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Abstract
This work is aimed at correlating pre mortem [F-18]FDDNP PET scan results in a patient with
dementia with Lewy bodies (DLB), with cortical neuropathology distribution determined post
mortem in three physical dimensions in whole brain coronal sections. Analysis of total Aβ
distribution in frontal cortex and posterior cingulate gyrus confirmed its statistically significant
correlation with cortical [F-18]FDDNP PET binding values (distribution volume ratios, DVR)
(p<0.001, R=0.97, R2=0.94). Neurofibrillary tangle (NFT) distribution correlated significantly
with cortical [F-18]FDDNP PET DVR in the temporal lobe (p<0.001, R=0.87, R2=0.76). Linear
combination of Aβ and NFT densities was highly predictive of [F-18]FDDNP-PET DVR through
all analyzed regions of interest (p<0.0001, R=0.92, R2=0.85), and both densities contributed
significantly to the model. Lewy bodies (LB) were present at a much lower level than either Aβ or
NFTs and did not significantly contribute to the in vivo signal. [F-18]FDG PET scan results in this
patient were consistent with the distinctive DLB pattern of hypometabolism. This work offers a
mapping brain model applicable to all imaging probes for verification of imaging results with Aβ
and/or tau neuropathology brain distribution using immunohistochemistry, fluorescence
microscopy and autoradiography.
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Introduction
Neuroimaging of dementia, particularly using positron emission tomography (PET) with
small molecular imaging probes targeting amyloid-like brain deposits, has been an active
area of research aiming at early diagnosis and non-invasive evaluation of disease
progression. 2-(1-{6-[(2-[F-18]Fluoroethyl)(methyl)amino]-2-
naphthyl}ethylidene)malononitrile ([F-18]-FDDNP) was the first imaging probe
successfully used for in vivo imaging of AD-related pathology in humans [1]. Because of its
in vitro affinity for β-amyloid (Aβ) fibrils, as initially shown by fluorescence and
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radioactive assays [2], unlabeled FDDNP has been used as an in vitro fluorescent dye with
fluorescence microscopy for labeling amyloid-like protein deposits containing β-pleated
sheet aggregates in the histological brain sections of neurodegenerative disorders associated
with Alzheimer disease (AD) [2, 3], variant and sporadic Creutzfeldt-Jakob disease (CJD),
as well as in a prion protein gene mutation-associated Gerstmann-Sträussler-Scheinker
syndrome (GSS) [4], Lewy bodies (LB) in dementia with Lewy bodies (DLB), progressive
supranuclear palsy (PSP) and Parkinson’s disease (PD) [3]. [F-18]FDDNP-PET successfully
differentiates clinically defined AD patients and mild cognitive impairment (MCI) patients
from cognitively normal subjects with higher specificity and sensitivity than either
[F-18]FDG-PET or structural MR imaging [5]. In vitro FDDNP labeling properties in
histological brain sections in sporadic CJD, variant CJD and GSS has also led to the use of
[F-18]FDDNP-PET as the first successful method for visualization and quantification of
prion protein amyloid deposits in the living brain of patients [6–8].

The regional brain distribution of [F-18]FDDNP PET signal in patients with AD agrees well
with known AD-related pathology distribution and also agrees with the neuropathological
criteria for Alzheimer’s disease diagnosis [9–11] as shown by post mortem pathological
determinations in the brain of an AD patient previously scanned [5, 12]. However the same
detailed work in other dementias has not yet been performed with [F-18]FDDNP PET.

In this report we present the new approach for validation of in vivo PET cortical binding
pattern with post mortem mapping of Aβ and tau pathology on coronally cut brain tissue
from one hemisphere at five levels, an approach similar to the method for Braak staging of
tau pathology [13]. To demonstrate the effectiveness of this method we applied it to the
validation of [F-18]FDDNP PET scans of a subject with confirmed DLB. Since this method
provides an opportunity for mapping the whole brain with quantitation of pathology load, it
is suitable for similar analysis of various neurodegenerative diseases. This method is
particularly valuable because it also permits for the first time identification and mapping of
tau aggregates with brain PET imaging and correlation of these results with post mortem
histopathological findings.

Recent work from our laboratory [14] with a homozygous triple-transgenic rat model of AD
(Tg478/Tg1116/Tg11587), originally derived by Flood and colleagues [15], as well as
previous work from others [16], indicates that Aβ brain accumulation in this transgenic
model of AD manifests primarily as diffuse, rather that cored fibrillar plaques. The robust
age-associated in vivo [F-18]FDDNP binding seen in the brain of these animals – as well as
the correlation of in vivo [F-18]FDDNP binding with Aβ content – corroborates that
[F-18]FDDNP labels both diffuse and fibrillar Aβ plaques typically present in DLB [17] and
provides further justification for its use in this work.

Patient history
A 73-year old Caucasian man, a retired university professor with 19 years of education, was
evaluated for worsening memory problems as part of a prospective University of California,
Los Angeles dementia neuroimaging project. Written informed consent was obtained from
the patient at the time of scanning in the presence of his wife, in accordance with procedures
of the Human Subjects Protection Committee of the University of California, Los Angeles
and the study was performed under standard ethics guidelines. Due to the presence of metal
in his body, this patient was not a candidate for a brain MRI scan. For brain anatomical
correlations of PET imaging data and assessment of brain atrophy, the patient received
instead a CT scan. He and his wife described a four-year history of difficulties giving
lectures and organizing information. They also noted intermittent visual hallucinations that
improved with the use of low-dose atypical antipsychotic medications as needed. The patient

Smid et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2013 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was also taking donepezil (5 mg), ginkgo biloba, and vitamin E (400 IU) daily for his
memory complaints. He did not report problems sleeping through the night. Physical
examination indicated evidence of Parkinsonian symptoms, including slight loss of
expression, diction and volume of speech, minimal hypomimia, a slight and infrequent
tremor at rest and with action, and minimal body bradykinesia. His activity of daily living
assessment indicated some difficulty tying his shoes, as well as occasional urinary
incontinence.

Despite his high baseline intellectual functioning and academic achievements, cognitive
impairment was noted on examination. Neuropsychological evaluation included a Mini–
Mental State Examination [18] and a battery of neuropsychological tests [19] that assessed
five cognitive domains: memory (Wechsler Memory Scale Logical Memory Test and Verbal
Paired Associations II, Buschke–Fuld for Selective Reminding Test [Total Recall], and Rey-
Osterreich Complex Figure Recall Test [Delayed Recall]), language (Boston Naming Test,
Letter Fluency Test and Animal Naming Test), attention and speed of information
processing (Trail Making Test A, Stroop Color Test [Kaplan version], and Digit Symbol
Test, Wechsler Adult Intelligence Scale [WAIS]), executive functioning (Trail Making Test
B, Stroop interference [Kaplan version], and Wisconsin Card Sorting Test, Perseverative
Errors), and visuospatial functioning (WAIS Block Design Test, Rey–Osterreich Complex
Figure Test [copy], and Benton Visual Retention Test). Attention, concentration, abstract
reasoning, and delayed verbal recall were intact, but impairments were observed in
immediate and delayed recall of a rote earned list, and immediate recall for simple designs
and a complex figure. The patient also showed impairment in semantic and phonemic
fluency and visual spatial abilities. No evidence of psychosis or depression was observed.

Methods
[F-18]FDDNP was synthesized as previously described [20] and PET scans were performed
with the ECAT HR scanner (Siemens CTI). Dynamic [F-18]FDDNP PET scan was obtained
for 2 hours after a bolus injection and [F-18]FDG PET scan was acquired for 1 hour after
bolus injection. Scans were corrected for radioactive decay and reconstructed with the use of
filtered back-projection (Hann filter, 5.5 mm full width at half maximum), with correction
for scatter and measured attenuation [21]. Movement correction of the [F-18]FDDNP PET
images was performed as described previously [22]. Quantification of the data on
[F-18]FDDNP binding was performed using the Logan graphic method with cerebellum as
the reference region [23, 24] on the movement corrected PET images and [F-18]FDDNP
distribution volume ratio (DVR) images were created. The slope of the linear portion of the
Logan plot is equal to the distribution volume of the probe in a region of interest (ROI)
divided by the distribution volume in the reference region. Brain boundaries for registration
were obtained with the [F-18]FDDNP image obtained over the first 5 min of the scan and
representing the perfusion image.

Quantification of [F-18]FDG-PET scans was performed on summed brain images (within 30
to 60 minutes after [F-18]FDG injection) and was expressed as the relative standardized
uptake value (SUVR) with reference to the cortical white matter. Both, parametric
[F-18]FDDNP and summed [F-18]FDG PET images were co-registered to the CT image for
further analysis. Average [F-18]FDDNP binding values and [F-18]FDG standardized uptake
value ratios (SUVR) were calculated for chosen regions of interest (ROI) for each PET
probe separately using Amide software [25].

The patient died at his home 46 months after PET scanning. Consent from the closest living
relative – upon donation of the patient’s brain to the UCLA brain bank (H.V. Vinters,
UCLA Department of Pathology) – was obtained for further histopathological
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determinations. After autopsy, the brain was fixed in 10% buffered formalin, each
hemisphere sectioned into 1.5 cm thick coronal sections and divided in up to four smaller
blocks prior to freezing and cryosectioning into 40 µm thick sections. Each coronal cross-
section through the whole hemisphere was thus represented by up to four separate tissue
sections.

Whole hemisphere autoradiography was performed as described previously [2, 26]. Briefly,
free-floating brain tissue sections were dehydrated, de-fattened in xylene at 60 °C for 3
hours, rehydrated and mounted on glass slides. Each tissue piece was then incubated for 25
minutes in solution of 3.7 MBq of [F-18]FDDNP in 10 ml of 1% ethanol in water. Sections
were differentiated by washing with 60% 2-methyl-2-butanol (Sigma, St. Louis, MO, USA)
at 25 °C for 90 seconds, exposed to the phosphoimaging plates and analyzed using FUJI
BAS 5000 Phosphorimager (Fuji Film Medical Systems, USA).

FDDNP Fluorescence Histochemistry was also performed as described previously [3].
Briefly, free floating tissue sections were de-fattened, rehydrated and incubated in 10 µM
FDDNP in 1% ethanol solution for 10 minutes, rinsed, mounted and covered using aqueous
mounting medium (Vectashield, Vector laboratories, Burlingame, CA). As a standard
method for dementia-associated pathology detection, Thioflavin S fluorescence
histochemistry was performed on free-floating sections using 0.05% Thioflavin S (Sigma,
St. Louis, MO, USA) solution in 50% ethanol, followed by differentiation in 70% ethanol
for 30 seconds. Sections were then rinsed, mounted and covered using aqueous mounting
medium (Vectashield, Vector laboratories, Burlingame, CA).

Pathology Distribution on Whole-hemisphere Coronal Tissue Sections by
Immunohistochemistry (IHC) was performed on free-floating sections for detection of Aβ,
tau and α-synuclein tissue deposits. Epitope retrieval was carried out with pre-treatment in
85% formic acid for 5 minutes for Aβ and α-synuclein IHC, no formic acid pretreatment
was used for hyperphosphorylated tau IHC. Aβ IHC detection was done using mouse
monoclonal antibody 6F/3D (Dako, Carpinteria, CA). Sections were then rinsed in buffer,
before a 5% normal horse serum was applied for 30 min to block the nonspecific binding of
the secondary antibody. Incubation with the primary antibody (1:100) was performed
overnight at 24°C. Incubation in the biotinylated horse anti-mouse secondary antibody
(1:200; Vector Laboratories, Burlingame, CA) was followed by incubation in the avidin-
biotin-peroxidase complex (ABC Standard Elite Kit; Vector Laboratories) and chromogen
(3',3-diaminobenzidine; Sigma, St. Louis, MO, USA) solution. Hyperphosphorylated tau
IHC detection was performed with mouse monoclonal antibody AT8 (Innogenetics,
Belgium, 1:1000, 2hrs at 24°C) and α-synuclein detection was performed using LB509
mouse monoclonal antibody (Zymed Laboratories, San Francisco, CA, 1:100, 2 hrs at
24°C). In both cases blocking and detection steps were identical to those described for Aβ
IHC.

Co-localization Analysis
In vitro Measures: FDDNP Fluorescence Histochemistry and
Immunofluorescence (IF)—For interpretation of radioactivity accumulation in the
[F-18]FDDNP PET-scanned patient brain, co-localization microscopy analysis of FDDNP
labeling (fluorescence histochemistry) and immunofluorescence (IF) detection of Aβ,
hyperphosphorylated tau or α-synuclein in brain specimens was performed. Sets of three
consecutive 5-µm brain tissue sections (one section for each deposited protein IF analysis),
were cut from paraffin embedded tissue blocks from eight representative cortical and
subcortical brain regions. After deparaffination, tissue autofluorescence was quenched by
incubation in 0.05% KMnO4 for 5 minutes [27] and then FDDNP histochemistry was
performed as described above. Photomicrographs of FDDNP labeled structures were taken
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using a Nikon Eclipse E600 fluorescence microscope (filter: EX 465–695, DM 505, BA
515–555), and their coordinates were recorded. IF labeling was performed on the same
tissue pieces after pretreatment with 85% formic acid for 5 minutes. IF experiments for
specific pathology were performed with the following antibodies: anti-Aβ mouse
monoclonal antibody 6F/3D (1:50; Dako, Carpinteria, CA); anti-hyperphosphorylated tau
mouse monoclonal antibody AT8 (1:250; Pierce Endogen, Rockford, IL); anti-α-synuclein
sheep polyclonal antibodies (1:80; AB5334P, Chemicon, Temecula, CA). In each case
overnight primary antibody incubation (at 10°C) was followed by biotinylated secondary
antibody (1:1000, 90 minutes; Vector Laboratories, Burlingame, CA) and Alexa Fluor 546
streptavidin conjugate (1:750, 90 minutes; Invitrogen, Karlsruhe, Germany) incubations.
Photomicrographs were taken at previously recorded coordinates (filter: EX 528–553, DM
565, BA 590–650) and image pairs were analyzed using custom made software (mImage,
developed by G. Repovš [6]. Gaussian smoothing filter was applied to images to eliminate
local noise and optimal thresholds for FDDNP and IF image signal segmentation were
determined. For each FDDNP–labeled structure, co-localization coefficients (m1 and m2)
[28] were computed to quantify the proportion of the two signals inside the co-localized
area.

Correlation of [F-18]FDDNP PET with In vitro Measures—[F-18]FDDNP PET and
immunohistology correlation analysis was performed after high-resolution digitalization of
anti-Aβ and anti-tau immunostained coronal sections. Five coronal cross-sections, composed
of 12 tissue sections were manually co-registered to CT brain image using anatomical
landmarks and twenty one small regions of interest (ROI) were selected for analysis: nine
regions of frontal cortex (on four different coronal sections), two regions of primary
sensorimotor cortex, region of posterior cingulate gyrus, five regions of temporal cortex (on
two coronal sections), two medial temporal lobe regions (including hippocampus, on two
coronal sections) and two regions of occipital cortex (Table 1; Figure 2).

The optical densities of IHC ROI were calculated using Image J software (US National
Institutes of Health, Bethesda, MD). Segmentation of digitized IHC images for IHC labeling
identification was performed using standardized threshold levels, calculated form average
white matter optical density values for each analyzed section. The method resulted in less
than 0.5% above-threshold cortical area in negative control IHC sections.

Statistical Analysis—Pearson’s correlation coefficients (R) and coefficients of
determination (R2) were calculated for correlation between [F-18]FDG PET SUVRs or
[F-18]FDDNP PET DVRs and Aβ or tau deposit density, depending on the predominant
deposit type in the analyzed region, as well as with α-synuclein, where present. Multiple
linear regression analyses were performed with the two histological measures of density of
pathologic protein aggregates (Aβ and tau or α-synuclein) as independent variables, while
[F-18]FDDNP PET binding value in corresponding region of interest was included as the
outcome variable. The value of p < 0.05 was considered statistically significant.

Results
Neuropsychological Tests

At the time of imaging experiments the patient revealed a Mini-Mental State Examination
score of 20 out of possible 30 points and impairments in several cognitive domains (on tests
of recall for simple and complex designs (Benton, 1st percentile and Rey-O, 3rd percentile),
as well as visuospatial ability (Rey-O Copy < 1st percentile), language (phonemic fluency,
FAS, 1st percentile; semantic fluency, Animals, < 1st percentile) and psychomotor speed
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and scanning (Trails A < 1st percentile); both verbal and written perseverations and apparent
difficulties initiating motor actions during Rey-O Copy test were described).

Pre mortem Imaging Results
CT scans showed generalized cerebral atrophy with widening of sulci and shrinking of gyri.
Ventricles were only moderately enlarged. [F-18]FDG PET scans revealed symmetric
generalized cortical hypometabolism, involving parietal, prefrontal, temporal, occipital and
posterior cingulate cortices as well as in sensorimotor cortex. Relative preservation of
metabolism was seen in subcortical structures (basal ganglia, thalamus) and cerebellum. The
pattern of metabolism was consistent with the presence of a primary neurodegenerative
dementia but hypometabolism in the occipital cortex strongly suggested dementia with LB
(Figure 1) [29–31]. Elevated [F-18]FDDNP signal was observed in basal ganglia (DVR
1.47), thalamus (1.39) and several cortical areas with the highest cortical [F-18]FDDNP
binding values in the medial temporal lobe (DVR up to 1.26), followed by temporal (1.12 –
1.23), frontal (1.10 – 1.23) and posterior cingulate cortex (1.14). [F-18]FDDNP signal was
lowest in the primary sensorimotor (0.95) and occipital cortex (1.02) (Table 1; Figures 1 and
2).

Autopsy Results
The brain was atrophic upon macroscopic examination and depigmentation of substantia
nigra was observed. The diagnosis of DLB [32] was confirmed microscopically. Observed
under a fluorescence microscope, unlabeled FDDNP was found to label abundant Aβ
plaques and diffuse Aβ aggregates (Figures 3A and 4 A, with dense cores of classic senile
plaques displaying most prominent fluorescence), NFTs (Figure 4 D, most notably in
temporal lobe), as well as LB (Figure 4 G) in both cortical and subcortical areas. Numerous
NFT were the predominant type of pathology seen in the structures of medial temporal lobe,
and both, Aβ aggregates and NFT were seen through the temporal neocortex. Aβ aggregates
predominated in the rest of the neocortex, and they were least frequent in the sensorimotor
and occipital cortex, consistent with imaging results.

Widespread pathology distribution was confirmed using Thioflavin S fluorescence.
Numerous LB in brainstem structures, most notably in substantia nigra, were revealed by α-
synuclein IHC and IF labeling. Several cortical regions were also affected; their density was
highest in the posterior cingulate gyrus (2 – 3 LB per low power magnification field) and
few were found in the temporal cortex (Figure 4 H). In general, observed densities of
cortical LBs were much lower than those of Aβ and hyperphosphorylated tau accumulation.
Sensorimotor and occipital cortices were the least affected regions by both, Aβ and
hyperphosphorylated tau accumulation, visualized using IHC. Aβ was found in all examined
gray matter regions in the form of classic SP (dense-core plaques) or, most abundantly, as
diffuse deposits consistent with earlier pathological observations in LBD patients [17].
Frontal cortex and posterior cingulate gyrus were most prominently affected with density of
Aβ IHC deposits reaching up to 2.6 and 1.9 times higher values than those measured in the
sensorimotor cortex, respectively (Table 1, Figure 3B). Hyperphosphorylated tau deposit
distribution was consistent with Braak stage IV–V [13]. Tau-immunoreactive optical density
signal was highest in the structures of the medial temporal lobe, where it reached 14.7 times
higher values than that measured in the primary sensorimotor cortex. Inferior and middle
temporal gyrus and some areas of the frontal cortex were also heavily affected by
hyperphoshorylated tau deposition, the former displaying over ten times and the latter over
six times more hyperphosphorylated tau density relative to the primary sensorimotor cortex
(Table 1, Figure 3B). Subcortical structures are visible only in one cut (Figure 2, level III)
including putamen, globus pallidus, tail of caudate, and several thalamic nuclei and were not
included in the correlational analysis. Visual inspection reveals presence of Aβ IHC with
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variable densities in low range in all basal ganglia structures and in thalamic nuclei.
Hyperphosphorylated tau IHC was apparent in putamen and in tail of caudate but not in
other subcortical areas.

Co-localization analysis of FDDNP histofluorescent labeling and Aβ IF detection in SP
(n=154) with microscopy showed that both, FDDNP signal and IF fluorescence
predominantly overlapped (Figure 4 A–C) with high co-localization coefficients (m1=88.8,
m2=82.0). Hyperphosphorylated tau IF signal was more extensive when compared with
FDDNP fluorescence in NFT (n=163) labeling, resulting in lower co-localization
coefficient, however the FDDNP signal was predominantly localized in IF-positive areas
(Figure 4 D–F) (m1=82.1, m2=65.0). Over 90% of FDDNP fluorescent signal in FDDNP-
labeled LB (n=32) was localized inside areas of alpha-synuclein IF. Immunolabeling of LB
was more extensive and resulted in lower IF to FDDNP co-localization coefficient (Figure
4) (m1=98.0, m2=49.9).

Digital autoradiography using [F-18]FDDNP confirmed high tracer labeling in the temporal
cortex, posterior cingulate gyrus and regions of the frontal cortex (Figure 1 F, K). Primary
motor and sensory cortices displayed the lowest [F-18]FDDNP signal. The distribution of
the signal was in accordance with microscopically observed FDDNP fluorescent labeling of
senile plaques and NFT and the distribution of Aβ and hyperphosphorylated tau pathology,
visualized immunohistochemically on whole-brain coronal sections.

No correlation was found between [F-18]FDG PET SUVR values and estimated optical
density of Aβ or hyperphosphorylated tau immunoreactive signal in the analyzed ROIs
(R2=0.024 and R2=0.006, respectively). [F-18]FDDNP PET DVRs however, correlated
significantly with the IHC determined density of the predominant pathology type. High
correlation between Aβ deposit density in the frontal cortex and posterior cingulate gyrus
with [F-18]FDDNP PET binding values was observed (p<0.001, slope 0.017, R=0.97,
R2=0.94). Likewise, the correlation between hyperphosphorylated tau immunoreactive
signal density and [F-18]FDDNP PET DVRs in the temporal lobe was also highly
significant (p<0.001, slope 0.0033, R=0.87, R2=0.76). Not surprisingly, there was no co-
linearity between Aβ density and hyperphosphorylated tau deposits density. Multiple
regression analysis revealed that a combination of predicted [F-18]FDDNP DVR values
calculated from Aβ and from hyperphosphorylated tau immunoreactive signal densities was
highly predictive of measured [F-18]FDDNP PET DVR throughout analyzed ROI (predicted
vs. measured [F-18]FDDNP DVR: p<0.0001, slope 0.476, R=0.92, R2=0.85). Both, Aβ and
hyperphosphorylated tau deposits contributed significantly to the regression model (both p <
0.001) and this model described [F-18]FDDNP PET signal distribution through all analyzed
ROI better than either NFT or Aβ plaque distribution alone.

Discussion
Formation of insoluble fibrils via β-pleated sheet polymerization of different proteins and
their deposition in different brain regions are pathological changes observed in many
neurodegenerative diseases, e.g., Aβ plaques and NFT in AD and DLB. Brain pathology of
DLB consists of LB in cortex and subcortical regions and, in most cases, by presence of
varying degrees of Alzheimer-type pathology, i.e. Aβ plaques and NFTs [33, 34]; however
NFT densities are often significantly lower than those observed in AD [35]. Patients with
copious NFT formation typically present with a clinical picture of AD with fewer DLB
clinical characteristics than those with few or no hyperphosphorylated tau deposits [36].
Also, classical brain glucose hypometabolism patterns as measured by [F-18]FDG PET
usually confirms DLB and AD [29–30]. DLB and AD metabolism patterns overlap in the
neocortex with the exception of visual cortex which is typically hypometabolic in DLB but
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not in AD. In this studied case, abundant NFT and rich Aβ pathology closely mimic general
AD-related distribution of pathology. However, presence of Lewy bodies in the brainstem,
limbic areas and neocortex as well as decreased [F-18]FDG SUVR values in the occipital,
parietal and temporal lobes and in posterior cingulate gyrus, , present findings typical of
DLB (Tables 1 and 2). These combined results indicate DLB and AD co-morbidity.

Regional brain correlation of in vivo deposition of PET imaging probes targeting tau, Aβ
deposition and other proteinaceous lesions with the distribution of targeted pathology and its
densities obtained post mortem is an important step in validation of these imaging
techniques for use in living subjects. Previous methods, however, have relied upon
microscopic immunohistochemistry determinations in limited number of brain areas for
comparison with imaging data, but this approach has the limitation of bias samplings. To
date one biopsy study [37] and several autopsy studies have reported correlation of
pathology with N-methyl [11C]2-(4'-methylaminophenyl)-6-hydroxybenzothiazole
([C-11]PIB) imaging results in subjects with AD [38–42] and DLB [17], among others.
Similar comparison of imaging results using the stilbene-based florbetapir in a DLB patient
was recently reported by Sabbagh et al [43]. With the exception of the study by Ikonomovic
et al [38], using only one brain slice, none of these studies has mapped out Aβ pathologies in
sufficient hemispheric detail to allow for regional cortical correlation of the imaging signal
with underlying pathology throughout the brain, irrespective of the neurodegenerative
disease.

This work reports such a correlation using a 3-D brain hemisphere approach in the first
autopsy-confirmed DLB patient who underwent pre mortem [F-18]FDDNP PET.
[F-18]FDDNP PET scan results, together with CT and [F-18]FDG PET results, were
consistent with a primary neurodegenerative dementia and provided the basis for the
patient’s diagnosis. DLB with prominent Aβ and hyperphosphorylated tau pathology was
confirmed post mortem during autopsy 46 months after the patient received his PET scans.
[F-18]FDDNP DVRs were increased in all areas of the neocortex and the reported values are
well within the range reported for AD subjects [5]. When compared with IHC results, it
becomes obvious that both types of pathology are present in different cortical brain regions
albeit in different proportions. For example, high [F-18]FDDNP PET DVR was observed
both in Aβ rich frontal cortex and cingulate gyrus and in hyperphosphorylated tau aggregate
rich medial temporal lobe structures (Figure 5). It is not surprising that linear combination of
both Aβ and tau immunoreactive signal densities, as calculated by the multiple linear
regression analysis, strongly correlated with the [F-18]FDDNP PET binding pattern in this
investigation. Additive contribution of both types of pathology is most evident in the
neocortical areas of temporal cortex with mixed pathology profile (Figure 2, levels III and
IV) and the role of both major types of pathology in [F-18]FDDNP PET was supported by
fluorescence microscopy and autoradiography (Figures 3 and 4). As this paper was designed
as a 3-D brain method of neuropathology evaluation using imaging in comparison with
postmortem autopsy in cortical areas following the established ABC criteria for
neuropathological diagnosis of Alzheimer’s (references 9–11), no quantitative correlative
analysis with IHC data of subcortical areas was performed. As such, the brain tissue was
sampled at five levels (Figure 2) to cover different cortical areas but with only limited
sampling of subcortical structures. The observed [F-18]FDDNP DVR values in striatum and
thalamus in this patient were similar to those recently reported for PSP (striatum:
1.443±0.102; thalamus: 1.478±0.070) and significantly higher than those observed in
controls or patients with Parkinson’s disease (DVR values in both groups < 1.250 in
striatum and thalamus) [59].

[F-18]FDDNP digital autoradiography findings of high tracer activity in the cingulate gyrus,
as well as temporal and frontal cortex are in accordance with previously reported results [2].
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They are also congruent with in vivo [F-18]FDDNP PET binding values distribution in the
cerebral cortex of this patient. At the microscopic level, co-localization analysis (Figure 4)
confirmed fluorescent FDDNP labeling of all three types of protein aggregates in the
analyzed brain tissue – abundant SP, as well as NFT and LB. NFT associated with AD are
known to label with FDDNP in vitro [2] and showed the most reliable fluorescent FDDNP
labeling of all hyperphosphorylated tau deposits in a recent histochemical study of
conformational neurodegenerative disorders [3]. That same work also reported that 58% of
cortical LB was labeled with FDDNP in vitro. Convincing FDDNP histofluorescence co-
localization with α-synuclein IF signal was determined in the present study and these α-
synuclein aggregates may potentially contribute to the in vivo [F-18]FDDNP signal.
However, LB aggregates are small in size and they are scarce in comparison with NFT or
senile plaques in this patient (Figure 4 G). At autopsy the α-synuclein histochemically
labeled area represented less than 1% of the Aβ area in the present case, which is in
accordance with previous estimates of Aβ SP occupying 30-fold greater areas in histological
brain sections of DLB that those of α-synuclein deposits [44]. LB contribution to the
[F-18]FDDNP-PET signal in the present case may thus be small or even negligible.
Additionally, LB occurred most frequently in the posterior cingulate gyrus and lateral
temporal cortex, areas with abundant Aβ deposition. This overlap in distribution rendered
the potential contribution of α-synuclein to in vivo [F-18]FDDNP PET cortical binding
values low.

There was no direct regional correlation between cortical hypometabolism (detected using
[F-18]FDG PET) and either Aβ SP or NFT distribution. This is to be expected, however.
Although imaging of fibrillar deposits has its role in the diagnosis of neurodegenerative
diseases based on the pattern of distribution of these lesions it is still not fully understood
how pathology distribution and densities contribute to cellular neurodegeneration which
leads to disease symptomatology. Functional measures depend on the activity of brain
networks which are affected by neurodegenerative changes at the level of synapses and
neurons forming these circuits, whereas density of Aβ SP and hyperphosphorylated tau
immunoreactive signals, depend on the presence of specific epitopes in relevant brain
regions, which may not coincide with all parts of these functional networks [45–47]. Thus it
is not surprising that posterior cingulate gyrus hypometabolism can be observed in very
early AD [48] when pathological changes are still limited to the projecting medial temporal
lobe. The characteristic occipital hypometabolism, also described in this patient, is not
associated with aberrant protein deposits in the hypometabolic brain regions, but rather with
widespread spongiform change and gliosis in long projection fibers [49], that could be the
consequence of pathological processes in the brainstem or basal forebrain structures [50]. In
this patient, occipital hypometabolism was associated with low [F-18]FDDNP DVRs and
absence of aberrant protein aggregates in this brain region was evident during tissue analysis
at autopsy. Therefore, we have to interpret regional comparisons of functional and structural
measurement results with extreme caution.

It is also worth noting that the subject had significant level of cortical atrophy visible as
dilation of major ventricles, widening of sulci and shrinking of gyri on CT scan. This
atrophy is indicative of advanced stage of pathological changes in the brain which was also
obvious from the extensive cortical hypometabolism pattern. We also have to take into
account the effect that severe atrophy and partial volume effects would have on [F-18]FDG
and [F-18]FDDNP PET signals. Due to the relatively low resolution of PET cameras (~4
mm), both gray matter loss and widening of gyri would contribute to dilution of the PET
signal. Correction of these partial volume effects does make the true [F-18]FDDNP DVR
more robust and pathology correlations even more reliable. Conversely, hypometabolic
measures via [F-18]FDG SUVRs would be tempered significantly when partial volume
effects corrections for atrophy are performed [51].
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Visual comparison of atrophy levels observed on CT and the shape of brain tissue sections
after 46 months at the autopsy shows good matching of shapes and limited atrophy between
these two points. This is consistent with the slow progression of dementia-associated
pathology burden in patients with late AD by comparing densities of SP and NFT at biopsy
and autopsy [52–54]. Statistically significant progression of SP and NFT burden was
described only in two out of four patients in a study with the longest time period form
biopsy to autopsy (9–11 years) [54], while other studies of five [52] and four [53] patients,
with a follow up of 3 to 7 years and 21 to 47 months, respectively, showed only non-
significant changes in densities of cortical SP and NFT in the frontal and temporal cortex
where the biopsy samples were collected. On the other hand, as expected, evidence of
continuous pathology accumulation can be seen early in the course of the disease [5].

In conclusion, the results of the present study offer validation of [F-18]FDDNP PET as an
imaging agent for neuropathology distribution (Aβ and tau deposits), as confirmed post
mortem with IHC determinations in three physical dimensions in whole brain coronal
sections (Figure 2), and further confirmed with microscopy and autoradiographic
determinations (Figure 3). Due to the low overall load of α-synuclein deposits, the in vivo
contribution of their labeling remained quantitatively insignificant in the analyzed case,
despite reliable FDDNP labeling of LB in vitro. Due to its ability to label both Aβ deposits
and NFT, [F-18]FDDNP offers high sensitivity for early detection of AD related pathology
when changes appear predominantly in the form of NFT even before dementia symptoms
are observable [55, 56]. [F-18]FDDNP sensitivity for brain tau aggregates has permitted
histochemical correlates previously unrealized with tau pathology. Moreover, this
[F-18]FDDNP sensitivity allows identification of early affected subjects and increases the
window of opportunity for therapeutic intervention at the early stages of dementia when
cellular damage is still contained. [F-18]FDDNP PET could also be used for monitoring of
dementia-associated pathology loads in patients involved in anti-aggregation therapeutic
intervention trials, most intriguingly anti-tau therapies [57].This use of [F-18]FDDNP PET
is further supported by recent co-crystallization of DDNP with tau fragments in X-ray
microcrystallography at atomic resolution [58].
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Figure 1.
[F-18]FDDNP-PET and [F-18]FDG-PET images of the DLB subject studied in this paper
(left) compared with [F-18]FDDNP-PET and [F-18]FDG-PET images of a 64 year old male
control subject without signs of dementia. CT images for the DLB subject and T1 MRI
images for the control subject are provided for anatomical reference. Highest
[F-18]FDDNP-PET signal in the DLB subject is seen in parts of the frontal cortex and
medial temporal lobe. Primary somatosensory cortex is associated with lower [F-18]FDDNP
binding. [F-18]FDG-PET revealed global cortical hypometabolism, which includes the
occipital region, indicative of DLB. The slices shown in this Figure were obtained at
approximately −30° angle to canto-meatal line.
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Figure 2.
Comparison of Aβ and hyperphoshorylated tau immunohistochemical labeling and
[F-18]FDDNP PET signal in coronal slices. The results of IHC are shown in the upper two
rows and 21 regions of interest used for quantitative analysis are indicated on Aβ- IHC brain
slices (top row, labels identical to those used in the Table).
Dense deposits of Aβ were detected in frontal lobe, posterior cingulate gyrus and temporal
lobe. Occipital lobe and somatosensory cortex showed lowest level of Aβ IHC labeling.
Hyperphosphorylated tau IHC labeled densely hippocampus and related areas in medial
temporal lobe as well as other neocortical areas of temporal lobe. Frontal cortex showed less
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accumulation of hyperphosphorylated tau. Occipital lobe, somatosensory cortex and
posterior cingulate gyrus showed only very low level of hyperphosphorylated tau IHC.
[F-18]FDDNP signal is the strongest in frontal (Aβ) and temporal (Aβ and tau) lobes as well
as posterior cingulate gyrus (Aβ) pointing to contribution of both pathologies to the in vivo
[F-18]FDDNP signal.
Symbols: full circles = F; open circles = SC; full squares = T; open squares = H; full
diamond = OC; open diamond = PCG.
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Figure 3.
In vitro dementia-related pathology detection, using FDDNP labeling and
immunohistochemistry (IHC). A: FDDNP fluorescence microscopy of abundant Aβ deposits
in frontal cortex (F2) and cingulateg gyrus (PCG), where both, Aβ dense core plaques and
Aβ diffuse deposits are seen. B: Both Aβ (T1-i) and rich hyperphosphorylated tau deposits
(T1-ii) were present in the temporal cortex. Only scarce pathology was present in the
primary sensory cortex (SC1-i, SC1-ii). Aβ plaques were the predominant pathology in the
cingulate cortex (PCG-i) with only few hyperphoshporylated tau deposits (PCG-ii).
C: In vitro [F-18]FDDNP digital autoradiography of brain sections showing temporal lobe
(E, F) revealed high tracer affinity for temporal lobe neocortical areas with mixed Aβ and
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hyperphosphorylated tau IHC profiles and in hippocampus where only hyperphosphorylated
tau IHC was detected.
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Figure 4.
Co-localization analysis of FDDNP histofluorescence (A, D, G) and immunofluorescence
(IF) for Aβ β-amyloid (B), neurofibrillary tangles (E) and α-synuclein (H) used for
characterization of FDDNP labeled structures. Abundant dense-core and diffuse SP in
striatum labeled with FDDNP (A) and closely matched with subsequent IF Aβdetection (B).
The co-localization was quantified using superimposed images of both fluorescent signals
(C). FDDNP labeling of neurofibrillary tangles in vitro (D) was confirmed by
hyperphosphorylated tau IF detection (E, F). Lewy bodies (LB) displayed FDDNP
fluorescence in subcortical structures and cortex (G, lb). They are smaller and scarcer in
comparison with SP (G, sp). Alpha synuclein IF detection labeled LB (but not SP, H) and
FDDNP fluorescent labeling of LB overlapped highly with red IF signal (I). Scale bar: A–C
100µm, D–F 50µm, G–I 40µm.
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Figure 5.
3D scatter plot showing [F-18]FDDNP DVR values (axis z) as a function of Aβ IHC (axis
x) and hyperphosphorylated tau IHC (axis y). Areas with high Aβ IHC load and low
hyperphosphorylated tau IHC load are associated with high [F-18]FDDNP DVR values
(blue oval) and so are areas with high hyperphosphorylated tau IHC load and low Aβ IHC
load (red oval). This points to contribution of both types of pathologies to the in vivo
[F-18]FDDNP signal. The names of ROIs are identical to those used in Table 1 and symbols
are identical to those used in Figure 2. Regions with low levels of both IHC staining are
grouped in the green oval.
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Table 1

β-Amyloid and Tau immunohistochemistry “burden” values and [F-18]FDDNP DVR values for 21 regions of
interest used for the analysis of this case.

FDDNP DVR Aβ IHC Tau IHC

F1 1.160 20.80 3.52

F2 1.210 21.80 2.99

F3 1.170 18.90 7.00

F4 1.230 22.30 5.20

F5 1.177 22.00 5.50

F6 0.966 9.32 7.50

F7 1.104 13.27 21.90

F8 1.017 10.13 0.11

F9 0.986 9.07 0.55

PCG 1.137 16.40 5.03

OC1 1.025 11.34 0.70

OC2 1.043 10.23 0.50

T1 1.179 12.71 26.30

T2 1.230 11.31 36.40

T3 1.121 13.55 3.30

T4 1.124 14.32 10.60

T5 1.177 12.60 42.80

H1 1.260 8.55 51.48

H2 1.157 12.12 43.58

SC1 0.939 8.86 1.30

SC2 0.950 8.08 5.70

F: frontal; PCG: posterior cingulate gyrus; OC: occipital cortex; T: temporal cortex; H: hippocampus; SC: somatosensory cortex. IHC is expressed
as percentage of tissue surface covered by IHC.
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Table 2

Comparison of [F-18]FDG PET SUVR values for different brain regions of DLB subject with group values for
control group showing globally decreased FDG utilization in this DLB subject.

DLB controls† Z score

Global 1.465 2.011±0.086 −6.3

Frontal 1.497 2.120±0.096 −6.5

Parietal 1.264 2.017±0.140 −5.4

Lateral Temporal 1.411 1.930±0.147 −3.5

Medial temporal 1.522 1.571±0.105 −0.5

Posterior Cingulate 1.632 2.416±0.194 −4.0

Thalamus 1.903 2.211±0.105 −2.9

Striatum 2.227 2.317±0.099 −0.9

Motor 1.868 2.549±0.102 −6.6

Occipital 1.572 2.343±0.181 −4.3

All values are normalized to the cortical white matter. Z score signifies the difference between the DLB subject values and the mean values of the
control group expressed in terms of SDs of the control group.

†
Control group consists of 10 subjects (4F / 6M) aged 60.4±11.6 years (range 45–80 years).
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