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Abstract.
Background: Aggregation of amyloid-␤ (A␤) is an early pathological event in Alzheimer’s disease (AD). Consequently,
measures of pathogenic aggregated A␤ are attractive biomarkers for AD. Here, we use a recently developed Thioflavin-TFluorescence Correlation Spectroscopy (ThT-FCS) assay to quantify structured ThT-responsive protein aggregates, so-called
nanoplaques, in the cerebrospinal fluid (CSF).
Objective: The overall aim of this work was to assess whether ThT-FCS determined CSF nanoplaque levels could predict
amyloid brain uptake as determined by 18 F-Flutemetamol PET analysis. Further, we assess whether nanoplaque levels could
predict clinical AD.
Methods: Nanoplaque levels in the CSF from 54 memory clinic patients were compared between sub-groups classified by
18
F-Flutemetamol PET as amyloid-positive or amyloid-negative, and by clinical assessment as AD or non-AD.
Results: Nanoplaque levels did not differ between amyloid groups and could not predict brain amyloid uptake. However,
nanoplaque levels were significantly increased in patients with clinical AD, and were significant predictors for AD when
adjusting for age, sex, cognitive function, and apolipoprotein E (APOE) genotype.
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Conclusion: The concentration of nanoplaques in the CSF differentiates patients with clinical AD from non-AD patients.
Keywords: Alzheimer’s disease, amyloid, amyloid-␤ peptides, amyloidogenic proteins, biomarkers, cerebrospinal fluid,
fluorescence spectrometry, positron-emission tomography, Thioflavin T

INTRODUCTION
Accumulation of aggregated amyloid-␤ (A␤) peptides is an early pathological event in the most
common cause of dementia, Alzheimer’s disease
(AD) [1, 2]. Together with intracellular neurofibrillary tangles, the deposition of aggregated A␤
into extracellular plaques defines AD neuropathology [3]. Neuropathology progressively accumulates
in a long preclinical period, eventually causing synaptic and neuronal loss as well as cognitive decline
[1]. Historically, probable AD has been diagnosed
based on symptomatic presentation, and confirmed
by histological stains postmortem [4]. Today, updated
diagnostic criteria for clinical use suggest that
biomarkers reflecting the AD pathological process
may be incorporated in the diagnostic procedure [5].
Recently published research criteria further emphasize the use of biomarkers, suggesting that AD should
not be defined based on clinical presentation at all,
but rather as a purely biological disorder [6]. While
this definition of AD is currently debated (e.g., [7,
8]), it is generally accepted that biomarkers can aid
AD diagnosis and patient selection for clinical trials
both at the dementia stage and at the earlier stages of
cognitive impairment.
Both the decrease of A␤42 levels in the cerebrospinal fluid (CSF) and positive results on amyloid
positron emission tomography (PET) brain imaging
are reliable biomarkers of amyloid pathology [9, 10].
While most studies have found high concordance
between the two methods (e.g., [11]), results are discordant in 10–20% of cases [12]. In vitro, A␤ exists
in a multitude of states, from unstructured monomers
containing different fractions of secondary structural
elements, over dimers, multimers, oligomers, small
soluble pre-fibrillar aggregates, protofibrils, fibrils,
fibrillar bundles to large insoluble aggregates that precipitate out from the solution, which are in a dynamic
equilibrium [13]. In vivo, this multitude of states is
further expanded by physiological turnover, interactions with a myriad of other molecules and local
spatial heterogeneities [14]. Analytical techniques
recognize only a subset of these states: amyloid
PET measures the accumulation of insoluble, structured aggregates in the brain to which derivatives

of Thioflavin-T (ThT), such as the Pittsburgh compound B (11 C-PIB) or 18 F-Flutemetamol, bind with
high selectivity and binding affinity [15], while CSF
analysis with enzyme-linked immunosorbent assays
characterizes the instantaneous levels of predominantly monomeric A␤. CSF levels of monomeric
A␤ are inversely correlated with the amyloid brain
load and thus indirectly measures brain amyloid
plaques [16]. Importantly, monomeric A␤ is present
physiologically and the self-association of A␤ into
aggregated forms is necessary to cause neurodegeneration [17]. As aggregated forms are directly involved
in the pathogenic process, they are hypothesized to be
valuable biomarkers [18]. Currently, no established
CSF biomarkers capture the misfolding and aggregation of A␤ [19].
In one of the first studies of A␤ aggregates in
the CSF, Pitschke and colleagues added labeled A␤
monomers to the CSF, theorizing that the monomers
would bind existing aggregates and allow their visualization. Fluorescence correlation spectroscopy (FCS)
allowed the detection of large fluorescence bursts
indicative of aggregates in the AD-patient samples,
but not in the control samples [20]. Since then, further
studies have found increased levels of A␤ aggregates
in the CSF from AD patients compared to healthy
controls [18, 21]. However, some studies have failed
to detect A␤ aggregates in the CSF from AD patients
[22] and others have found increased numbers of
aggregates in the CSF of healthy controls compared
to that of AD patients [23]. In sum, research on CSF
amyloid aggregates has provided inconsistent results,
and few studies have been validated against established markers of AD pathology.
The fluorescent dye Thioflavin-T (ThT) can identify structured amyloidogenic aggregates, such as
protofibrils and fibrils, with high specificity, dissociation constant ranging from 1–20 M [24].
ThT fluorescence increases in a linear fashion with
increasing concentrations of amyloid fibrils in vitro
[25]. A ThT-based FCS assay has recently been used
to monitor the heterogeneity and turnover of intermediates during A␤ aggregation in vitro; this method
allowed the detection of amyloid aggregates with
single-molecule sensitivity [26]. Recently, ThT-FCS
analysis has been used to study ThT-reactive amyloid
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aggregates composed of >40 monomers, hereafter
called nanoplaques, in blood serum from AD patients
and healthy controls. Higher nanoplaque levels and
larger nanoplaques distinguished AD patients from
healthy controls [27]. These results are promising
and whether the method could be useful in clinical
practice should be explored in a naturalistic memory
clinic cohort.
This study aimed to determine the relationship
between CSF nanoplaque concentration and size
determined by the newly developed ThT-FCS analysis and amyloid brain uptake measured by the
amyloid-PET tracer 18 F-Flutemetamol in a naturalistic memory clinic cohort. We assessed whether
nanoplaque concentration could predict amyloid
pathology and/or clinical AD.
MATERIALS AND METHODS
CSF was obtained from the Norwegian Registry of
Persons Assessed for Cognitive Symptoms (NorCog)
biobank. All CSF was collected at the Oslo University
Hospital Memory Clinic.
Study cohort
This study included patients from NorCog who
were referred for cognitive complaints to the Oslo
University Hospital Memory Clinic. The included
patients, assessed between September 2014 and
September 2019, underwent both 18 F-Flutemetamol
PET and CSF sampling as part of the diagnostic
procedure. CSF samples were made available for further analysis by the NorCog biobank. The maximum
interval between 18 F-Flutemetamol PET and CSF
sampling was 365 days. Clinical data was extracted
from NorCog. When data was missing from the registry, the patients’ medical records were consulted.
Clinical assessment
Patient assessment followed a standardized
research protocol wherein patients and caregivers
were interviewed about demographic information,
symptoms, medical history and medication use [28].
The cognitive assessment comprised several neurocognitive tests, including the Mini-Mental State
Examination (MMSE) [29], Clock Drawing Test
[30], Trail Making tests (TMT) A and B [31], Controlled Oral Word Association Test (COWAT-FAS)
[32], and the Consortium to Establish a Registry of
Alzheimer’s Disease (CERAD) 10-item word list,
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animal naming test, modified 15-word Boston Naming Test, and constructional praxis exercise [33].
The physical assessment included blood sampling,
CSF sampling, 18 F- Flutemetamol PET imaging and
for most cases, magnetic resonance imaging (MRI,
n = 43).
Stage of cognitive impairment (subjective cognitive decline (SCD), mild cognitive impairment
(MCI), or dementia) and clinical diagnoses were
determined retrospectively by two experienced memory clinic physicians. SCD was diagnosed according
to the Subjective Cognitive Decline Initiative-criteria
[34]. MCI and dementia were diagnosed according to the 2011 National Institute of Aging and
the Alzheimer’s Association (NIA-AA)-criteria [5,
35]. Clinical diagnoses were grouped into AD
and non-AD groups. The clinical AD group comprised patients with probable AD, possible AD
(atypical presentation or mixed AD, e.g., with concomitant vascular pathology) or MCI due to AD.
The non-AD group included patients with SCD,
vascular dementia [36], frontotemporal dementia
[37], and other/uncategorized neurological disorders). Patients with known amyloidogenic diseases
other than AD, e.g., dementia with Lewy bodies,
were excluded from the non-AD group. Patients were
also categorized according to amyloid status. The
amyloid positive group corresponds to “Alzheimer’s
continuum”, whereas the amyloid negative group
corresponds to “Non-AD pathologic change” or
“Normal biomarkers” biomarker categories in the
2018 NIA-AA research framework [6]. The categorization is described below in “Visual classification
and assessment of amyloid load (SUVR)”.
18 F-Flutemetamol

PET/CT acquisition

All patients were imaged with the same PET/CT
scanner (Siemens Biograph40 mCT, Siemens Healthineers, Erlangen, Germany). Patients received a bolus
injection of 185 MBq 18 F-Flutemetamol and image
acquisition started 75 to 117 min post-injection.
First, a low-dose CT scan without contrast enhancement (120 kV, 70 mAs, 3 mm slice thickness) was
performed for attenuation correction and anatomical information. The PET acquisition lasted 20 min
(4 × 5 min frames). One patient received a smaller
injection (94 MBq) and in this case acquisition time
was extended to 30 min. A resolution recovery algorithm with time of flight (TrueX: two iterations, 21
subsets and a Gaussian filter with 2 mm full-width
half-maximum and 400 × 400 matrix size) was used
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to reconstruct 3D dynamic emission data. Reconstructed images had a 2 mm slice thickness and a
2 × 2 × 2 mm3 voxel size.
Visual classiﬁcation and assessment of amyloid
uptake (SUVR)
The process for visual classification is described in
full in Müller et al. [11]. Images were visually classified as positive or negative according to the validated
image reader program [38]. A Siemens SyngoVia
workstation (version VB20, Erlangen, Germany) was
used for the classification. Based on the visual
classification, patients were categorized as amyloidpositive or amyloid-negative. Henceforth amyloid
group refers to visual classification outcome.
Amyloid uptake was semi-quantified using CortexID Suite (GE Medical Systems, Waukesha, WI,
USA). 18 F-Flutemetamol PET images were anatomically normalized using a T1-weighted MRI-template,
and automated gray matter segmentation was performed to define nine reference regions: frontal
cortex, anterior and posterior cingulate cortex, mesial
and lateral temporal cortex, parietal cortex, occipital
cortex, whole cortex and cerebellar cortex. Standardized uptake values were obtained for all these regions.
Standardized uptake value ratios (SUVR) were calculated using the cerebellar cortex as reference.
CSF sampling
Lumbar puncture was performed before 11 am for
all patients. CSF was collected in sterile cryotubes
and centrifuged for 10 min at 2000 G. Research samples were transferred to 0.5 ml cryotubes and frozen
immediately at –20◦ C. Samples were transferred to
the biobank for long-term storage at –80◦ C within 10
working days.

Time-resolved ThT ﬂuorescence intensity
ﬂuctuation measurement and FCS
Principles of the ThT-FCS analysis are described
in detail in Tiiman et al. [27]. Briefly, 1.6 l of
2.5 mM ThT in deionized water was added to a
200 l aliquot of CSF allowed to reach ambient temperature (20◦ C). Fluorescence intensity fluctuations
were recorded using an individually modified ConfoCor 3 system (Carl Zeiss, Jena, Germany) [39]. The
optical setting, instrument calibration, data collection and analysis procedures are described in detail
in the Supplementary Material and Supplementary
Figures 1–3. The measurements were performed in
duplicates, and the average was used for further analysis. In each independent measurement, the signal
was collected for 3000 s, i.e., in 30 series of 10 consecutive 10 s measurements. Automated fluorescence
intensity fluctuation analysis was used to identify rare
bursts in ThT fluorescence intensity that reflect the
passage of ThT-responsive structured amyloidogenic
aggregates, i.e., nanoplaques, through the observation
volume element. A fluorescence burst, called “single
event” was identified as an increase in fluorescence
intensity that differed from the mean of the 10 s time
series by a value more than five times larger than the
standard deviation of the whole time series (Supplementary Figure 1A, B). The frequency of single event
occurrence, fSEO was calculated by normalizing the
total number of observed “single events” to the total
measurement time. The fSEO is a direct measure of
the concentration of nanoplaques [27].
Data analysis
Double-blind masking was applied. The
researchers performing the ThT-FCS analysis
were blinded to patient diagnosis and clinical data
until data analysis was completed. Clinical diagnoses
were established independently of the ThT-FCS
analysis results.

Standard protocol approval, registration, and
patient consent

Statistical analysis

The study was conducted in accordance with
the Declaration of Helsinki, and was approved by
the Regional Committee for Medical and Health
Research Ethics (REK 2017/2235). Data and CSF
samples were collected after informed consent from
the patients. At the time of inclusion, all patients
were deemed to have sufficient cognitive capacity to
provide informed consent.

Group differences were explored with t-tests for
normally distributed data, Mann-Whitney U tests
for non-normal data and Pearson Chi-Square tests
for categorical variables. The fSEO levels were not
normally distributed, and a log-transformed version
of the variable (log fSEO) was used in all regression analyses. Three models were constructed to
explore the relationship between fSEO, amyloid-
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group, brain amyloid uptake and clinical diagnosis:
1) a univariate model including only log fSEO, 2) a
multivariate model including sex, age, MMSE-score
and apolipoprotein E (APOE) 4 genotype, hereby
referred to as the clinical model, and 3) a multivariate model combining the two previous models,
hereby referred to as the full model. For all models, linear regression analysis was used to explore
their explanatory power for brain amyloid uptake, and
logistic regressions were used to assess their predictive power for amyloid-group and clinical diagnosis.
Only patients with complete data for all covariates were included in regression analyses (N = 50
for prediction of 18 F-Flutemetamol results, N = 41
for prediction of clinical AD). The odds ratios presented account for a 1-unit increase in continuous
variables, or the presence of the variable listed for
categorical variables. The sensitivity and specificity
of the logistic regression models were investigated
by receiver operating characteristic (ROC) curves.
Statistical analyses were conducted using STATA version 15.1 (StataCorp, College Station, TX, USA).
RESULTS
In total, 54 patients were included. Characteristics
for all patients are presented in Table 1. Thirty-two
patients were classified as amyloid positive, and 22
patients were classified as amyloid negative. Thirty-

835

nine patients were clinically evaluated to have AD,
and 15 patients to have non-AD disorders. The fSEO
variable was independent of CSF sample storage time
(Supplementary Figure 4).
Relationship between nanoplaque levels in CSF
and 18 F-Flutemetamol PET
Comparisons between amyloid-positive and
amyloid-negative groups
The demographic and clinical characteristics for
the amyloid groups are presented in Table 1.
The fSEO did not differ significantly between the
amyloid-positive and amyloid-negative groups in the
unadjusted analysis.
Prediction of 18 F-Flutemetamol PET results
Results of logistic regression analyses for the prediction of amyloid-group are summarized in Table 2.
Log fSEO was not a significant predictor in the univariate model, p = 0.19. Furthermore, it remained
non-significant in the full model, after adjusting for
age, sex, MMSE-score, and APOE 4 carrier status,
p = 0.12. Male sex significantly reduced the odds of
amyloid positivity in both the full model (odds-ratio
0.24 for males, p = 0.04) and the clinical model (oddsratio 0.22 for males, p = 0.02). The full model did not
perform significantly better than the clinical model,
likelihood-ratio test, χ2 = 2.69, p = 0.10.

Table 1
Demographic characteristics for all patients and by amyloid group
All
n (%)
Women, n (%)
Age
Years of education
MMSE†
APOE 4, n (%)††
Stage, n (%)
SCD
MCI
Dementia
Clinical diagnosis, n (%)
AD
Non-AD
SUVR
fSEO, median (IQR)

Amyloid group
Negative

Positive

54
28 (51.9)
66.2 (6.8)
14.3 (3.5)
25.3 (4.0)
35 (68.6)

22 (40.7)
7 (31.8)
64.9 (61.8–68.0), 7.0
14.6 (13.3–15.9), 3.0
25.8 (24.3–27.3), 3.4
12 (57.1)

32 (59.3)
21 (65.6)
67.2 (64.8–69.5), 6.6
14.1 (12.7–15.5), 3.9
24.9 (23.3–26.5), 4.4
23 (76.7)

4 (7.4)
21 (38.9)
29 (53.7)

3 (13.6)
11 (50.0)
8 (36.4)

1 (3.1)
10 (31.2)
21 (65.6)

39 (72.2)
15 (27.8)
1.8 (0.5)
17.4 (11.4–24)

10 (45.4)
12 (54.6)
1.3 (1.25–1.37), 0.1
13.2 (10.2–24)

29 (90.6)
3 (9.4)
2.1 (2.0–2.3), 0.4
19.8 (12.6–23.7)

p
0.015*
0.23
0.43
0.40
0.14*
0.07*

<0.001*

<0.001
0.15‡

p values are for comparisons between amyloid-negative and positive groups. Data are shown as mean (CIs), SD and p value for t-test
comparisons unless otherwise specified. AD, Alzheimer’s disease; APOE, apolipoprotein; fSEO, frequency of single event occurrence;
IQR, interquartile range; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; n, number of patients; SCD, subjective
cognitive decline; SUVR, standardized uptake value ratio. *Pearson Chi-Square test; † n = 53, one patient did not have MMSE results available;
‡ Mann-Whitney U test; †† n = 51, three patients did not have APOE status available.
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Table 2
Summary of logistic regression models with amyloid group as the dependent variable

Characteristic
Log fSEO
Age
Male sex
MMSE
APOE 4
Pseudo-R2

Univariate model
OR (95% CI)
1.92 (0.72–5.06)
–
–
–
–

p
0.19

0.03

Clinical model
OR (95% CI)
–
1.06 (0.96–1.16)
0.22 (0.06–0.82)
0.93 (0.80–1.09)
1.92 (0.50–7.39)

p
0.24
0.02
0.38
0.34
0.15

Full model
OR (95% CI)
2.53 (0.78–8.22)
1.08 (0.97–1.19)
0.24 (0.06–0.92)
0.90 (0.76–1.07)
2.31 (0.55–9.64)

p
0.12
0.17
0.04
0.23
0.25
0.19

Logistic regression models were used to assess predictors of amyloid group after adjustment by selected covariates in 50 patients. Abbreviations: APOE, apolipoprotein; CI, confidence intervals; fSEO, frequency of single event occurrence; MMSE, Mini-Mental State Examination;
OR, odds ratio.

Comparisons between AD and non-AD groups
Results from the comparison of AD and non-AD
groups are presented in Table 3. The median fSEO
was significantly higher in the AD (20.4) group
compared to the non-AD (12.6) group, p = 0.03.
However, the groups also differed significantly in
terms of age, sex distribution, clinical stage, and
brain amyloid uptake.

Fig. 1. ROC curves evaluating the discrimination between amyloid
groups by the three different regression models. The univariate
model included only log fSEO as a predictor; the clinical model
included age, sex, MMSE, and APOE 4 status; the full model
combined the univariate and clinical model. AUC, area under the
curve; ROC, receiver operating characteristic.

The ROC-curves for the three logistic regression
models are presented in Fig. 1. The univariate model
had inferior sensitivity and specificity compared to
the clinical- and full model, with an area under
the curve of 0.60. Classification was similar for the
clinical- and the full model, with areas under the curve
of 0.77 and 0.78, respectively.
Log fSEO was not a significant predictor for
SUVR in neither the univariate (B = 0.05, p = 0.70)
nor the full (B = 0.02, p = 0.84) linear regression models (Supplementary Table 1).
Relationship between nanoplaque levels in CSF
and clinical AD
Ten amyloid-negative patients met the clinical criteria for AD; as this suggests underlying non-AD
pathology, these patients were excluded from the AD
group for the following analyses.

Prediction of clinical diagnosis
Results of the logistic regression analyses for the
prediction of clinical diagnosis are summarized in
Table 4. The univariate logistic regression analysis showed that log fSEO was not a significant
predictor of diagnosis, odds-ratio = 3.37, p = 0.07.
However, in the adjusted full model one unit of log
fSEO significantly increased the odds of clinical AD,
odds-ratio = 9.14, p = 0.03. Translating to the nontransformed variable, this means that a 10% increase
in fSEO increased the odds of clinical AD with 23%
(odds-ratio = 1.23).
MMSE was also a significant predictor of clinical AD in the full model, with one unit increase on
the MMSE reducing the odds of clinical AD with
27%, odds-ratio = 0.73, p = 0.03. MMSE was not a
significant predictor in the clinical model, p = 0.09.
In other words, fSEO was a confounder for the effect
of MMSE. By including it in the model, the effect
of MMSE was more accurately estimated. Male sex
significantly reduced the odds of clinical AD both
in the full model (odds-ratio = 0.17, p = 0.05) and the
clinical model (0.20, p = 0.04).
The full model performed significantly better than
the clinical model, χ2 = 7.35, p < 0.01.
The ROC-curves for the three logistic regression
models are presented in Fig. 2. The univariate model
had the lowest sensitivity and specificity with an area
under the curve of 0.68. The clinical model performed
better with an area under the curve of 0.81. The full
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Table 3
Demographic characteristics by clinical diagnosis
Clinical diagnosis
N
Women, n (%)
Age
Years of education
MMSE†
APOE 4, n (%)††
Stage, n (%)
SCD
MCI
Dementia
Amyloid group, n (%)
Positive
Negative
SUVR
fSEO, median (IQR)

Non-AD

AD

15
4 (26.7)
64.7 (60.6–68.7), 7.3
15.3 (13.5–17.0), 3.1
26.9 (25.4–28.4), 2.6
9 (60.0)

29
20 (69.0)
67.5 (65.1–70.0)
13.9 (12.5–15.3)
24.5 (22.8–26.1)
21 (72.4)**

4 (26.7)
9 (60.0)
2 (13.3)

0 (0)
8 (27.6)
21 (72.4)

3 (20.0)
12 (80.0)
1.3 (1.2–1.5), 0.2
12.6 (10.2–16.8)

29 (100.0)
0 (0.0)
2.2 (2.0–2.3), 0.5
20.4 (12–24.6)

p
<0.001*
0.19
0.22
0.06
0.22*
<0.001*

<0.001*

<0.001
0.03‡

p values are for comparisons between non-AD and AD clinical diagnoses. Data are shown as mean
(CIs), SD and p value for t-test comparison unless otherwise specified. AD, Alzheimer’s disease; APOE,
apolipoprotein; fSEO, frequency of single event occurrence; IQR, interquartile range; MCI, mild cognitive
impairment; MMSE, Mini-Mental State Examination; SCD, subjective cognitive decline; SUVR, standardized uptake value ratio. *Pearson Chi-Square test; † n = 43, one patient did not have MMSE results available;
‡ Mann-Whitney U test; †† n = 42, two patients did not have APOE status available.

Table 4
Summary of logistic regression models with clinical diagnosis as the dependent variable
Characteristic
Log fSEO
Age
Male sex
MMSE
APOE 4
Pseudo-R2

Univariate model
OR (95% CI)
3.37 (0.89–12.72)
–
–
–
–

Clinical model
OR (95% CI)

p
0.07

–
1.05 (0.94–1.18)
0.20 (0.04–0.94)
0.83 (0.67–1.03)
2.04 (0.41–10.06)

0.08

p
0.34
0.04
0.09
0.38
0.22

Full model
OR (95% CI)
9.14 (1.28 – 65.04)
1.11 (0.95–1.30)
0.17 (0.03 – 0.97)
0.73 (0.55–0.98)
2.70 (0.39–18.67)

p
0.03
0.19
0.05
0.03
0.31
0.36

Logistic regression models were used to assess predictors of clinical AD after adjustment by selected covariates in 41 patients. APOE,
apolipoprotein; CI, confidence intervals; fSEO, frequency of single event occurrence; MMSE, Mini-Mental State Examination; OR, odds
ratio.

model had the best classifier performance, with an
area under the curve of 0.87.

DISCUSSION
The main finding of this study was that the instantaneous concentration of nanoplaques in the CSF
was not associated with brain amyloid uptake as
determined by 18 F-Flutemetamol PET. As such, it
was not related to amyloid pathology and thus,
the Alzheimer’s continuum, as defined by the 2018
research criteria [6]. However, the concentration
of nanoplaques in the CSF significantly differed
between patients with clinical AD and patients with

non-AD disorders. The concentration of nanoplaques
was a significant predictor for clinical AD in the full
model.
The lack of association between CSF nanoplaques
levels and 18 F-Flutemetamol PET determined amyloid brain uptake could be due to relevant differences
between these methods. As 18 F-Flutemetamol PET
is a derivative of ThT [40, 41], both methods
measure misfolded amyloid with ␤-sheet secondary
structure. Even so, amyloid PET measures the
insoluble amyloid burden accumulated over time,
whereas ThT-FCS measures the instantaneous level
of nanoplaques at a specific time point. Moreover,
the methods differ in their sensitivity; amyloid PET
detects sizable insoluble deposits that are 2 mm3
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Fig. 2. ROC curves evaluating the discrimination between AD
and non-AD patients by the three different regression models. The
univariate model included only log fSEO as a predictor; the clinical model included age, sex, MMSE, and APOE 4 status; the
full model combined the univariate and clinical model. AUC, area
under the curve; ROC, receiver operating characteristic.

or larger [11, 42], while ThT-FCS detects structured aggregates with single-molecule sensitivity.
Research on CSF fibrillar amyloid and the relation to
amyloid PET is sparse, although a nonlinear association between amyloid brain uptake and monomeric
A␤42 in the CSF has been shown [43]. An association
between amyloid PET and nanoplaques should be
explored in a larger cohort. The ThT-FCS method is
recently developed, and the dynamics of nanoplaque
levels at different AD stages are not currently
known. Plausibly, nanoplaque levels in CSF could be
increased in early disease stages, and plateau or even
decrease in later stages as A␤ aggregates precipitate
forming macroscopic plaques.
In line with previous research on amyloid
aggregates in the CSF [18], the concentration of
nanoplaques was increased in the CSF of clinical
AD patients. This mirrors the findings of increased
ThT-active nanoplaques in AD patient blood serum
[27]. Most studies on amyloid aggregates in CSF
have compared AD patients with healthy controls
[18, 20, 21, 23]. Nabers et al. [44] employed other
disease controls (i.e., patients with dementia due to
non-AD causes and other neurological and/or psychiatric disorders); however, they excluded controls
with abnormal amyloid biomarkers. By virtue of an
immuno-infrared-sensor, they found indications that
A␤ aggregates enriched in ␤-sheet structure were
increased in the CSF from AD patients compared
to other disease controls. Our study supports and
extends this finding with a different approach to quantification of ␤-sheet-enriched aggregates.

A major strength of the current study was the use
of a well-characterized clinical cohort. This is a relatively young clinical cohort, which is of note because
brain amyloidosis is associated with increased age
[45, 46]. In the current study, age was not associated with amyloid brain load. Clinical diagnoses
were made according to updated criteria [5, 35],
encompassing current knowledge about the clinical
presentations of AD. Unfortunately, the sample size
was limited by the number of patients who had undergone both 18 F-Flutemetamol-PET and CSF sampling
as part of their clinical assessment. As this is not standard procedure, the total sample size was relatively
small, restricting the opportunity to do within-group
analysis.
In this study, the recently developed ThT-FCS
assay has been used to analyze CSF samples for the
first time. The ThT-FCS method has considerable
benefits as a method for biomarker studies. Firstly,
FCS is suitable for biomarker studies as it requires
small sample volumes and can measure a wide range
of concentrations (∼10 pM – 100 nM) [47]. Secondly, ThT is highly specific for amyloidosis, which
is a central process in many neurodegenerative diseases [48]; ThT does not react with non-pathological
protein monomers [49]. Because A␤ aggregates are
more heterogeneous and less numerous in biological
fluids than their monomeric counterparts [19], quantification of aggregates in CSF with immune-based
assays has been challenging. Nonetheless, the ThTFCS assay achieves the ultimate sensitivity, allowing
the detection of single aggregated particles. The ThTFCS method does not rely on signal-amplification,
protein separation, or immune probes. Beyond the
potential application as a diagnostic tool, a better
understanding of these aggregates may illuminate the
contribution of protein aggregation in AD pathology
[50].
The ThT-FCS assay is structure-based, which
entails two main limitations. The first limitation
is that the assay only detects aggregates with ␤sheet secondary structure, and is not sensitive to
smaller oligomers (dimers, trimers, tetramers, etc.),
nor oligomers with a non-␤-sheet secondary structure. More precisely, the ThT-FCS assay detects
amyloidogenic aggregates composed of a minimum
of 40 monomers, and smaller aggregates do not
give rise to an observable change in fluorescence
[26]. While smaller oligomers are considered to
be among the most toxic species [51], most small
oligomers are considered on pathway to aggregation, and the concentration of large aggregates is
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thought to increase quite rapidly following increased
concentration of oligomers [19]. Recently, it has
been demonstrated that while smaller oligomers exert
toxicity through membrane permeabilization, larger
ThT-reactive aggregates exert toxicity by provoking
inflammatory responses in microglia cells [52, 53].
Hence, also larger aggregates are relevant targets for
disease-modifying treatments.
A second limitation of the assay is that ThT is
not selective for a specific amino acid sequence. A
wide range of polypeptides with different amino acid
sequences, i.e., different primary structure (including
A␤, ␣-synuclein, and prion protein PrP) aggregate
to amyloid fibrils with similar secondary structure
[54]; ThT cannot discriminate between their aggregates [25, 41]. Thus, the detected nanoplaques are not
necessarily composed of A␤ or A␤ only [55]. While
this limitation also relates to 18 F-Flutemetamol PET
imaging, it is not a trivial one as it may limit the
potential for differential diagnosis between AD and
other amyloidogenic disorders, e.g., Parkinson’s disease [56]. In the current study, we excluded patients
with other amyloidogenic disorders. Therefore, while
the results indicate that this method can detect clinical AD, it remains to be determined whether it can
discriminate patients with different amyloidogenic
disorders.
Future research should extend these findings
to a larger cohort, and explore the dynamics of
nanoplaque levels and sizes at earlier disease stages.
It should also be addressed whether the level of
nanoplaques in the CSF is associated with other established CSF markers of AD, namely CSF levels of
A␤42 , total tau, and phosphorylated tau. Moreover,
future studies should address the important question of the nanoplaques’ biochemical composition.
Finally, the use of this method to detect nanoplaques
in the blood serum, and the potential application
of blood nanoplaque levels or sizes as diagnostic
or prognostic biomarkers for AD should also be
explored in further cross-sectional and longitudinal
studies.
In conclusion, the concentration of nanoplaques
in the CSF was not related to the cumulated amyloid brain uptake as determined by 18 F-Flutemetamol
PET. Nonetheless, the concentration of nanoplaques
was increased in patients with clinical AD, and was a
significant predictor of clinical AD when combined
with clinical variables. The relationship between CSF
nanoplaque levels and other established CSF markers
should be determined to further explore its potential
as a biomarker for AD.
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