status, i.e. measurement of CSF Aβ42 or amyloid PET imaging. 

Additionally, patients with DLB also needed to have an abnormal DAT-SPECT scan to be 

included in the study. 

The healthy elderly controls were included, if they had a structural scan and a 2-[18F]FDG-PET. 

Measurements of CSF Aβ42 were included if available. 

3.2.3 Study population for study III 

The study population of study III consisted of 259 subjects diagnosed with either AD, DLB, 

FTD, VaD, or SCD from the PredictND and COP cohorts. 

The subjects were included, if they had a 3D T1-weighted MRI sequence with a slice thickness < 

2 mm and a 2-[18F]FDG-PET. Ancillary investigations of neuropsychological testing (MMSE 

test, consortium to establish a registry for Alzheimer's disease (CERAD) or Rey auditory verbal 

learning task (RAVLT) test, trail making test (TMT) A and B, and animal fluency test) and 

measurements of CSF Aβ42, t-tau, and p-tau were included if available. 

3.3 Diagnostic tests 

3.3.1 Cognitive tests 

The cognitive test scores were included when available. Global cognitive functioning was 

assessed with the MMSE [141]. The Addenbrooke’s cognitive examination (ACE) test battery 

was used to assess memory, language, and visuospatial functioning [142]. In the PredictND 

cohort, evaluation of dementia staging was assessed with the CDR scale [143]. 
 

All participants from the PredictND cohort underwent a comprehensive neuropsychological test 

battery including the MMSE as well as the TMT A and B, and the animal fluency test for 

assessment of language and executive functioning [144,145]. For assessment of episodic 

memory, the CERAD word list and delayed recall were used in RH [146], whereas the RAVLT 

immediate and delayed recall were used in PER [147]. To compare the episodic memory test 
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scores, z-scores for CERAD and RAVLT tests were standardized to the baseline mean and 

standard deviation. 

3.3.2 Cerebrospinal fluid biomarkers for Alzheimer's disease 

The CSF AD biomarker measures of Aβ42, t-tau, and p-tau was performed on clinical indication 

and included when available. The CSF AD biomarkers were obtained by lumbar puncture and 

CSF was drained into polypropylene tubes and analysed locally according to standard operating 

procedures. CSF concentrations of Aβ42, t-tau, and p-tau were measured using commercially 

available enzyme-linked immunosorbent assays (Innotest, Fujirebio, Europe, Ghent, Belgium). 

The local clinic-based cut-points for CSF AD biomarkers were used to define abnormal CSF 

values: Aβ42 values < 550 pg/mL, p-tau > 80 pg/mL, and t-tau > 400 pg/mL [148]. An abnormal 

concentration of CSF Aβ42 is indicated by Aβ+, whereas a normal concentration of CSF Aβ42 is 

indicated by Aβ−. 

3.3.3 Neuroimaging 

The MRI was acquired on clinical 1.0, 1.5 or 3.0 Tesla scanner systems. The three-dimensional 

T1-weighted gradient echo sequence and the fast fluid-attenuated inversion recovery (FLAIR) 

sequence were used for tissue-segmentation when available. 

Visual assessment of the MRI was performed by an experience neuroradiologist and described in 

a written clinical MRI rapport as part of the routine clinical work-up. 
 

2-[18F]FDG-PET images were performed on clinical GE Medical, Philips, and Siemens PET 

scanners according to the international practice guideline [103]. 

Visual assessment of 2-[18F]FDG-PET image was performed by an experienced nuclear 

medicine physician and described in a written clinical 2-[18F]FDG-PET rapport as part of the 

routine clinical work-up. 
 

The DAT-SPECT images were performed according to the international practice guideline [149]. 

Visual interpretation of the DAT-SPECT image was performed by an experienced nuclear 

medicine physician and described in a clinical written DAT-SPECT image report as part of the 

clinical work-up. Reduced symmetric or asymmetric tracer uptake in putamen and/or caudate 

nucleus was defined as abnormal, supported by the semiquantitative analysis of the specific 

binding ratio of striatum, caudate nucleus, and putamen relative to occipital cortex and the 

putamen/caudate nucleus uptake ratio [149,150]. 
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The amyloid PET images were acquired according to the international practice guidelines [151]. 

Visual interpretation of the amyloid PET image was performed by an experienced nuclear 

medicine physician and described in a clinical written amyloid PET image report as part of the 

clinical work-up. Visual interpretation of increased tracer uptake in at least two cortical AD 

specific regions at the level of or above white matter supported by cortex-to-cerebellar grey 

matter uptake ratio > 1.5 was defined as abnormal [151]. An abnormal amyloid PET image was 

indicated as Aβ+, whereas a normal amyloid PET was indicated as Aβ−. 

3.4 Study design for study I 

The diagnostic consensus evaluation was done in a three-step incremental process by two 

blinded, experienced dementia specialists (either BBA and KSF or SGH and KSF) as shown in 

Figure 8. In the first step, the evaluation was based on the standard diagnostic program without 

CSF AD biomarkers and 2-[18F]FDG-PET. In the second step, the result of the first biomarker 

(randomized to either CSF AD biomarkers or 2-[18F]FDG-PET) was added, and finally in the 

third step, the result of the second biomarker was added. After a minimum of six months, the 

same two clinicians evaluated the same patients in the three-step incremental process with 

addition of the biomarkers in reverse order. 

 

Figure 8. Flow diagram of the three-step incremental evaluation. 

The three-step incremental diagnostic consensus evaluation was done by two blinded dementia specialists. In the 
first step, the evaluation was based solely on the standard diagnostic program. In the second step, the first biomarker 
was added (randomized to either CSF AD biomarkers or 2-[18F]FDG-PET), and in the third step, the second 
biomarker was added. After 6 months, the same clinicians evaluated the same patients in the three-step incremental 
process with addition of the biomarkers in reverse order. 
Abbreviations: AD = Alzheimer's disease; CSF = cerebrospinal fluid; standard diagnostic program = medical 
history, physical and neurological examinations, cognitive testing, routine blood screening, and MRI; 2-[18F]FDG-
PET = 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
Figure from Gjerum et al., Manuscript, study I. 
 

All clinical data were presented as anonymized case reports of each patient from the baseline 

visit, including clinical notes, result of cognitive tests and blood samples, and clinical written 
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MRI reports. The CSF AD biomarkers and 2-[18F]FDG-PET images were presented separately in 

clinical written reports. The clinicians could inspect the images upon request. 
 

At each step the clinicians reached a consensus decision on (1) baseline etiological diagnosis and 

confidence in diagnosis reported as a numeric rating scale (NRS) score between 0-100, (2) 

prediction of disease course after 12 months reported as stable or progressed and confidence in 

prediction of disease course reported as a NRS score between 0-100, (3) change in antidementia 

medication, for instance cholinesterase inhibitors, (4) change in psychosocial interventions 

including case manager, speech therapy, and physiotherapy, and (5) need for ancillary 

investigations, for instance CSF AD biomarkers, 2-[18F]FDG-PET image, or other 

supplementary investigations such as DAT-SPECT, amyloid PET image, EEG, 

neuropsychologic assessment, and psychiatric assessment. 

3.5 Analysis for study II 

3.5.1 Analysis of quantitative CIS ratio 

The three-dimensional T1-weighted gradient echo sequence was segmented using FreeSurfer 

(version 5.3.0) [152] to generate region of interests (ROIs) of PCC, precuneus, cuneus, and 

cerebellar grey matter for each hemisphere based on the Desikan-Killiany Atlas. The segmented 

MRI was fused with 2-[18F]FDG-PET image to generate mean uptake volumes for the obtained 

ROIs. Only non-partial volume corrected PET data was used, as partial volume corrected by the 

Symmetric Geometric Transfer Matrix method [153] was not sufficiently robust. The mean 

standardized uptake value (SUV) of each region was normalized to cerebellum. In each hemisphere 

the ratio for the mean SUV in the PCC ROI was divided by the mean SUV in the combined 

precuneus plus cuneus ROIs, the quantitative CIS ratio was derived by averaging the ratios for each 

hemisphere [92]. 

3.5.2 Development and scoring of the visual CIS scale 

The visual CIS scale was developed and adjusted to the final version by two experienced nuclear 

medicine physicians (IL and OH) based upon 2-[18F]FDG-PET images from a training cohort of 

five DLB patients and ten AD patients with a wide range of CIS presentations. 

A standardized reading approach was used for scoring of the visual CIS scale: 2-[18F]FDG-PET 

image was displayed superimposed on the structural scan on a clinical workstation using 

SyngoVia (SyngoVia, MI Neurology, Siemens Healthcare, Erlangen, Germany). The image was 
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displayed in “PET Rainbow” in the three-way orthogonal view approximately along AC-PC 

plane with both sagittal and axial planes through PCC, precuneus, and cuneus with windowing 

adjusted to basal ganglia red and cerebellum green-to-yellow with red hues as shown in Figure 9. 

The visual CIS scoring was based on both sagittal and axial views. 

 

Figure 9. Standardized reading approach for scoring of the visual CIS scale. 

  
The MRI and 2-[18F]FDG-PET image are displayed in saggital and axial plane in SyngoVia with orientation through 
PCC (green), precuneus (yellow) and cuneus (red). 
Abbreviations: MRI = magnetic resonance imaging; PCC = posterior cingulate cortex; 2-[18F]FDG-PET = 2-
[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
Figure from Journal of the Neurological Sciences, 410; Gjerum L, Frederiksen KS, Henriksen OM, Law I, 
Anderberg L, Andersen BB, Bjerregaard E, Hejl A-M, Høgh P, Hasselbalch SG; A visual rating scale for cingulate 
island sign on 18F-FDG-PET to differentiate dementia with Lewy bodies and Alzheimer's disease; 116645, 2020, 
with permission from Elsevier. 
 

Scoring of the visual CIS scale was performed in the following order: 

First, the degree of hypometabolism in PCC, precuneus, and cuneus for each hemisphere was 

classified as “none”, “mild”, or “moderate-to-severe”. 

Second, the rating of CIS was based on the degree of hypometabolism in PCC, precuneus, and 

cuneus and the visual interpretation of the presence of CIS including the influence of central and 

cortical atrophy. CIS was rated for each hemisphere according to the following criteria: 

0 = absent (PCC similar or lower than precuneus and cuneus) 
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1 = intermediate (e.g. PCC hypometabolic, but less than precuneus and cuneus, or only 

precuneus lower than PCC) 

2 = present (typically PCC normal and both precuneus and cuneus lower) 

The rating was changed to 0, if the uptake in precuneus or cuneus was reduced due to adjacent 

leukoaraiosis or ischemia on the structural scan. 

Finally, the ratings from each hemisphere were summed to a visual CIS score. 

For clinical operationalization the visual CIS score was classified as: 

Score 0 = “no CIS” 

Score 1-2 = “possible CIS” 

Score 3-4 = “definite CIS” 

Three examples of scorings of the visual CIS scale are shown in Figure 10. 

3.5.3 Visual assessment of 2-[18F]FDG-PET images 

The visual assessment of 2-[18F]FDG-PET images was performed in the following order: First, 

scoring of the visual CIS scale, then assessment of occipital hypometabolism, and finally 

determination of the forced diagnosis. 

The visual interpretation was performed individually by two experienced nuclear medicine 

physicians (IL and OMH), who were blinded to all clinical data. In case of disagreements a 

consensus evaluation was performed between the two readers. 

The evaluation of occipital hypometabolism and forced diagnosis was based upon the 

standardized reading approach in SyngoVia including the statistical surface projection 

comparisons. The occipital hypometabolism was assessed in lateral and medial occipital cortices 

and rated as “present” or “absent”. The evaluation of the forced diagnosis was based on the 

overall visual interpretation of 2-[18F]FDG-PET image including typical features of DLB 

(predominant occipital involvement with no or minimal involvement of frontal or anterior 

temporal cortex) and typical features of AD (anterior temporal, mesial temporal, or AD-like 

parietotemporal hypometabolism with occipital sparing). The readers were forced to determine a 

diagnosis of the most likely etiology (“DLB”, “AD”, “other abnormal”, or “normal”). 
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3.6 Analysis for study III 

3.6.1 Analysis of MRI biomarkers 

The three-dimensional T1-weighted gradient echo sequence with slice thickness < 2 mm 

was used to derive the volumetric and morphometric biomarkers in the DSI classifier 

[129,130]. Volumes of 133 brain regions were extracted from the segmented T1-weighted 

image by a fully automatic multi-atlas segmentation algorithm [129] based on the 

Neuromorphometric atlases (Neuromorphometrics Inc, Massachusetts, USA). 

Volumes of 10 clinically relevant regions were included as MRI biomarkers: 

Hippocampus, temporal pole, whole cortex, frontal cortex, temporal cortex, medial 

temporal cortex, parietal cortex, occipital cortex, lateral ventricle, and inferior lateral 

ventricle. 

Additionally, four MRI biomarkers were derived from the segmented T1-weighted images: 

The anterior vs. posterior index (API-MRI) was derived as a z-score ratio between the 

segmented volumes of temporal and frontal lobe regions, and the segmented volumes of 

parietal and occipital lobe regions [154]. 

The two morphometric indices were used to quantify atrophy of the brain tissue. The VBM 

computed differences in local grey matter concentrations [155], whereas the TBM 

computed differences in local volumes [156]. Specific patterns of locations with significant 

differences in the local concentrations or volumes were defined for each pairwise 

diagnostic group, and the global VBM and TBM indices indicated the similarity of a 

patient image to these reference patterns [130]. 

The ROI-based grading measured the similarities of intensities within the ROIs to a 

reference image database of subjects with known diagnoses [131]. 

The vascular changes were quantified by segmentation of white matter hyperintensities and 

cortical and lacunar infarcts on FLAIR sequences [157]. The vascular burden was 

estimated as the summed volume of white matter hyperintensities and cortical infarcts 

combined with the weighted volume of lacunar infarcts [130]. 

3.6.2 Analysis of 2-[18F]FDG-PET biomarkers 

2-[18F]FDG-PET image was co-registered to the segmented MRI to generate uptake values 

from the segmented brain regions on 2-[18F]FDG-PET, i.e. 2-[18F]FDG-PET ROIs. The 

mean uptake value of each 2-[18F]FDG-PET ROI was normalized to the cerebellum. 
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Volumes of 12 clinically relevant regions were included as 2-[18F]FDG-PET biomarkers: 

Anterior cingulate gyrus, calcarine cortex, middle cingulate gyrus, posterior cingulate 

gyrus, precuneus, precentral gyrus, whole cortex, frontal cortex, temporal cortex, medial 

temporal cortex, parietal cortex, and occipital cortex. 2-[18F]FDG-PET biomarkers based 

on previous 2-[18F]FDG-PET studies demonstrating specific disease patterns of 

hypometabolism as hallmarks for AD, FTD, and DLB, respectively [3,34,50–52,158–163]. 

In addition, three 2-[18F]FDG-PET biomarkers were derived from the segmented 2-

[18F]FDG-PET image. The API-PET was defined as a z-scored ratio between the mean 

uptake in frontal and temporal lobe regions, and the mean uptake in parietal and occipital 

lobe regions, and is similar to and uses the same regions as the API-MRI [154]. The 

occipital vs. temporal index was derived as the uptake in occipital lobe region divided by 

the uptake in temporal lobe region. The biomarker was proposed to improve differentiating 

between AD and DLB, where the temporal region is often affected in AD and the occipital 

region is often affected in DLB, respectively [3,34]. The CIS ratio was derived as the 

uptake in PCC divided by the summed uptake in precuneus and cuneus [92]. 

3.6.3 Data analysis in the DSI classifier 

The DSI classifier is composed of two components: fitness and relevance [128]. Fitness is 

calculated for a biomarker or test result of the subject as f(x) = FN(x)/(FN(x)+FP(x), where 

FN is the false-negative error rate, and FP is the false-positive error rate in the reference 

data when using the biomarker or test result value x as a cut-off value in classification. 

Relevance is defined as the goodness of a biomarker or test result as 

sensitivity+specificity-1. 

A DSI value is calculated as a weighted average of fitness values: DSI = (relevance  

fitness)/ relevance. 

The volumetric imaging biomarkers were corrected for intracranial volume, age, and sex 

using the methods proposed in [164,165], while the other features were corrected for age 

and sex [165]. 

3.7 Statistical analysis 

An overview of the statistical analyses for each study is shown in Table 6. 

The differences between diagnostic groups were assessed with Kruskal-Wallis tests followed 

by Mann-Whitney post-hoc tests or one-way ANOVA tests followed by post-hoc unpaired t-

tests for continuous variables, and Pearson’s or Fischer’s Chi-square test for count variables, 
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where appropriate. The post-hoc tests were Bonferroni corrected in study I and III and Tukey 

corrected in study II. 

The balanced accuracy (bal. acc.) was calculated as the average of sensitivity and specificity 

for the cut-off score or pairwise comparison, and was computed to adjust the results for the 

imbalance number in the disease groups in the dataset [166]. 

 

Table 6. Overview of the statistical analyses for each study. 

Statistical analyses 
Study 

I 
Study 

II 
Study 

III 
Kruskal-Wallis, one-way ANOVA, and Chi-square tests with post-hoc 
Bonferroni corrections 

X  X 

Kruskal-Wallis, one-way ANOVA, and Chi-square test with post-hoc Tukey 
corrections 

 X  

McNemar’s test X   
Linear mixed model with post-hoc Bonferroni corrections X   
Cohens weighted Kappa  X  
Spearman’s correlation with false discovery rate corrections  X  
Sensitivity and specificity  X  
Bal. acc. and AUC  X X 
10-fold cross-validation   X 
Abbreviations: AUC = area under the curve; bal. acc = balanced accuracy; 
 

In study I, McNemar's test was used to evaluate the paired comparison between the baseline 

diagnoses, prediction of disease course, change in antidementia medication and psychosocial 

interventions, and need for further investigations. A linear mixed model with post-hoc 

Bonferroni corrections was used to estimate the effect of adding the two biomarkers 

individually on confidence for diagnosis. 
 

In study II, the interrater agreement was quantified by Cohen’s weighted Kappa. The 

Spearman’s correlation analysis was applied for comparing the quantitative CIS ratio values 

and the visual CIS scores, and for verifying the correlations between visual CIS score, MMSE 

score, age, education, and symptom duration for all subjects and DLB patients. For the latter, 

the Spearman correlation results were corrected by false discovery rate correction. The 

diagnostic accuracy for each binary disease group comparison was reported as sensitivity, 

specificity, bal. acc., and area under the curve (AUC). The optimal cut-off was established by 

maximizing the Youden index [167]. 
 

In study III, the 10-fold cross-validation approach was applied using the whole study 

population data (n = 259). The accuracy of each individual diagnostic test and each or 

combined diagnostic test group for pairwise comparisons was reported as bal. acc. and AUC 

based on the DSI values. 
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To obtain the optimal sets of diagnostic tests for each pairwise comparison, a feature selection 

method was applied to include only a subset of relevant diagnostic tests and exclude 

redundant or irrelevant diagnostic tests. The diagnostic tests with the highest accuracy were 

added one by one until the overall AUC did not increase as previously described [135]. The 

feature selection was first performed using complete cross-validation to produce unbiased 

classification results. After that, the feature selection was applied to all data without cross-

validation to produce single optimal feature set to show which features typically were 

selected. 
 

The statistical analyses were performed using SAS Studio software, version 9.4 (SAS Institute 

Inc., Cary, NC, USA). A MATLAB toolbox was used in the DSI analyses [168]. The analyses 

were performed in MATLAB, version R2015b (MathWorks, Natick, MA). 

A two-sided p-value < 0.05 was considered indicative of statistical significance. 

3.8 Ethical considerations 

All participants in the PredictND cohort gave a written informed consent as part of the 

inclusion in the PredictND study. The study was approved by the local Medical Ethical 

Committees: The Regional Committee on Medical Research Ethics of the Capital Region of 

Denmark (Approval no.: H-1-2014-126) and Italy (Approval no.: CEAS 2381/14). The Data 

Processing Agreement was approved by the Data Protection Agency in Denmark (Journal no.: 

2012-58-0004). 
 

The study of subjects from the COP cohort was approved by the Danish Patient Safety 

Authority (no. 3-3013-2703/1). Data was extracted from the Danish Clinical registries with 

approval from the Danish Clinical Quality Program – National Clinical Registries 

(DANDEM-2017-11-21). The Data Processing Agreement was approved by the Data 

Protection Agency in Denmark (Journal no.: 2012-58-0004). 
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4. Results 

The main findings for each study are presented in the following sections. For further 

details, please see Study manuscripts for Study I-III. 

4.1 Results for study I 

For this study, 81 subjects (36 AD, 6 DLB, 3 FTD, 4 atypical Parkinson, 1 with other ND, 

6 VaD, 4 NPH, 6 with other non-ND, and 15 SCD) were included. Based on the reference 

diagnosis, the subjects were divided into four groups: AD (AD, atypical AD, mixed AD); 

other ND (DLB, FTD, PSP, MSA, CBD, and other ND); non-ND (VaD, NPH, and other 

non-ND); and SCD. 
 

As shown in Table 7, seven patients were additionally classified correct after adding CSF AD 

biomarkers to the standard diagnostic program as compared to adding 2-[18F]FDG-PET (66 

vs. 59 patients, p = 0.09) due to a better recognition of AD and non-ND. The impact on 

diagnostic confidence was similar for adding the two biomarkers individually, apart from a 

significant increase in diagnostic confidence for correctly diagnosed AD after adding CSF 

 

Table 7. Added value of CSF AD biomarkers and 2-[18F]FDG-PET on diagnosis and 

diagnostic confidence. 

Diagnosis, n (%) 
All patients AD Other ND Non-ND SCD 

Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. 
Standard program + 
CSF AD 
biomarkers 

66 
(81) 

15 
(19) 

35 (97) 1 (3) 8 (57) 6 (43) 8 (50) 8 (50) 
15 

(100) 
0 

Standard program + 
2-[18F]FDG-PET 

59 
(73) 

22 
(27) 

32 (89) 4 (11) 8 (57) 6 (43) 5 (31) 
11 

(69) 
14 

(93) 
1 (7) 

Diagnostic confidence, mean NRS score ±SD 
Standard program + 
CSF AD 
biomarkers 

81±14 71±16 88±11* 85 79±16 72±15 66±14 69±18 76±11 NA 

Standard program + 
2-[18F]FDG-PET 

81±13 65±12 83±11 63±18 81±17 69±14 67±11 65±9 80±14 50 

*Statistical significantly different from 2-[18F]FDG-PET (p < 0.05). 
Abbreviations: AD = Alzheimer's disease; Cor. = correct; CSF = cerebrospinal fluid; Incor. = incorrect; n = 
number; ND = neurodegenerative disease; NA = not applicable; NRS = numeric rating scale; SCD = subjective 
cognitive decline; SD = standard deviation; standard program = standard diagnostic program including medical 
history, physical and neurological examinations, cognitive testing, routine blood screening, and MRI; 2-
[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
Modified table from Gjerum et al., Manuscript, study I. 
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AD biomarkers compared to adding 2-[18F]FDG-PET (mean NRS scores: 88±11 vs. 

83±11, p = 0.04). 
 

The clinical impact of adding the two biomarkers individually to a standard diagnostic 

program was similar for predicting disease course after 12 months (36 correctly classified 

patients for CSF AD biomarkers vs. 33 correctly classified patients for 2-[18F]FDG-PET, p 

= 0.32). Moreover, the impact on the clinicians’ confidence in the predicted disease course 

was similar for the two biomarkers. 
 

For correctly classified patients, the impact of adding CSF AD biomarkers and 2-

[18F]FDG-PET individually to a standard diagnostic program was similar for change in 

anti-dementia medication (13 vs. 11 patients, p = 0.66) and psychosocial interventions (12 

vs. 16 patients, p = 0.41) as shown in Table 8. After adding CSF AD biomarkers to the 

standard diagnostic program 24 patients (30%) changed to no need for ancillary 

investigations compared to 17 patients (21%) after adding 2-[18F]FDG-PET (p = 0.21). The 

total number of correctly classified AD patients with need for ancillary investigations was 

significantly reduced after adding CSF AD biomarkers to a standard diagnostic program 

compared to adding 2-[18F]FDG-PET (19 vs. 8 patients, p = 0.007). 

 

Table 8. Impact of CSF AD biomarkers and 2-[18F]FDG-PET on patient management. 

According to 
FU diagnosis 

All patients AD Other ND Non-ND SCD 
Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. 

Change in anti-dementia medication, n (%) 
Standard program + 
CSF AD biomarkers 

13 (16) 2 (2) 12 (33) 0 0 0 1 (6) 2 (13) 0 0 

Standard program + 
2-[18F]FDG-PET 

11 (14) 3 (4) 10 (28) 1 (3) 0 1 (7) 1 (6) 1 (6) 0 0 

Change in psychosocial interventions, n (%) 
Standard program + 
CSF AD biomarkers 

12 (18) 2 (2) 11 (31) 0 0 0 0 2 (13) 0 0 

Standard program + 
2-[18F]FDG-PET 

16 (20) 5 (6) 11 (31) 1 (3) 2 (14) 1 (7) 3 (19) 3 (19) 0 0 

Reduced need for ancillary investigations, n (%) 
Standard program + 
CSF AD biomarkers 

24 (30) 3 (4) 19 (53) *  0 0 1 (7) 2 (13) 2 (13) 3 (20) 0 

Standard program + 
2-[18F]FDG-PET 

17 (21) 1 (1) 8 (22) 0 1 (7) 1 (7) 0 0 6 (40) 0 

*Statically significant difference as compared 2-[18F]FDG-PET (p < 0.05). 
Abbreviations: AD = Alzheimer's disease; Cor. = correct; CSF = cerebrospinal fluid; FU = follow-up; Incor. = 
incorrect; n = number; ND = neurodegenerative disease; SCD = subjective cognitive decline; standard program = 
standard diagnostic program including medical history, physical and neurological examinations, cognitive 
testing, routine blood screening, and MRI; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D-glucose positron 
emission tomography; 
Table from Gjerum et al., Manuscript, study I. 
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4.2. Results for study II 

For this study, 97 subjects (37 DLB, 37 AD, and 23 controls) were included, but due to poor 

quality of three 2-[18F]FDG-PET images, two patients with DLB and one patient with AD 

were excluded. 

There were no significant differences in the baseline demographics between the two dementia 

groups (DLB and AD) after exclusion of the three patients, as shown in Table 9. 

 

Table 9. Baseline demographics for study II. 
 

AD DLB Controls 

Subjects, n 36 35 23 
Female, n (%) 11 (30.6%) 10 (28.6%) 8 (34.8%) 
Age, mean years ±SD 70.6 ±6.3 69.9 ±6.8 68.7 ±6.1 
MMSE, mean score ±SD 25.8 ±2.9* 26.3 ±3.2* 29.3 ±1.2  
Education, mean years ±SD 13.5 ±2.8 12.8 ±2.8* 14.5 ±2.4 
Symptom duration, mean years ±SD 3.1 ±3.1 2.9 ±2.8 NA 

*Statistical significantly different from controls (p < 0.05). 
Abbreviations: AD = Alzheimer's disease; DLB = dementia with Lewy bodies; MMSE = mini-mental state 
examination; n = number; NA = not applicable; SD = standard deviation; 
Modified table from Journal of the Neurological Sciences, 410; Gjerum L, Frederiksen KS, Henriksen OM, 
Law I, Anderberg L, Andersen BB, Bjerregaard E, Hejl A-M, Høgh P, Hasselbalch SG; A visual rating scale 
for cingulate island sign on 18F-FDG-PET to differentiate dementia with Lewy bodies and Alzheimer's 
disease; 116645, 2020, with permission from Elsevier. 
 
The interrater agreement of the visual CIS scores between the two readers was moderate-

to-high (Cohen’s weighted Kappa coefficient, κ = 0.73, 95% CI 0.63-0.83). The 

quantitative CIS ratio analysis was performed in the 77 subjects with a high-resolution 3D 

T1-weighted MRI sequence. The correlation between the visual CIS scores and the 

quantitative CIS ratio values was moderate (Spearman’s correlation coefficient, r = 0.60, 

95% CI 0.44-0.73; p < 0.0001). 
 

The median visual CIS score was significantly higher for DLB patients and the DLB 

subgroups (DLB Aβ− and DLB Aβ+) compared to both AD patients and controls (p < 

0.05). Whereas, the median visual CIS score was higher for DLB Aβ− patients compared 

to DLB Aβ+ patients reaching a trend level (p = 0.06) (Table 10). 
 

As shown in Table 11, a cut-off score ≥ 2 on the visual CIS scale had a sensitivity of 51%, 

a specificity of 92%, and a bal. acc. of 72% for DLB vs. AD, whereas a cut-off value of ≥ 

0.98 on the quantitative CIS ratio had a sensitivity of 88%, a specificity of 67%, and a bal. 

acc. of 77%. For DLB Aβ− vs. AD, a cut-off score of 4 on the visual CIS scale had a 

sensitivity of 63%, a specificity of 97%, and a bal. acc. of 80%, whereas a cut-off value of 
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Table 10. Visual CIS scores. 

 AD DLB Controls DLB Aβ− DLB Aβ+ 

Median score [IQR] 0 [0.5] 2 [4]* 0 [0] 4 [4]*‡ 1 [2.5]* 

*Statistical significantly different from AD and controls (p < 0.05). 
‡ Different from DLB Aβ+ at trend level (p = 0.06). 
Abbreviations: Aβ = amyloid beta; AD = Alzheimer's disease; CIS = cingulate island sign; DLB = dementia 
with Lewy bodies; IQR = interquartile range; 
Modified table from Journal of the Neurological Sciences, 410; Gjerum L, Frederiksen KS, Henriksen OM, 
Law I, Anderberg L, Andersen BB, Bjerregaard E, Hejl A-M, Høgh P, Hasselbalch SG; A visual rating scale 
for cingulate island sign on 18F-FDG-PET to differentiate dementia with Lewy bodies and Alzheimer's 
disease; 116645, 2020, with permission from Elsevier. 
 

≥ 1.04 on the quantitative CIS ratio had a sensitivity of 86%, a specificity of 87%, and a 

bal. acc. of 86%. When comparing the performance of the two methods by an AUC 

analysis, there were no significant difference, although the quantitative CIS ratio had a 

slightly better performance compared to the visual CIS scale. 

 

Table 11. Diagnostic accuracy of the visual CIS scale and quantitative CIS ratio. 

DLB versus AD Sens. Spec. Bal. acc. AUC (95% CI) 
Visual CIS score ≥ 2 51% 92% 72% 0.77 (0.64-0.89) 
Quantitative CIS ratio value ≥ 0.98 88% 67% 77% 0.82 (0.70-0.94) 
DLB Aβ− versus AD     
Visual CIS score = 4 63% 97% 80% 0.85 (0.71-0.99) 
Quantitative CIS ratio value ≥ 1.04 86% 87% 86% 0.88 (0.77-0.98) 
DLB Aβ+ versus AD     
Visual CIS score ≥ 1 56% 75% 66% 0.65 (0.45-0.85) 
Quantitative CIS ratio value ≥ 0.99 80% 77% 78% 0.74 (0.54-0.94) 
DLB Aβ− versus DLB Aβ+       
Visual CIS score = 4 60% 81% 70% 0.73 (0.52-0.93) 
Quantitative CIS ratio value ≥ 1.04 86% 50% 68% 0.66 (0.43-0.90) 
Abbreviations: Aβ = amyloid beta; AD = Alzheimer’s disease; AUC = area under the curve; bal. acc. = 
balanced accuracy; CI = confidence interval; CIS = cingulate island sign; DLB = dementia with Lewy 
bodies; Sens. = sensitivity; Spec. = specificity; 
Modified table from Journal of the Neurological Sciences, 410; Gjerum L, Frederiksen KS, Henriksen OM, 
Law I, Anderberg L, Andersen BB, Bjerregaard E, Hejl A-M, Høgh P, Hasselbalch SG; A visual rating scale 
for cingulate island sign on 18F-FDG-PET to differentiate dementia with Lewy bodies and Alzheimer's 
disease; 116645, 2020, with permission from Elsevier. 
 

4.3 Results for study III 

For this study, 259 subjects (90 AD, 41 DLB, 37 FTD, 25 VaD, and 66 SCD) were included. 

The pairwise comparison for each diagnostic test was presented as bal. acc. and AUC as 

shown in Table 12. Overall, the episodic memory tests had a high classification accuracy for 

distinguishing subjects with SCD from the dementia groups (bal. acc. ranging from 71%-

91%), whereas CSF AD biomarkers had a good accuracy for distinguishing AD from the 

other groups (bal. acc. ranging from 73%-84%), except CSF Aβ42 for AD vs. DLB (bal. acc. 
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of 50%). MRI biomarkers of vascular burden had a good accuracy for distinguishing VaD 

from the other groups (bal. acc. of 80%-89%). 2-[18F]FDG-PET biomarker occipital vs. 

temporal index had a high accuracy for distinguishing AD vs. DLB compared to the two 

supportive biomarkers for DLB, occipital hypometabolism and CIS (bal. acc.: occipital vs. 

temporal index: 79% vs. occipital hypometabolism: 62% vs. CIS: 67%). For AD vs. FTD, the 

CSF AD biomarkers and API-PET had a high accuracy, whereas API-MRI had a lower 

accuracy (bal. acc.: CSF AD biomarkers: 79%-83% vs. API-PET: 76% vs. API-MRI: 64%). 

 

Table 12. The pairwise comparison of individual diagnostic tests. 

Bal. acc./AUC 
AD 
vs. 

DLB 

AD 
vs. 

FTD 

AD 
vs. 

VaD 

AD 
vs. 

SCD 

DLB 
vs. 

FTD 

DLB 
vs. 

VaD 

DLB 
vs. 

SCD 

FTD 
vs. 

VaD 

FTD 
vs. 

SCD 

VaD 
vs. 

SCD 
Cognitive tests           

MMSE 59/58 39/36 55/54 85/89 56/59 56/54 71/79 52/53 79/88 83/89 
Memory (learning) 48/59 62/62 50/46 91/97 43/39 61/63 88/93 71/60 90/90 87/94 
Memory (recall) 64/68 66/67 59/58 89/96 51/51 56/49 85/92 64/54 84/89 81/90 
CSF           

Aβ42 50/50 79/82 78/86 83/89 79/77 75/81 81/84 57/57 60/63 57/55 
t-tau 77/80 83/84 80/83 84/88 58/56 61/55 61/58 29/27 33/35 35/33 
p-tau 73/76 83/90 82/88 78/88 63/66 69/63 64/57 11/4 51/62 20/21 
MRI           

Frontal cortex 59/62 55/58 57/59 71/74 63/69 68/69 59/64 41/34 70/78 72/77 
Temporal cortex 57/64 46/43 66/71 84/90 56/61 52/56 75/82 54/64 75/85 74/76 
Medial temporal 
cortex 

58/61 51/51 60/66 80/91 45/51 38/38 80/85 54/56 75/84 75/83 

Parietal cortex 48/48 56/63 54/58 68/74 59/67 50/48 68/74 68/72 62/65 76/81 
Occipital cortex 59/65 52/45 60/61 61/63 59/64 46/51 68/75 49/49 51/55 60/65 
API-MRI 62/63 64/70 56/58 61/64 76/79 41/35 44/43 72/78 74/82 34/32 
Vascular burden 45/46 51/50 82/89 63/69 59/59 80/85 64/70 83/89 67/69 89/93 
2-[18F]FDG-PET 
Frontal cortex 47/43 58/59 42/40 74/79 58/63 44/41 72/78 55/56 76/85 72/77 
Temporal cortex 56/57 55/58 61/67 80/86 45/42 56/60 80/86 56/58 76/80 67/73 
Medial temporal 
cortex  

62/62 63/69 57/59 75/83 76/80 66/71 82/89 55/57 68/71 70/72 

Parietal cortex 72/74 65/67 38/36 66/70 78/86 73/80 80/89 65/60 39/36 63/64 
Occipital cortex 62/68 58/58 59/67 70/78 71/76 44/37 63/62 68/74 74/81 62/62 
API-PET 75/81 76/86 59/62 47/43 92/97 83/90 82/87 74/80 79/88 60/61 
Occipital vs. 
Temporal index 

79/85 54/60 63/65 70/75 83/90 70/76 63/71 64/74 73/83 62/60 

CIS ratio 67/79 54/51 62/63 71/77 71/77 64/70 57/59 55/61 75/77 67/68 
The colors correspond to the bal. acc. for the pairwise comparison. Bal. acc. 85%–100% are highlighted in dark 
green. The gradually lighter shades of green indicate lower bal. acc. with white being at or below 50. Both bal. 
acc. and AUC are reported as percentage values (%). 
Abbreviations: Aβ42 = amyloid beta 1-42; AD = Alzheimer's disease; API = Anterior vs. posterior index; AUC 
= area under the curve; bal. acc. = balanced accuracy; CIS = cingulate island sign; CSF = cerebrospinal fluid; 
DLB = dementia with Lewy bodies; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D-glucose positron emission 
tomography; FTD = frontotemporal dementia; MMSE = mini-mental state examination; MRI = magnetic 
resonance imaging; p-tau = phosphorylated tau at threonine 181; ROC = receiver operating characteristic; SCD = 
subjective cognitive decline; VaD = vascular dementia; 
Table from Gjerum et al., Manuscript, study III. 
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The accuracies of the individual and combined groups of diagnostic tests for pairwise 

comparison are presented in Table 13. The addition of 2-[18F]FDG-PET biomarkers to 

cognitive tests, CSF and MRI biomarkers considerably improved the classification accuracy 

for all pairwise comparisons of DLB to other dementias (bal. acc.: DLB vs. AD from 64% to 

77%; DLB vs. FTD from 71% to 92%; and DLB vs. VaD from 71% to 84%). 

 

Table 13. The pairwise comparison of individual and combined diagnostic test groups. 

Bal. acc./AUC 
AD 
vs. 

DLB 

AD 
vs. 

FTD 

AD 
vs. 

VaD 

AD 
vs. 

SCD 

DLB 
vs. 

FTD 

DLB 
vs. 

VaD 

DLB 
vs. 

SCD 

FTD 
vs. 

VaD 

FTD 
vs. 

SCD 

VaD 
vs. 

SCD 

Cognitive tests 56/60 62/58 47/51 94/97 57/60 53/62 84/88 58/59 83/89 82/87 

CSF 76/78 90/94 85/84 85/93 79/80 68/75 81/82 28/32 55/51 47/49 

MRI 62/69 74/78 80/86 83/90 65/73 76/83 78/83 73/86 85/91 84/89 

2-[18F]FDG-PET 76/84 76/87 63/72 82/87 92/97 83/90 80/90 72/75 77/90 75/80 

Cognitive tests + CSF 70/73 90/94 85/84 94/97 74/75 66/71 84/88 58/59 83/89 82/87 

Cognitive tests + MRI 50/54 68/79 80/85 94/97 74/76 73/79 85/89 73/85 84/91 92/92 

Cognitive tests + 
2-[18F]FDG-PET 

78/84 77/87 64/68 94/97 92/97 87/89 86/88 63/71 80/88 82/87 

CSF + MRI 70/73 90/94 84/82 87/93 75/81 75/80 83/89 73/85 85/91 86/88 

CSF + 2-[18F]FDG-PET 80/88 90/94 85/84 85/93 92/97 83/88 84/89 70/74 77/90 75/80 

MRI + 2-[18F]FDG-PET 77/85 78/86 80/88 85/93 92/97 82/90 85/91 83/86 86/93 90/90 

Cognitive tests + 
CSF + MRI 

64/64 90/94 84/82 94/97 71/75 71/77 85/89 73/84 84/91 92/92 

Cognitive tests + 
CSF + 2-[18F]FDG-PET 

76/85 90/94 85/84 94/97 92/97 87/91 86/88 64/71 80/88 82/87 

Cognitive tests + 
MRI + 2-[18F]FDG-PET 

80/83 80/86 80/86 94/97 92/97 82/90 86/89 83/85 80/90 92/92 

CSF + MRI + 
2-[18F]FDG-PET 

75/85 90/94 81/81 92/94 92/97 82/90 85/91 83/86 86/93 89/88 

Cognitive tests + CSF + 
MRI + 2-[18F]FDG-PET 

77/87 90/94 81/81 94/97 92/97 84/90 86/89 83/85 80/90 92/92 

The colors correspond to the bal. acc. for the pairwise comparison. Bal. acc. 85%–100% are highlighted in dark 
green. The gradually lighter shades of green indicate lower bal. acc. with white being at or below 50. Both bal. 
acc. and AUC are reported as percentage values (%). 
Abbreviations: AD = Alzheimer's disease; AUC = area under the curve; bal. acc. = balanced accuracy; CSF = 
cerebrospinal fluid; DLB = dementia with Lewy bodies; FTD = frontotemporal dementia; MRI = magnetic 
resonance imaging; ROC = receiver operating characteristic; SCD = subjective cognitive decline; VaD = 
vascular dementia; 2-[18F]FDG-PET = 2-[18F]fluoro-2-deoxy-D glucose positron emission tomography; 
Table from Gjerum et al., Manuscript, study III. 
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Furthermore, 2-[18F]FDG-PET biomarkers combined with CSF and MRI biomarkers had a 

high performance for distinguishing FTD from the other dementia groups (bal. acc. ranging 

from 83%-92%), whereas combined 2-[18F]FDG-PET and MRI biomarkers were useful to 

distinguish VaD from the other dementia groups (bal. acc. ranging from 80%-90%). 
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5. Discussion 

5.1 Summary of key findings: 

This PhD project had three main findings. First, the clinical value of adding CSF AD 

biomarkers to a standard diagnostic program was higher for corroborating the AD diagnosis 

compared to adding 2-[18F]FDG-PET in patients suspected of having AD. Second, the visual 

CIS scale was able to differentiate patients with DLB from patients with AD and controls, and 

the presence of Aβ pathology seemed to influence the degree of CIS in patients with DLB. 

Third, 2-[18F]FDG-PET biomarkers, particularly API-PET and occipital vs. temporal index, 

improved the classification accuracy for both FTD and DLB as compared to AD using a DSI 

classifier. 

These key findings will be discussed in the following sections. For further details, please 

see Study manuscripts for Study I-III. 

5.2 Comparison of clinical value of CSF AD biomarkers and 2-[18F]FDG-PET 

The CSF AD biomarkers have a well-established, supportive role for the diagnosis of AD 

[3,121], whereas the clinical value of differentiating AD from other non-AD 

neurodegenerative dementias such as DLB and FTD are less established. On the other 

hand, 2-[18F]FDG-PET is a promising supportive biomarker in the differential diagnosis of 

neurodegenerative disorders by demonstrating specific patterns of hypometabolism in both 

AD, FTD, and DLB [3,24,34,51,52]. However, the knowledge of the clinical added value 

of one biomarker over another in clinical practice is less established. 
 

In study I, the clinical value of adding 2-[18F]FDG-PET and CSF AD biomarkers 

individually to a standard diagnostic program including MRI was comparable with regards 

to diagnosis, prognosis, and patient management. Although CSF AD biomarkers 

potentially had a higher clinical value in confirming the AD diagnosis as indicated by a 

higher diagnostic confidence and a more reduced need for ancillary investigations for AD 

patients compared to 2-[18F]FDG-PET. This was somewhat expected as CSF AD 

biomarkers have a more established role as supportive biomarker for in subjects suspected 

of having AD. 

However, it was rather unexpected that 2-[18F]FDG-PET had a limited clinical value for 

other ND diagnoses including DLB and FTD considering that disease-specific metabolic 
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patterns have been shown to distinguish between AD, DLB, and FTD on 2-[18F]FDG-PET 

[3,24,34,51,52]. Moreover, a previous study found a specificity greater than 95% in the 

differential diagnosis of AD towards other dementias based on 2-[18F]FDG-PET diagnosis 

in a study cohort of early-onset AD and other dementias (mean age (SD): 60 ±4 years) 

[169]. 

The lower diagnostic accuracy for 2-[18F]FDG-PET in this study may be caused by an 

overlap of the AD-like patterns of temporoparietal hypometabolism between AD and CVD 

[29]. Moreover, the lack of distinct, hypometabolic patterns for non-ND cases including 

VaD and NPH, which amounted to almost 20% of this study cohort. Finally, the findings 

of 2-[18F]FDG-PET images were given in a clinical written 2-[18F]FDG-PET rapport as 

part of the routine clinical work-up, which may be less sensitive to subtle disease-specific 

patterns compared to quantitative methods. 

5.3 The visual CIS scale 

The CIS on 2-[18F]FDG-PET is a supportive biomarker for DLB [34], and previous studies 

have demonstrated that the CIS ratio is higher in DLB patients compared to AD patients 

using various quantitative methods [92–96,99]. A previous study by Lim et al. found that 

visual assessment of CIS had a higher diagnostic accuracy compared to the quantitative 

CIS ratio in distinguishing DLB patients from AD patients [92]. However, there are no 

established visual criteria for the degree of CIS, even though visual rating of other 

neuroimaging biomarkers and modalities are commonly used and has proven to be a fast, 

reliable and reproducible method in clinical practice [74,170,171]. 
 

In this study, the proposed visual CIS scale was able to distinguish DLB patients and AD 

patients with a sensitivity of 52% and a sensitivity of 92% using a cut-off visual CIS score 

≥ 2. In comparison, Lim et al. found that a visual assessment of CIS (dichotomized rating – 

absent or present) had a specificity of 100% and a sensitivity ranging from 62% to 86% for 

distinguishing DLB from AD [92]. The lower diagnostic accuracy may be explained by the 

inclusion of study population with a more uncharacteristic presentation considering that the 

included dementia patients had examinations with supplemental diagnostic test 

(determination of Aβ status and DAT-SPECT scan) on clinical indication. 
 

Another finding was that coexisting Aβ pathology in DLB patients seemed to influence the 

degree of CIS. This was indicated by the finding of DLB Aβ− patients with the highest 

median visual CIS score, followed by DLB Aβ+ patients, lastly the AD patients, although 
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the difference only reached a trend level (p = 0.06) between DLB Aβ+ patients and DLB 

Aβ− patients. On the other hand, the association between CIS and coexisting Aβ pathology 

was not substantiated using the quantitative CIS ratio in this study and two previous studies 

consisting of a smaller study of 10 DLB patients [172] and a larger study of 39 DLB 

patients [93]. The differences between the findings for the visual CIS scale and the 

quantitative CIS ratios could not fully be explained by metrics variations, although this 

may to some extent have an impact [75]. However, the finding that Aβ pathology may 

influence the presence of CIS needs to be elucidated in further studies. 
 

The visual CIS scale had a similar diagnostic accuracy compared to the quantitative CIS 

ratio in distinguishing DLB patients from AD patients, but from a clinical perspective a 

visual rating scale is advantageous compared to a quantitative method for several reasons. 

Using a quantitative method to assess CIS is time-consuming and the diagnostic accuracy 

depends on the acquisition and processing of the MRI and 2-[18F]FDG-PET image and 

usage of specific software, which may vary across centres [75]. In contrast, a visual rating 

scale for CIS can be implemented as a fast-diagnostic adjunct to the standard visual 2-

[18F]FDG-PET image evaluation across centres without additional software. Moreover, the 

implementation of the visual CIS scale in a routine practice is potentially valuable 

considering that visual features such as cingulate hypometabolism appear to be 

underreported and missed on the clinical interpretation of 2-[18F]FDG-PET scans of 

patients with DLB [173]. 

5.4 Evaluation of 2-[18F]FDG-PET in the DSI classifier 

Previous studies have demonstrated the usefulness of the DSI classifier in the differential 

diagnosis of dementia using different combinations of cognitive tests, CSF AD biomarkers, 

and automatic and visual MRI quantification features [130,132,134,135]. However, the 

diagnostic sensitivity for DLB and FTD was suboptimal with many cases being 

misclassified as AD. Until now, the DSI classifier has not included 2-[18F]FDG-PET data. 
 

In study III, 2-[18F]FDG-PET biomarkers improved the classification accuracy for DLB 

and FTD, both individually and combined with cognitive tests, CSF and MRI biomarkers. 

Particularly, the two proposed disease-specific 2-[18F]FDG-PET biomarkers, the API-PET 

and the occipital vs. temporal index. 

The API-PET was included to demonstrate a specific pattern of reduced metabolism in 

frontotemporal regions and relative preserved metabolism in posterior region as seen in 
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many FTD patients [11,51,174]. The API-PET is similar to and uses the same regions as 

API-MRI, which has demonstrated a good classification accuracy for differentiating FTD 

from AD [135,154]. When comparing the API-PET and the API-MRI for differentiating 

FTD from the other groups, the API-PET had higher balanced accuracies ranging from 

74% to 92% in comparison to the API-MRI with balanced accuracies ranging from 64% to 

76%, suggesting that 2-[18F]FDG-PET may outperform MRI with regards to specific FTD 

patterns. 

The occipital vs. temporal index was included to improve the differentiation of DLB from 

AD. This 2-[18F]FDG-PET biomarker was the diagnostic tests with the highest diagnostic 

accuracy for pairwise comparison of AD vs. DLB (AUC of 85%), and the feature 

outperformed both occipital hypometabolism (AUC of 68%) and CIS ratio (AUC of 79%). 

The accuracies of occipital hypometabolism and CIS ratio were lower than expected as 

previous 2-[18F]FDG-PET studies have found accuracies between 73%-97% for occipital 

hypometabolism [92,95,163,175–179] and an accuracy of 92% for the CIS ratio in 

differentiating DLB from AD [95]. The lower accuracy in this study may reflect that the 

included patients may have a more uncharacteristic presentation due to selection bias, 

where 2-[18F]FDG-PET was used as a supplemental diagnostic test for patients with an 

uncertain diagnosis after disclosure of standard diagnostic tests such as MRI and cognitive 

tests. Moreover, differences in the quantitative analyses may also have an impact on the 

performance [75]. 

5.5 Strengths and limitations 

The three studies focused on developing three disease-specific 2-[18F]FDG-PET 

biomarkers and evaluating the clinical impact of 2-[18F]FDG-PET. This approach has 

several methodological considerations, which are described in the following. 

5.5.1 Strengths 

The strengths of the studies were the inclusion of a relatively large study population 

examined with a comprehensive standard diagnostic program and confirmation of the 

clinical diagnosis by experienced dementia specialists. In addition, the setting in the three 

studies reflected a clinically relevant setting by including study participants that were 

representative of a mixed memory clinic population rather than a homogenous research 

population. Moreover, the included data represented commonly used diagnostic tests in a 

routine memory clinic setting, and the ancillary investigations with 2-[18F]FDG-PET and 
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CSF AD biomarkers were performed on a clinical indication reflecting the recommended 

use. 

In study II, the included DLB patients had an abnormal DAT-SPECT, which is an 

indicative biomarker of DLB [34]. In study III, all available diagnostic tests were included, 

and cases with incomplete data were not excluded as the DSI classifier can deal with 

missing data. 

5.5.2 Limitations 

Some limitations must be considered for the three studies. One limitation for the three 

studies and for other similar studies is the absence of a neuropathologic validation 

diagnosis. Even though the reference diagnosis was based on all available clinical patient 

data at follow-up and established on the clinical diagnostic criteria by experienced 

dementia specialists, there is a risk of misclassification. Clinicopathological studies have 

found a correlation between clinical and neuropathological diagnoses of 70% to 90% for 

AD, whereas the correlation was significantly lower varying between 40% and 75% for 

DLB, FTD, and VaD [23,41,123,180,181]. Furthermore, mixed pathologies have been 

identified as one of the most common neuropathologic diagnosis, particularly in older 

persons with dementia [68], which is difficult to determine clinically. However, in study II, 

the included DLB patients had an abnormal DAT-SPECT and determination of the brain 

Aβ status to account for the clinicopathological spectrum of DLB [33]. 
 

Another limitation is the risk of circular evidence considering that the clinical reference 

diagnosis was supported and reinforced by the available diagnostic tests and biomarkers. 

However, in study III, the derived automatic neuroimaging biomarkers were not used for 

clinical diagnosis. Moreover, due to the limited availability of FTD and DLB cases, cross-

validation was used in study III, which may lead to an overfit of the results in the absence 

of an individual validation cohort. On the other hand, the objective of this study was to 

explore the clinical impact of commonly used diagnostic tests and 2-[18F]FDG-PET 

biomarkers in the differential diagnosis of dementia and obtain information about their 

relative performance, and not to get precise accuracy estimates. 
 

Additionally, like other clinical-based patients cohort studies where the supplementary 

diagnostic tests are performed on clinical indication, the three studies explicitly include 

subjects with examination of 2-[18F]FDG-PET imaging leading to a potential selection 

bias. Another potential selection bias concerns that most of the subjects were included 
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from RH, which is a tertiary memory clinic with a higher proportion of patients with 

complex clinical presentations. Consequently, it may be the case that the findings to some 

extent reflect sample-specific characteristics and hence are difficult to generalize. On the 

other hand, the use of 2-[18F]FDG-PET is specifically recommended in the cases where 

diagnosis remains unclear after standard diagnostic work-up, and therefore this is the 

clinical relevant subgroup to evaluate the impact of 2-[18F]FDG-PET [85]. 
 

Finally, some limitations regarding metrics should also be mentioned. First, the evaluation 

and interpretation of the biomarkers were deliberately based on clinical routine procedures 

and locally determined cut-points, which may however, lessen the generalization to other 

centres in the absence of a standardized operating procedure for the biomarkers [75]. 

Moreover, several different scanners were used given that the clinical diagnostic work-up 

was performed across several centres, which lead to exclusion of some subjects in study III 

due to specific criteria for MRI. However, the different scanners did not have an impact on 

the other studies considering that visual assessment of neuroimaging including visual 

ratings has the advantage of being robust for scanner differences. 
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6. Conclusions and perspectives for further 

research 

2-[18F]FDG-PET has achieved an emerging role in clinical settings and become an established 

biomarker in the identification and differential diagnosis of dementia. However, the clinical 

value of 2-[18F]FDG-PET in the diagnosis of dementia in the clinical decision-making is not 

completely clarified. Furthermore, there is a limited knowledge on how to weigh and 

prioritize the biomarkers to optimize the clinical diagnosis of dementia. 
 

The main findings and perspectives were: 

 Overall, 2-[18F]FDG-PET provided diagnostically useful information in the 

differential diagnosis of dementia, although the diagnostic value seemed to depend 

on the diagnostic groups and metrics. The addition of disease-specific 2-[18F]FDG-

PET biomarkers were promising features to increase the diagnostic classification 

accuracy for DLB and FTD as compared to AD. Diagnosing DLB and FTD can be 

challenging due to the sparse disease-specific biomarkers, and complicated by a 

clinical and pathological overlap with other subtypes of dementia. However, using 

disease-specific 2-[18F]FDG-PET biomarkers may be valuable for clinicians in 

decision-making to improve the differential diagnosis of dementia. 

 The main finding in study I was that CSF AD biomarkers seemed to have a higher 

clinical impact on corroborating the diagnosis of AD in comparison to 2-[18F]FDG-

PET. This was demonstrated by a slightly higher diagnostic classification accuracy 

together with a higher diagnostic confidence and a more reduced need for ancillary 

investigations for correctly classified AD when adding CSF AD biomarkers as 

compared to adding 2-[18F]FDG-PET. Furthermore, the addition of 2-[18F]FDG-

PET to CSF AD biomarkers were of limited value. The finding adds some 

knowledge to the first choice of the two supportive biomarkers in the diagnostic 

algorithm, as most memory clinics have implemented a stepwise approach of the 

diagnostic work-up. 

 The main findings in study II were that the visual CIS scale was relatively robust 

and applicable to evaluate the presence of CIS from clinically acquired 2-

[18F]FDG-PET images, and DLB patients had a significantly higher visual CIS 
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score compared to AD patients. In perspective, the visual CIS scale can be 

integrated as a fast and easy-applicable part of the routine visual assessment of 2-

[18F]FDG-PET images to provide diagnostic useful information to support the 

differentiation of DLB from AD. 

 The main findings in study III were that the proposed disease-specific 2-[18F]FDG-

PET biomarkers, that is the API-PET and occipital vs. temporal index, improved 

the classification accuracy for both FTD and DLB, especially as compared to AD 

using the DSI classifier. Moreover, specific combinations of biomarkers and 

diagnostic tests were valuable to differentiate specific subtypes of dementia. In 

perspective, the additional information from 2-[18F]FDG-PET and addition of 

disease-specific 2-[18F]FDG-PET biomarkers may support clinicians in the 

differential diagnosis of dementia. 
 

In conclusion, the addition of 2-[18F]FDG-PET is valuable in the clinical decision-making, 

especially the addition of disease-specific 2-[18F]FDG-PET biomarkers have a significant 

clinical impact in identifying DLB and FTD. 

Future studies are needed to validate the novel disease-specific 2-[18F]FDG-PET 

biomarkers, that is the visual CIS scale and the automated API-PET and occipital vs. 

temporal index, in larger, prospective mixed memory cohorts. Moreover, the visual CIS 

scale should also be assessed by less experienced readers. And it should also be further 

investigated if the degree of CIS is associated with the presence of Aβ pathology in DLB 

patients as this is not completely clarified. 

Furthermore, future studies should compare the clinical value of 2-[18F]FDG-PET and CSF 

AD biomarkers in a larger study with less experienced clinicians, in addition to an 

evaluation of the cost vs. benefit to optimize the biomarkers in diagnosis of dementia 

disorders. 

Finally, it should be assessed further if data-driven diagnostic tools such as the DSI 

classifier supports the clinicians in prioritization and weighing of the biomarkers in the 

diagnostic work-up. 
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ABSTRACT 

 

BACKGROUND The two biomarkers 2-[18F]FDG-PET and cerebrospinal fluid 

biomarkers are both recommended to support the diagnosis of Alzheimer's disease. 

However, there is a lack of knowledge for the comparison of the two biomarkers in a 

routine clinical setting.  

 

OBJECTIVE The aim of this study was to compare the clinical value of adding 2-

[18F]FDG-PET and cerebrospinal fluid biomarkers to a standard program.  

 

METHOD Eighty-one patients suspected of having Alzheimer's disease were include 

from the Copenhagen Memory Clinic. As part of the clinical work-up all patients had a 

standard program examination including MRI and ancillary investigations with 2-

[18F]FDG-PET and cerebrospinal fluid biomarkers. A three-step incremental evaluation 

was done by two blinded dementia specialists to reach consensus decision on diagnosis, 

prediction of disease course, and change in patient management. Confidence in the 

decision was measure on a numeric rating scale (0-100). A clinical follow up after 12 

months was used as reference for diagnosis and disease course.   

 

RESULTS The two biomarkers had a similar clinical value across all diagnosis when 

added individually to the standard program. However, for the correctly diagnosed patient 

with Alzheimer's disease cerebrospinal fluid biomarkers had a significantly higher impact 

on diagnostic confidence (mean scores±SD: 88±11 vs. 83±11, p=.04) and a reduced need 

for ancillary investigations (19 vs. 8 patients, p=.007) compared to 2-[18F]FDG-PET. 

 

CONCLUSION The two biomarkers had similar clinical value across all diagnosis, but 

cerebrospinal fluid biomarkers seemed to have more significant value in corroborating the 
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INTRODUCTION 

Correct diagnosis of dementia can be challenging due to clinical heterogeneity as well as a 

considerable clinical overlap between various subtypes of dementia. The use of biomarkers 

are recommended as a supplement in the clinical evaluation to improve the diagnostic 

accuracy [1,2]. 

Brain imaging with positron emission tomography using 2-[18F]fluoro-2-deoxy-D-glucose 

as tracer (2-[18F]FDG-PET) is a biomarker of neurodegeneration [3]. Distinct patterns of 

hypometabolism in Alzheimer's disease (AD), frontotemporal dementia (FTD), and 

dementia with Lewy bodies (DLB) are seen on 2-[18F]FDG-PET. Therefore, 2-[18F]FDG-

PET is included in the supportive criteria for both AD, FTD, and DLB [3–7]. In addition, 

previous studies have suggested that 2-[18F]FDG-PET may facilitate an earlier detection of 

neurodegeneration compared to magnetic resonance imaging (MRI), considering 

hypometabolism on 2-[18F]FDG-PET often precede atrophy on MRI [8–12]. 

AD biomarkers measured in cerebrospinal fluid (CSF), i.e. beta-amyloid 1-42 (Aβ42), total 

tau, and phosphorylated tau at threonine 181 (p-tau), reflect both specific AD pathology as 

well as neurodegeneration [13]. In addition, the CSF AD biomarkers can also to some 

extent be useful to determine the possibility of AD for the differential diagnostic 

evaluation [4,14–17]. 
 

2-[18F]FDG-PET and CSF AD biomarkers are both recommended as ancillary 

investigations to the diagnostic evaluation of patients suspected of AD, if the diagnosis is 

uncertain or the clinical presentation is atypical [7,18–20]. Furthermore, there is a growing 

attention on the clinical value of neuroimaging and CSF biomarkers as potential markers of 

disease progression, which may be useful in clinical practice for counselling and 

supporting patients and caregivers, as well as outcome measures for clinical trials [21]. 

Currently, few studies have directly compared the diagnostic value of 2-[18F]FDG-PET and 

CSF AD biomarkers [22–25]. Hence, conclusions regarding the added value of one 

biomarker over another in clinical practice are unclear. 

The objective of the study was to carry out a head-to-head comparison of the added clinical 

value of 2-[18F]FDG-PET and CSF AD biomarkers to a standard program on diagnosis, 

prognosis, and patient management. This was examined in patients suspected of AD with 

diagnostic uncertainty in a specialized memory clinic setting. 
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METHODS 

Study population 

In this study, we included 81 patients suspected of having AD from the PredictND study, 

who were referred to the Copenhagen memory clinic, Copenhagen University Hospital, 

Rigshospitalet, Copenhagen, Denmark between March 2015 and June 2016. The 

Copenhagen memory clinic is a specialized multidisciplinary clinic that offers diagnostic 

evaluation and treatment of dementia disorders on secondary and tertiary referrals from 

general practitioners, neurologists, psychiatrists and other hospitals. 

The main inclusion criteria for the PredictND study was suspicion of having cognitive 

complaints due to neurodegenerative disease (ND), a mini-mental state examination 

(MMSE) score ≥ 18, a clinical dementia rating (CDR) global score ≤ 1.0, and no major 

brain disorders, psychiatric disorders or excessive substance abuse [26]. In the PredictND 

study, the participants were followed with a standardized clinical follow-up for at least 12 

months. 

To be eligible for inclusion in the present study, subjects had to have both 2-[18F]FDG-

PET image and measurement of CSF AD biomarkers. The patients were excluded if the 

clinicians in the consensus group had prior clinical knowledge of the patient (Flow 

diagram of the study population is shown in Supplementary Figure 1A). 

All participants gave written informed consent, and the study was approved by the Danish 

National Committee on Health Research (no. H-1-2014-126). 
 

Clinical examinations and supplementary investigations 

All patients in the study underwent a standard program for dementia including medical 

history, physical and neurological examinations, cognitive testing (i.e. MMSE [27] and 

Addenbrooke's cognitive examination (ACE) [28]), routine blood screening, and MRI. 2-

[18F]FDG-PET and CSF AD biomarkers were added to the standard program on clinical 

indication, when the diagnosis was uncertain. In this specialized memory clinic, 2-

[18F]FDG-PET was commonly added as first choice biomarker, whereas CSF AD 

biomarkers were added on clinical indication for AD if the diagnosis was uncertain. 

Additional investigations of dopamine transporter single photon emission computed 

tomography (DAT-SPECT) (n=8), neuropsychological assessment (n=78) and psychiatric 

assessment (n=4) were performed if clinically indicated. A subgroup of the patients 

underwent amyloid PET imaging (n=8), but this information was not used in the diagnostic 

evaluation. 
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Magnetic resonance imaging 

MRI was performed on a clinical 1.5 or 3.0 Tesla system. The scan included a three-

dimensional T1-weighted magnetization-prepared rapid acquisition gradient echo sequence 

and a T2-weighted fluid attenuation inversion recovery sequence. Each scan was evaluated 

by an experienced neuroradiologist in a written report as part of the clinical routine. 
 

Cerebrospinal fluid 

The CSF AD biomarkers (Aβ42, total tau, and p-tau) were analysed with enzyme-linked 

immunosorbent assay using commercially available kits (Innotest, Fujirebio, Europe, 

Ghent, Belgium). CSF AD biomarkers were considered as abnormal based on the local 

clinical cut-off-values for each biomarker, i.e. Aβ42 values <550 pg/mL, p-tau levels >80 

pg/mL, and t-tau >400 pg/mL [29]. 
 

18F-fluorodeoxyglucose positron emission tomography 

PET images were acquired using clinical PET/CT or PET/MRI systems after an 

intravenous bolus of 200-300 MBq 2-[18F]FDG as a 10 min static scan during the 40-60 

min post-injection time window. The 2-[18F]FDG-PET image was co-registered to the 

structural scan (i.e. low-dose CT, non-enhanced diagnostic CT or MRI) in a clinical 

standardized reading approach in SyngoVia (SyngoVia, MI Neurology, Siemens 

Healthcare, Erlangen, Germany). The PET image was analysed using clinically routine 

quantification methods, i.e. the statistical parametric mapping and statistical surface 

projects were performed using Scenium in comparison with a database of healthy subjects 

together with a visual inspection. The 2-[18F]FDG-PET image was evaluated by an 

experienced nuclear medicine physician in a written report as part of the clinical routine. 
 

Study design 

As shown in Figure 1, the evaluation was done in a three-step incremental process by two 

blinded, experienced dementia specialists (either BBA and KSF or SGH and KSF). In the 

first step, the evaluation was based on the standard program without CSF AD biomarkers 

and 2-[18F]FDG-PET. In the second step, results of the first biomarker (randomized to 

either CSF AD biomarkers or 2-[18F]FDG-PET) was added, and finally in the third step, 

the result of the second biomarker was added. Imaging results were presented as written 

reports, but upon request the clinicians could inspect the images. After a minimum of six 

months, the same two clinicians evaluated the same patients in the three-step incremental 

process with addition of 2-[18F]FDG-PET and CSF AD biomarkers in reverse order. 
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Figure 1. Flow diagram of the three-step incremental evaluation. 

 
Abbreviations: AD: Alzheimer's disease; CSF: cerebrospinal fluid; standard program: medical history, 
physical and neurological examinations, cognitive testing, routine blood screening, and MRI; 2-[18F]FDG-
PET: 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
The three-step incremental diagnostic consensus evaluation was done by two blinded dementia specialists. In 
the first step, the evaluation was based solely on the standard program. In the second step, the first biomarker 
was added (randomized to either CSF AD biomarkers or 2-[18F]FDG-PET), and in the third step, the second 
biomarker was added. After 6 months, the same clinicians evaluated the same patients in the three-step 
incremental process with addition of the biomarkers in reverse order. 
 

At each step the clinicians reached a consensus decision on (1) baseline etiological 

diagnosis and confidence in the diagnosis reported as a numeric rating scale (NRS) score 

between 0-100; (2) prediction of disease course after 12 months reported as stable or 

progressed and confidence in the prediction of disease course reported as a NRS score 

between 0-100; (3) change in antidementia medication, for instance cholinesterase 

inhibitors; (4) change in psychosocial interventions including case manager, speech 

therapy, and physiotherapy; and (5) need for ancillary investigations, for instance CSF AD 

biomarkers, 2-[18F]FDG-PET, or other supplementary investigations such as DAT-SPECT, 

PET amyloid scan, electroencephalography, neuropsychologic assessment, and psychiatric 

assessment. 

The reference diagnosis and disease course were determined by an experienced dementia 

specialist based on the clinical impression at a 12 months follow-up visit including clinical 

interview with the patient, assessment of MMSE and CDR, and all available clinical 

patient data as described in [26]. 
 

Diagnostic criteria 

The patients were diagnosed with subjective cognitive decline (SCD), if cognitive 

complaints were present without confirmed objective cognitive impairment, and the 

criteria for MCI and dementia were not met [30]. The remainder of patients were 

diagnosed with a syndrome diagnosis of either MCI or dementia based on the National 

Institute on Aging-Alzheimer's Association criteria [7,31]. The patients were divided into 

groups based on the underlying etiological diagnosis: AD according to established 
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diagnostic criteria [3,7], other ND (DLB, FTD, atypical parkinsonism, and other ND) 

according to established diagnostic criteria [32–38]), non-ND (VaD, normal pressure 

hydrocephalus (NPH), and other non-ND according to established diagnostic criteria 

[17,39]), and SCD. 
 

Data analysis 

Differences in baseline values between groups were assessed using one-way ANOVA tests 

followed by post-hoc unpaired t-tests, Kruskal-Wallis tests followed by post-hoc Mann-

Whitney tests for pairwise comparison, or Chi-square tests followed by post-hoc pairwise 

comparison, where appropriate. All post-hoc tests were Bonferroni corrected. 

The accuracies of diagnosis and prediction of disease course were evaluated by comparing 

the baseline consensus evaluation to the reference evaluation at 12 months follow-up. 

McNemar's test was used to evaluate the paired comparison between the baseline 

diagnoses, prediction of disease course, change in antidementia medication and 

psychosocial interventions, and need for further investigations. One-way ANOVA tests 

were used to evaluate the impact of biomarkers on continuous variables (confidence for 

diagnosis and disease course). 

A linear mixed model with post-hoc Bonferroni corrections was used to estimate the effect 

of adding the two biomarkers individually and combined on confidence for diagnosis. 

Statistical analysis was performed using SAS Studio software, version 9.4 (SAS Institute 

Inc., Cary, NC, USA). A two-sided p-value<.05 was considered indicative of statistical 

significance. 

 

RESULTS 

Study population 

At 12 months clinical follow-up, the 81 patients received the following diagnoses: AD 

(n=36), DLB (n=6), FTD (n=3), atypical Parkinson (n=4), other ND (n=1), VaD (n=6), 

NPH (n=4), other non-ND (n=6), and SCD (n=15). 

Baseline demographics according to the reference diagnosis at 12 months follow-up are 

presented in Table 1. The subjects with SCD were younger than patients with AD and non-

ND. As expected, the subjects with SCD had a higher mean MMSE score than patients 

with AD, and the AD group had lower median Aβ42 values and higher median tau values 

than all other groups. 
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Table 1. Baseline demographics. 

 AD Other ND Non-ND SCD 
Patients, n 36 14 16 15 
Female, n (%) 21 (58) 6 (43) 6 (38) 7 (47) 
Age, mean years ±SD 70.2±9.4a 69.1±9.7 72.6±7.7a 62.8±7.4 
Education, mean years ±SD 13.7±3.0 11.4±2.1 13.6±3.0 13.1±2.7 
Symptom duration, mean years ±SD 2.3±1.9 3.2±4.0 2.2±1.6 2.9±2.7 
CDR global score, n (0/0.5/1.0) 7/17/12 1/6/7a 2/9/5 5/10/0 
MMSE, mean score ±SD 26.1±2.8a 26.2±2.8 27.3±2.7 28.7±1.9 
ACE, mean score ±SD 77.7±10.3a 76.1±9.3a 82.7±10.2 90.8±6.5 
CSF Aβ42, median volume pg/mL [IQR] 521 [149] 866 [500]b 918 [448]b 804 [454]b 
CSF total tau, median volume pg/mL [IQR] 556 [370] 240 [173]b 322 [281]b 194 [206]b 
CSF p-tau, median volume pg/mL [IQR] 73 [36] 38 [28]b 49 [38]b 40 [35]b 
Abbreviations: Aβ42: amyloid beta 1-42; ACE: Addenbrooke's cognitive examination; AD: Alzheimer's 
disease; CDR: clinical dementia rating; CSF: cerebrospinal fluid; IQR: interquartile range; MCI: mild 
cognitive impairment; MMSE: mini-mental state examination; n: number; ND: neurodegenerative disease; p-
tau: phosphorylated tau at threonine 181; SD: standard deviation; SCD: subjective cognitive decline; 
a Statically significant difference as compared to SCD. 
b Statically significant difference as compared to AD. 
 

Clinical impact of 2-[18F]FDG-PET and CSF AD biomarkers on diagnosis 

As shown in Table 2, 59 patients (73%) were correctly classified after adding 2-[18F]FDG-

PET to the standard program with a high accuracy for AD (89%) and SCD (93%), but a 

low-to-moderate accuracy for other ND (57%) and non-ND (31%). The diagnostic 

confidence for the correctly classified patients across all diagnoses, as well as for the 

specific diagnostic groups of AD, other ND, and SCD were moderate-to-high (≥80) after 

adding 2-[18F]FDG-PET to the standard program. 

In comparison, 66 patients (81%) were correctly classified after adding CSF AD 

biomarkers to the standard program with a nearly perfect accuracy for AD (97%) and SCD 

(100%), but a low-to-moderate accuracy for the other ND (57%) and non-ND (50%). The 

diagnostic confidence for the correctly classified patients across all diagnoses as well as for 

the specific diagnostic group of AD were moderate-to-high (≥80) after adding CSF AD 

biomarkers to the standard program. 
 

A direct comparison between the two biomarkers showed that adding CSF AD biomarkers 

led to an additional seven patients being correctly classified as compared to adding 2-

[18F]FDG-PET (66 vs. 59 patients, p=.09) due to a better recognition of AD and non-ND. 

The impact on diagnostic confidence was similar, except for a significant increase in 

diagnostic confidence for correctly diagnosed AD after adding CSF AD biomarkers 

compared to adding 2-[18F]FDG-PET (mean NRS scores: 88±11 vs. 83±11, p=.04). 
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Table 2. The added value of 2-[18F]FDG-PET and CSF AD biomarkers on diagnosis and 

confidence in diagnosis. 

 All patients AD Other ND Non-ND SCD 
Diagnosis, n 
(%) 

Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. 

Standard 
program 

55 
(68) 

26 
(32) 

35 
(97) 

1 (3) 7 (50) 7 (50) 1 (6) 
15 

(94) 
12 

(80) 
3 (20) 

Standard 
program + 
2-[18F]FDG-
PET 

59 
(73) 

22 
(27) 

32 
(89) 

4 (11) 8 (57) 6 (43) 5 (31) 
11 

(69) 
14 

(93) 
1 (7) 

Standard 
program + 
CSF AD 
biomarkers 

66 
(81) a 

15 
(19) 

35 
(97) 

1 (3) 8 (57) 6 (43) 
8 (50) 

a 
8 (50) 

15 
(100) 

0 

Standard 
program + 
both 
biomarkers 

66 
(81) a 

15 
(19) 

35 
(97) 

1 (3) 7 (50) 7 (50) 
9 (56) 

a 
7 (44) 

15 
(100) 

0 

Diagnostic confidence, mean NRS score ±SD 
Standard 
program 

76±9 64±10 74±8 50 81±14 64±11 60 66±10 79±9 55±5 

Standard 
program + 
2-[18F]FDG-
PET 

81±13
ab 

65±12
b 

83±11
ab* 

63±18 81±17 69±14 67±11 65±9 80±14 50 

Standard 
program + 
CSF AD 
biomarkers 

81±14
ab 

71±16 
88±11

ab 
85 79±16 72±15 66±14 69±18 76±11 NA 

Standard 
program + 
both 
biomarkers 

86±13
a 

75±15
a 

93±7a 95 88±14 72±17 69±16 75±12 80±12 NA 

Abbreviations: AD: Alzheimer's disease; Cor.: correct; CSF: cerebrospinal fluid; Incor.: incorrect; n: number; 
ND: neurodegenerative disease; NA: not applicable; NRS: numeric rating scale; SD: standard deviation; 
SCD: subjective cognitive decline; standard program: medical history, physical and neurological 
examinations, cognitive testing, routine blood screening, and MRI; 2-[18F]FDG-PET: 2-[18F]fluoro-2-deoxy-
D-glucose positron emission tomography; 
a Statically significant difference as compared to standard program. 
b Statically significant difference as compared to both biomarkers. 
*Statically significant difference as compared to CSF AD biomarkers. 
 

The combined addition of both biomarkers did not improve diagnostic accuracy, but 

significantly improved the diagnostic confidence for all correctly classified patients across 

all diagnoses as well as for the specific diagnostic group of AD when compared to adding 

2-[18F]FDG-PET and CSF AD biomarkers individually. 
 

We used a linear mixed model to assess the relationship between adding one or both 

biomarkers to the standard program and diagnostic confidence. We found that adding 2-

[18F]FDG-PET and CSF AD biomarkers, increased the diagnostic confidence significantly 
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regardless of whether the diagnosis was correct or incorrect. The increase in diagnostic 

confidence did not differ when adding 2-[18F]FDG-PET compared to adding CSF AD 

biomarkers (β(SE) 3(1), p=.41). Moreover, the diagnostic confidence increased 

significantly for correctly classified cases compared to incorrectly classified cases (β(SE) 

4(2), p=.03). 
 

Clinical value of 2-[18F]FDG-PET and CSF AD biomarkers on predicting disease course 

At 12 months follow-up, 37 (56%) of the patients with either MCI or dementia remained 

stable and 29 (44%) had progressed. More than half (55%) of the patients with either MCI 

or dementia with an abnormal CSF Aβ42 value remained stable at 12 months follow-up 

(Supplementary Table 1A). 

The total number of patients that was correctly classified with regards to disease course 

was comparable after adding CSF AD biomarkers and 2-[18F]FDG-PET individually (36 

vs. 33 patients, p=.32), and the impact of biomarkers on the clinicians’ confidence in the 

predicted disease course was similar (Table 3). 

 

Table 3. The added value of 2-[18F]FDG-PET and CSF AD biomarkers on disease course 

and confidence in disease course. 

 MCI Dementia 

Disease course, n (%) Correct Incorrect Correct Incorrect 

Standard program 5 (45) 6 (55) 32 (58) 23 (42) 
Standard program + 2-[18F]FDG-PET 5 (45) 6 (55) 28 (51) 27 (49) 

Standard program + CSF AD biomarkers 5 (45) 6 (55) 31 (56) 24 (44) 

Disease course confidence, mean NRS score ±SD 

Standard program 59±7 57±8 65±12 70±9 
Standard program + 2-[18F]FDG-PET 60±7 52±5 * 74±13a 71±13 

Standard program + CSF AD biomarkers 61±13 64±10 71±11 74±9 

Abbreviations: AD: Alzheimer's disease; CSF: cerebrospinal fluid; MCI: mild cognitive impairment; n: 
number; NRS: numeric rating scale; SD: standard deviation; standard program: medical history, physical and 
neurological examinations, cognitive testing, routine blood screening, and MRI; 2-[18F]FDG-PET: 2-
[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
a Statically significant difference as compared to standard program. 
*Statically significant difference as compared CSF AD biomarkers. 
 

Impact of CSF AD biomarkers and 2-[18F]FDG-PET on patient management 

Based on the evaluation with the standard program, the clinicians recommended that 16 

patients initiated anti-dementia medication, 21 patients were recommended initiation of 

psychosocial interventions, and 75 patient needed ancillary investigations as shown in 

Table 4. 
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For correctly classified patients, the impact of adding 2-[18F]FDG-PET and CSF AD 

biomarkers individually was similar for change in anti-dementia medication (11 vs. 13 

patients, p=.66) and psychosocial interventions (16 vs. 12 patients, p=.41). After adding 2-

[18F]FDG-PET to the standard program 17 patients (21%) changed to no need for ancillary 

investigations compared to 24 patients (30%) after adding CSF AD biomarkers (p=.21). 

However, the total number of correctly classified AD patients with need for ancillary 

investigations was significantly reduced after adding CSF AD biomarkers compared to 

adding 2-[18F]FDG-PET to the standard program (19 vs. 8 patients, p=.007). 

The clinicians predominantly requested examination of the other biomarker (2-[18F]FDG-

PET or CSF AD biomarkers) for the remaining patients with recommendations of ancillary 

investigations after addition of the first biomarker. 

 

Table 4. Impact of 2-[18F]FDG-PET and CSF AD biomarkers on patient management. 

According to 
FU diagnosis 

All patients AD Other ND Non-ND SCD 
Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. Cor. Incor. 

Change in anti-dementia medication, n (%) 
Standard program + 
2-[18F]FDG-PET 

11 (14) 3 (4) 10 (28) 1 (3) 0 1 (7) 1 (6) 1 (6) 0 0 

Standard program + 
CSF AD biomarkers 

13 (16) 2 (2) 12 (33) 0 0 0 1 (6) 2 (13) 0 0 

Change in psychosocial interventions, n (%) 
Standard program + 
2-[18F]FDG-PET 

16 (20) 5 (6) 11 (31) 1 (3) 2 (14) 1 (7) 3 (19) 3 (19) 0 0 

Standard program + 
CSF AD biomarkers 

12 (18) 2 (2) 11 (31) 0 0 0 0 2 (13) 0 0 

Reduced need for ancillary investigations, n (%) 
Standard program + 
2-[18F]FDG-PET 

17 (21) 1 (1) 8 (22) * 0 1 (7) 1 (7) 0 0 6 (40) 0 

Standard program + 
CSF AD biomarkers 

24 (30) 3 (4) 19 (53)  0 0 1 (7) 2 (13) 2 (13) 3 (20) 0 

Abbreviations: AD: Alzheimer's disease; Cor.: correct; CSF: cerebrospinal fluid; FU: follow-up; Incor.: 
incorrect; n: number; ND: neurodegenerative disease; SCD: subjective cognitive decline; standard program: 
medical history, physical and neurological examinations, cognitive testing, routine blood screening, and 
MRI; 2-[18F]FDG-PET: 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
*Statically significant difference as compared CSF AD biomarkers. 
 

DISCUSSION  

In this study, we compared the clinical value of two commonly used supportive 

biomarkers, 2-[18F]FDG-PET and CSF AD biomarkers. The evaluation was performed in 

patients suspected of having AD in a clinically relevant added value setting. We found a 

comparable clinical value of adding 2-[18F]FDG-PET and CSF AD biomarkers 

individually to the standard program on diagnosis, prognosis, and patient management. 
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However, CSF AD biomarkers had a significantly higher impact on diagnostic confidence 

and a reduced need for ancillary investigations compared to 2-[18F]FDG-PET for the 

correctly diagnosed patient with AD. 
 

A few studies have compared the diagnostic value of 2-[18F]FDG-PET and CSF AD 

biomarkers, and overall found a high accuracy for the two biomarkers in the differential 

diagnosis of AD. However, there were some divergence regarding the performance of the 

biomarkers. Two studies found higher accuracies for 2-[18F]FDG-PET in diagnosing AD 

compared to CSF AD biomarkers [23,25], whereas one study concluded the opposite [24], 

and one study found that the accuracy of the biomarkers were dependent on disease stage 

[22]. The discrepancies may be due to different factors, such as the differences in the 

included population and variance in operating procedures and biomarker measurement 

methods. The variance in the measurement methods for neuroimaging biomarkers is to 

some extent related to the lack of a clear definition of normal and abnormal outcomes. In 

addition, none of the above-mentioned studies evaluated the impact of the biomarkers on 

clinical decision-making. 
 

In this study, we intended to compare the clinical impact of 2-[18F]FDG-PET and CSF AD 

biomarkers as applied in a routine clinical setting, i.e. the PET images were analysed using 

clinical routine quantification methods together with visual inspection. We found a slightly 

higher accuracy for CSF AD biomarkers due to a higher diagnostic classification accuracy 

of AD and non-ND patients. Remarkably, the addition of 2-[18F]FDG-PET was of limited 

clinical added value to other ND diagnoses such as DLB and FTD, although specific 

metabolic patterns have been shown to distinguish between AD, DLB, and FTD [3,5–

7,19,30]. In comparison, a previous study found a specificity greater than 95% in the 

differential diagnosis of AD towards other dementias based on 2-[18F]FDG-PET diagnosis 

in a study cohort of early-onset AD and other dementias (mean age of 60±4 years) [41]. 

The lower diagnostic accuracy for 2-[18F]FDG-PET in our study may be caused by an 

overlap of the AD-like patterns of temporoparietal hypometabolism between AD and 

cerebrovascular disease [13] and the lack of distinct, hypometabolic patterns for non-ND 

including VaD and NPH. 

Moreover, the accuracy for AD diagnosis by using the standard program alone was very 

good (97%), indicating that the evaluation was performed by highly experienced clinicians 

[42]. Nevertheless, the addition of the biomarkers significantly increased the diagnostic 

confidence for correctly classified AD patient, suggesting that the predominantly clinical 
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value of adding either 2-[18F]FDG-PET and CSF AD biomarkers was to confirm this 

diagnosis. 

In our study, we did not find any change in the accuracy nor diagnostic confidence when 

combining CSF AD biomarkers and 2-[18F]FDG-PET, except for an increase in diagnostic 

confidence for correctly classified AD patients. Hence suggesting that the impact of adding 

an additional biomarker is marginal, when the diagnostic confidence is already high. This 

is in line with the recommendations for 2-[18F]FDG-PET [19,43,44] and corroborated by 

previous studies demonstrating that the clinical impact of 2-[18F]FDG-PET was highest 

when prior diagnostic confidence was low [45–47]. 
 

2-[18F]FDG-PET and CSF AD biomarkers both had an equally low accuracy in predicting 

the disease course. This finding was somewhat unexpected, since previous studies have 

identified different regional patterns of hypometabolism on 2-[18F]FDG-PET [48–56] and 

abnormal level of CSF AD biomarkers [57–61] as predictors of cognitive decline in 

dementia and conversion from MCI to dementia. A few studies have compared 2-

[18F]FDG-PET and CSF AD biomarkers head-to-head as predictors of cognitive decline 

and conversion to dementia in MCI patients. Overall, the studies found that CSF AD 

biomarkers were highly sensitive for cognitive decline, whereas 2-[18F]FDG-PET was 

superior to predict conversion to dementia with AD based on biomarker positivity [62–64]. 

However, these findings may not be very applicable to our study as most of our cohort 

consisted of patients with dementia. 

The low accuracy of both biomarkers to predict disease course may be caused by various 

factors. The most important factors could be that a follow-up of 12 months may be too 

short to encompass the complexity of progression and biomarker abnormality for the 

clinicians, and that our patient population may be too small and heterogenous to pick up 

predictive power on a group level [65]. Finally, the definitions of how to evaluate cognitive 

decline is variable and difficult to compare across studies [18]. 
 

Our third finding was that the impact of 2-[18F]FDG-PET and CSF AD biomarkers on 

patient management was similar regarding changes in anti-dementia medication and 

psychosocial interventions. In line with previous studies, the clinicians were more likely to 

suggest initiation of anti-dementia medication after adding a biomarker [45,46,67]. A 

previous study reported that the addition of CSF AD biomarkers had consequences for 

13% of patients regarding patient management specified as clinical trials, intensive follow-
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up and imaging studies [68], but apart from that the knowledge of the impact of CSF AD 

biomarkers on patients management is very limited [18]. 

A few studies have evaluated the impact of 2-[18F]FDG-PET on patient management and 

found that changes in anti-dementia medication varied from 17% to 32 % of the patients 

and the request for ancillary investigations were reduced for 42% of the patients after 

disclosure of the 2-[18F]FDG-PET [45,46,67]. However, the changes in patient 

management are dependent on the performance of the clinicians before the biomarkers are 

added. In our study, the clinicians had a high accuracy in diagnosing AD patients and 

therefore the changes may be bigger in a study with less experienced clinicians. In our 

study, nevertheless adding CSF AD biomarkers significantly reduced the need for ancillary 

investigations for correct diagnosed AD patients compared to adding 2-[18F]FDG-PET, 

which underlines the role of CSF AD biomarker in confirming the AD diagnosis. 
 

The findings in this study are in line with the existing studies that indicate that both 2-

[18F]FDG-PET and CSF AD biomarkers have a clinical value in diagnosing patients 

suspected of dementia. Furthermore, our finding of slightly higher clinical value of adding 

CSF AD biomarkers in patients suspected of AD, adds some knowledge to the first choice 

of two common biomarkers in diagnostic algorithm, as most memory clinics have 

implemented a stepwise approach of the diagnostic work-up. However, it may be the case 

that our findings reflect sample-specific characteristics. Future studies should compare the 

clinical impact of 2-[18F]FDG-PET and CSF AD biomarkers in a larger study with less 

experienced clinicians, in addition to an evaluation of the cost-effectiveness and patients 

experience with the biomarkers to optimize the clinical utility of biomarkers. 
 

There are some limitations to our study. First, evaluations and interpretations of 

biomarkers were deliberately based on clinical routine procedures and locally determined 

cut-points, which may however, lessen the generalization to other centres in the absence of 

a standardized clinical application of the biomarkers. Also, patients in this study were 

included based on the clinical indication for 2-[18F]FDG-PET and CSF AD biomarkers, 

which clearly induces a selection bias. On the other hand, our study population consisted of 

patients with diagnostic uncertainty and need for further investigations with biomarkers, 

which is the clinically relevant subgroup to investigate the clinical value of adding the 

biomarkers. Furthermore, there is a potential risk of circularity as the results of 2-

[18F]FDG-PET and CSF AD biomarkers were included as part of the follow-up clinical 

evaluation. Finally, it must be noted that our study was performed in a tertiary center with 
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experienced clinicians, which may result in a higher prevalence of abnormal biomarkers 

and clinical atypical presentations compared to less specialized centres. 

The strength of the study was that the diagnostic process including added value of 

biomarkers reflected a routine clinical setting. Moreover, we included patients from a 

memory clinic instead of a selected research population, and the patients had a clinical 

indication for ancillary investigation with 2-[18F]FDG-PET and CSF AD biomarkers. 
 

To conclude, we found that CSF AD biomarkers may have a more significant clinical 

impact on corroborating the diagnosis of AD if the patient is suspected of having AD. This 

was demonstrated by a slightly higher diagnostic classification accuracy together with a 

higher diagnostic confidence and more reduced need for ancillary investigations for 

correctly classified AD as compared to adding 2-[18F]FDG-PET. The combined addition of 

both biomarkers was of limited value. 
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Supplementary material. 

Figure 1A. Flow diagram of the study population. 

 
Abbreviations: Aβ42: amyloid beta 1-42; CSF: cerebrospinal fluid; MRI: magnetic resonance 
imaging; n: number; p-tau: phosphorylated tau at threonine 181; 2-[18F]FDG-PET: 2-[18F]fluoro-2-
deoxy-D-glucose positron emission tomography; 
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Table 1A. Distribution of disease course for CSF AD biomarkers and 2-[18F]FDG-

PET based on positivity/negativity to CSF Aβ42 for dementia and MCI patients. 

CSF Aβ42 Positive (n=29) Negative (n=37) 

Disease course, n (%) Stable Progression Stable Progression 

12 months clinical follow-up (reference) 16 (55) 13 (45) 21 (57) 16 (43) 

Standard program 5 (17) 24 (83) 7 (19) 30 (81) 
Standard program + 2-[18F]FDG-PET 5 (17) 24 (83) 7 (19) 30 (81) 
Standard program + CSF AD biomarkers 1 (3) 28 (97) 8 (35) 29 (65) 

Standard program + both biomarkers 1 (3) 28 (97) 11 (30) 26 (70) 

Abbreviations: AD: Alzheimer's disease; CSF: cerebrospinal fluid; n: number; standard program: 
medical history, physical and neurological examinations, cognitive testing, routine blood screening, 
and MRI; 2-[18F]FDG-PET: 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography; 
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Study II 

 

A visual rating scale for cingulate island sign on 18F-FDG-PET to differentiate 

dementia with Lewy bodies and Alzheimer’s disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Journal of the Neurological Sciences, 410; Gjerum L, Frederiksen 

KS, Henriksen OM, Law I, Anderberg L, Andersen BB, Bjerregaard E, Hejl A-M, 

Høgh P, Hasselbalch SG; A visual rating scale for cingulate island sign on 18F-

FDG-PET to differentiate dementia with Lewy bodies and Alzheimer's disease; 

116645, 2020, with permission from Elsevier. 

The publication is available at Elsevier through 

http://dx.doi.org/10.1016/j.jns.2019.116645 
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Study III 

 
Evaluating 2-[18F]FDG-PET in differential diagnosis of dementia using a data-

driven decision model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from NeuroImage: Clinical, 27; Gjerum L, Frederiksen KS, Henriksen 

OM, Law I, Bruun M, Simonsen AH, Mecocci P, Baroni M, Dottorini ME, 

Koikkalainen J, Lötjönen J, Hasselbalch SG; Evaluating 2-[18F]FDG-PET in 

differential diagnosis of dementia using a data-driven decision model; 102267, 

2020, with permission from Elsevier. 

The publication is available at Elsevier through 

https://doi.org/10.1016/j.nicl.2020.102267 
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Supplementary material. 

Table A.1. Distribution of the diagnostic test for each diagnostic group. 

 AD DLB FTD VaD SCD 
MMSE, n (%) 90 (100) 41 (100) 37 (100) 25 (100) 66 (100) 
Episodic memory (learning and 
recall), n (%) 

62 (69) 18 (44) 14 (38) 14 (56) 65 (98) 

TMT-A, n (%) 76 (84) 32 (78) 24 (65) 24 (96) 66 (100) 
TMT-B, n (%) 63 (70) 23 (56) 15 (41) 20 (80) 65 (98) 
Animal fluency, n (%) 82 (91) 35 (85) 28 (76) 23 (92) 65 (98) 
CSF biomarkers, n (%) 49 (54) 27 (66) 20 (54) 12 (48) 27 (41) 
Volumetric and morphometric 
MRI biomarkers, n (%) 

90 (100) 41 (100) 37 (100) 25 (100) 66 (99) 

MRI vascular burden, n (%) 89 (99) 40 (98) 35 (95) 25 (100) 65 (98) 
2-[18F]FDG-PET biomarkers, n (%) 90 (100) 41 (100) 37 (100) 25 (100) 66 (99) 
Abbreviations: AD: Alzheimer's disease; CSF: cerebrospinal fluid; DLB: dementia with Lewy 
bodies; FTD: frontotemporal dementia; MMSE: mini-mental state examination; MRI: magnetic 
resonance imaging; n: number; SCD: subjective cognitive decline; TMT: trail making test; VaD: 
vascular dementia; 2-[18F]FDG-PET: 2-[18F]fluoro-2-deoxy-D glucose positron emission 
tomography; 



 

135 

 

Table B.1. Region of interests for MRI and 2-[18F]FDG-PET. 

Region ROI  Region ROI 
Frontal  Anterior cingulate   Parietal lobe Angular gyrus  
lobe gyrus   Parietal operculum  
 Anterior insula   Postcentral gyrus  
 Anterior orbital gyrus   medial segment 
 Central operculum   Postcentral gyrus  
 Frontal operculum   Posterior cingulate  
 Frontal pole   gyrus 
 Gyrus rectus   Posterior insula  
 Lateral orbital gyrus   Precuneus  
 Medial frontal cortex   Superior parietal  
 Medial orbital gyrus   lobule 
 Middle cingulate gyrus   Supramarginal 
 Middle frontal gyrus   gyrus  
 Opercular part of the   Occipital lobe Calcarine cortex  
 inferior frontal gyrus   Cuneus  
 Orbital part of the    Inferior occipital  
 inferior frontal gyrus   gyrus 
 Posterior orbital gyrus   Lingual gyrus  
 Precentral gyrus    Middle occipital  
 medial segment   gyrus 
 Precentral gyrus   Occipital fusiform  
 Subcallosal area   gyrus 
 Superior frontal gyrus    Occipital pole  
 medial segment   Superior occipital  
 Superior frontal gyrus   gyrus 
 Supplementary motor   Cerebellum Cerebellar vermal  
 cortex   lobules I- V; total 
 Triangular part of the    Cerebellar vermal  
 inferior frontal gyrus   lobules VIII- X; 
Temporal  Amygdala   total 
lobe Entorhinal area   Cerebellar vermal  
 Fusiform gyrus   lobules VI-VII; total 
 Hippocampus   Cerebellum white  
 Inferior temporal gyrus   matter 
 Middle temporal gyrus   Cerebellum exterior  
 Parahippocampal gyrus  Deep grey  Accumbens area  
 Planum polare  matter Caudate  
 Planum temporale   Pallidum  
 Superior temporal gyrus   Thalamus proper 
 Temporal pole  Ventricles 3rd ventricle; total 
 Putamen    4th ventricle; total  
 Transverse temporal    Inferior lateral ventricle  
 gyrus   Lateral ventricle  
   Miscellaneous Brain stem; total  
    Cerebral white matter  
    Transverse cerebral  
    fissure; total 
    Ventral diencephalon  

    Vessel  

Abbreviations: MRI: magnetic resonance imaging; ROI: region of interest; 2-[18F]FDG-PET: 2-[18F]fluoro-2-deoxy-
D glucose positron emission tomography; 
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Table C.1. Additional details of baseline demographics. 

 AD DLB FTD VaD SCD 
Group-wise 
comparison 
when significant 

Cognitive tests       
Episodic memory (learning), 
median score (IQR) 

22 (16-
27) 

24 (21-
32) 

27 (18-
33) 

22 (18-
22) 

44 (38-
54) 

SCD > All 

Episodic memory (recall), 
median score (IQR) 

1 (0-2) 3 (2-5) 3 (1-5) 2 (0-5) 10 (7-12) 
SCD > All; 
DLB > AD 

TMT-A, median seconds 
(IQR) 

55 
(40-80) 

74 
(51-120) 

65 
(48-88) 

70 
(48-116) 

35 
(25-45) 

SCD < All 

TMT-B, median seconds 
(IQR) 

180 
(111-
300) 

180 
(140-
300) 

140 
(75-300) 

238 
(176-
300) 

74 
(61-100) 

SCD < All 

Animal fluency, median 
score (IQR) 

14 (10-
17) 

15 (11-
19) 

10 (6-14) 12 (8-14) 
24 (19-

27) 
SCD > All 

MRI       
Hippocampus, mean volume 
mL ±SD 

5.5 ±0.7 5.9 ±1.0 5.6 ±1.1 5.9 ±0.8 6.7 ±0.8 SCD > All 

Temporal pole, mean volume 
mL ±SD 

12.7 ±1.7 13.1 ±1.4 10.8 ±3.0 13.3 ±1.7 14.7 ±1.9 
SCD > AD, DLB, VaD 
> FTD 

Cortex, mean volume mL 
±SD 

454.3 
±21.3 

458.4 
±24.1 

447.5 
±25.7 

453.9 
±22.6 

486.5 
±25.6 

SCD > All 

Frontal cortex, mean volume 
mL ±SD 

180.4 
±9.2 

184.2 
±11.3 

173.7 
±16.1 

177.7 
±10.7 

189.7 
±11.8 

SCD > AD, DLB, FTD; 
AD, DLB > FTD 

Temporal cortex, mean 
volume mL ±SD 

106.7 
±7.3 

110.8 
±7.0 

103.9 
±13.7 

113.0 
±7.0 

120.3 
±7.2 

SCD > All; VaD > AD; 
DLB, VaD > FTD 

Medial temporal cortex, 
mean volume mL ±SD 

15.8 ±1.9 16.5 ±1.9 15.7 ±3.2 16.9 ±1.7 19.2 ±1.7 SCD > All 

Parietal cortex, mean 
volume mL ±SD 

98.3 ±7.0 98.1 ±7.6 
101.7 
±5.6 

95.9 ±6.3 
105.0 
±7.0 

SCD > AD, DLB, VaD; 
FTD > VaD 

Occipital cortex, mean 
volume mL ±SD 

69.4 ±5.8 65.5 ±6.9 68.5 ±7.3 67.7 ±5.7 71.6 ±5.9 DLB < AD, SCD 

Lateral ventricle, median 
volume mL (IQR) 

48.0 
(39.0-
60.0) 

52.0 
(38.6-
89.9) 

51.4 
(40.0-
61.8) 

49.7 
(44.0-
62.7) 

35.7 
(28.5-
46.2) 

SCD < All 

Inferior lateral ventricle, 
median volume mL (IQR) 

2.4 
(1.9-3.5) 

2.2 
(1.5-3.7) 

2.7 
(2.1-4.0) 

2.6 
(1.9-3.2) 

1.2 
(0.9-1.6) 

SCD < All 

API-MRI, median score 
(IQR) 

−0.58 
(−1.14-
0.15) 

−0.04 
(−0.41-
0.37) 

−1.08 
(−2.82-
−0.63) 

−0.03 
(−0.71-
0.22) 

−0.03 
(−0.59-
0.46) 

FTD < All; 
AD < SCD 

WMH, median volume mL 
(IQR) 

2.4 
(0.7-5.9) 

4.0 
(0.9-8.7) 

2.1 
(0.6-8.8) 

39.2 
(18.3-
58.4) 

0.7 
(0.1-2.9) 

VaD > All; 
AD, DLB, FTD > SCD 

Cortical infarcts, median 
volume mL (range) 

0.00 
(0.00-
2.53) 

0.00 
(0.00-
0.06) 

0.00 
(0.00-
1.24) 

0.00 
(0.00-
6.13) 

0.00 
(0.00-
0.27) 

VaD > All 

Lacunar infarcts, median 
volume mL (range) 

0.00 
(0.00-
0.17) 

0.00 
(0.00-
0.14) 

0.00 
(0.00-
0.03) 

0.00 
(0.00-
1.03) 

0.00 
(0.00-
0.11) 

VaD > All 
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Table C.1. Additional details of baseline demographics (cont.). 

2-[18F]FDG-PET       
Anterior cingulate gyrus, 
mean volume ±SD 

1.07 
±0.11 

1.12 
±0.10 

0.99 
±0.11 

1.06 
±0.09 

1.17 
±0.12 

FTD < AD, DLB, SCD; 
AD, VaD < SCD 

Calcarine cortex, mean 
volume ±SD 

1.33 
±0.14 

1.24 
±0.14 

1.40 
±0.13 

1.32 
±0.17 

1.42 
±0.15 

DLB < AD, FTD, SCD; 
AD, VaD < SCD 

Middle cingulate gyrus, 
mean volume ±SD 

1.12 
±0.10 

1.16 
±0.10 

1.08 
±0.10 

1.12 
±0.13 

1.22 
±0.12 

SCD > AD, FTD, VaD; 
DLB > FTD 

Posterior cingulate gyrus, 
mean volume ±SD 

1.12 
±0.12 

1.16 
±0.12 

1.20 
±0.13 

1.22 
±0.17 

1.35 
±0.15 

SCD > All; 
FTD, VaD > AD 

Precuneus, mean uptake 
±SD 

1.14 
±0.12 

1.13 
±0.10 

1.10 
±0.14 

1.12 
±0.16 

1.29 
±0.17 

SCD > All 

Precentral gyrus, mean 
uptake ±SD 

1.13 
±0.11 

1.14 
±0.09 

1.12 
±0.08 

1.13 
±0.13 

1.19 
±0.14 

SCD > AD 

Cortex, mean uptake ±SD 
1.06 

±0.09 
1.05 

±0.06 
1.08 

±0.08 
1.09 

±0.12 
1.18 

±0.11 
SCD > All 

Frontal cortex, mean uptake 
±SD 

1.11 
±0.10 

1.12 
±0.08 

1.07 
±0.09 

1.11 
±0.12 

1.23 
±0.12 

SCD > All 

Temporal cortex, mean 
uptake ±SD 

0.94 
±0.08 

0.95 
±0.06 

0.96 
±0.08 

1.00 
±0.11 

1.07 
±0.08 

SCD > All; 
VaD > AD 

Medial temporal cortex, 
mean uptake ±SD 

0.81 
±0.09 

0.88 
±0.08 

0.80 
±0.10 

0.88 
±0.09 

0.91 
±0.09 

AD, FTD < DLB, VaD, 
SCD 

Parietal cortex, mean uptake 
±SD 

1.06 
±0.11 

1.02 
±0.08 

1.13 
±0.09 

1.11 
±0.14 

1.21 
±0.12 

SCD > All; FTD > AD, 
DLB; VaD > DLB 

Occipital cortex, mean 
uptake ±SD 

1.14 
±0.12 

1.04 
±0.09 

1.20 
±0.10 

1.17 
±0.14 

1.22 
±0.12 

DLB < All; 
AD < SCD 

API-PET, mean score ±SD 
0.98 

±0.05 
1.05 

±0.07 
0.90 

±0.05 
0.95 

±0.04 
0.97 

±0.03 
FTD < AD, VaD, SCD 
< DLB 

Occipital vs. temporal index, 
mean score ±SD 

1.21 
±0.09 

1.09 
±0.08 

1.24 
±0.09 

1.16 
±0.06 

1.14 
±0.06 

DLB < VaD, SCD < 
FTD; 
DLB, SCD < AD 

Cingulate island sign ratio, 
mean value ±SD 

0.46 
±0.04 

0.51 
±0.04 

0.47 
±0.03 

0.48 
±0.04 

0.50 
±0.04 

DLB, SCD > AD, FTD; 
DLB > VaD 

 Abbreviations: Aβ42: amyloid beta 1-42; AD: Alzheimer's disease; API: Anterior vs. posterior index; CSF: 
cerebrospinal fluid; DLB: dementia with Lewy bodies; FTD: frontotemporal dementia region of interest; IQR: 
interquartile range; MMSE: mini-mental state examination; MRI: magnetic resonance imaging; n: number; p-tau: 
phosphorylated tau at threonine 181; ROI: region of interest; SCD: subjective cognitive decline; SD: standard 
deviation; TMT: trail making test; VaD: vascular dementia; WMH: white matter hyperintensity; 2-[18F]FDG-PET: 
2-[18F]fluoro-2-deoxy-D glucose positron emission tomography; 
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Table D.1. The pairwise comparison for individual diagnostic tests 

Bal. acc./AUC 
AD 
vs. 

DLB 

AD 
vs. 

FTD 

AD 
vs. 

VaD 

AD 
vs. 

SCD 

DLB 
vs. 

FTD 

DLB 
vs. 

VaD 

DLB 
vs. 

SCD 

FTD 
vs. 

VaD 

FTD 
vs. 

SCD 

VaD 
vs. 

SCD 

Cognitive tests           

TMT-A 62/63 61/57 59/62 71/78 49/54 49/48 82/87 55/55 74/82 74/85 

TMT-B 45/47 50/48 60/60 75/82 59/59 54/55 85/92 62/60 67/72 80/88 

Animal fluency 49/51 59/64 54/61 75/84 62/69 60/67 71/83 59/56 80/88 87/93 

MRI           

Hippocampus 60/63 45/40 59/62 81/86 55/57 36/36 67/73 52/56 67/79 68/76 

Lateral ventricle 53/59 52/56 55/55 66/70 45/42 38/39 66/75 33/35 71/76 70/75 

Inferior lateral ventricle 53/53 48/54 43/41 78/85 56/57 41/42 73/80 39/39 79/88 75/85 

Temporal pole 59/58 59/66 41/51 67/77 64/71 54/49 61/70 63/68 71/83 68/71 

Cortex 51/52 59/59 54/52 76/82 56/63 59/57 72/78 39/43 78/83 80/82 

Global VBM index 57/62 64/72 55/51 82/89 60/68 58/54 68/73 74/79 86/91 84/92 

Global TBM index 53/52 64/70 56/58 72/79 59/67 62/65 70/81 70/78 84/91 77/83 

ROI-based grading 62/66 70/77 59/59 82/87 64/67 59/58 71/77 68/76 71/79 83/83 

2-[18F]FDG-PET           

Anterior cingulate gyrus 57/62 68/70 43/46 68/73 76/80 63/67 63/63 68/67 78/86 72/76 

Calcarine cortex 63/68 61/64 43/39 67/67 72/79 59/65 75/80 60/64 43/43 64/67 

Middle cingulate gyrus 58/62 59/59 38/40 67/75 63/72 60/62 66/65 60/56 72/80 74/73 

Posterior cingulate gyrus 58/57 59/64 63/65 78/85 49/56 56/61 79/82 39/40 68/77 75/73 

Precuneus 47/47 59/57 45/47 73/77 54/54 37/40 72/81 44/43 74/81 77/79 

Precentral gyrus 46/44 54/51 39/37 62/65 53/54 48/50 57/60 48/44 63/65 60/63 

Cortex 53/54 53/57 56/57 75/81 54/62 57/61 76/85 37/39 73/78 70/74 

Abbreviations: AD: Alzheimer's disease; AUC: area under the receiver operating characteristic curve; Bal. acc.: 
balanced accuracy; DLB: dementia with Lewy bodies; FTD: frontotemporal dementia; MRI: magnetic resonance 
imaging; ROC: receiver operating characteristic; ROI: region of interest; SCD: subjective cognitive decline; TBM: 
tensor-based morphometry; TMT: trail making test; VaD: vascular dementia; VBM: voxel-based morphometry; 2-
[18F]FDG-PET: 2-[18F]fluoro-2-deoxy-D glucose positron emission tomography; 
The colors correspond to the balanced accuracy for the pairwise comparison. Balanced accuracies 85%–100% are 
highlighted in dark green. The gradually lighter shades of green indicate lower balanced accuracy with white being 
at or below 50. Both balanced accuracy and AUC are reported as percentage values (%). 
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