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Background: Imaging studies in Alzheimer’s disease (AD) have yet to answer the underlying questions concerning the relationship among tau retention, neuroinflammation, network disruption and cognitive decline. We compared the spatial retention patterns of 18F-THK5351 and resting state network (RSN) disruption in patients with early AD and healthy controls.

Methods: We enrolled 23 11C-Pittsburgh compound B (PiB)-positive patients with early AD and 24 11C-PiB-negative participants as healthy controls. All participants underwent resting state functional MRI and 18F-THK5351 PET scans. We used scaled subprofile modeling/principal component analysis (SSM/PCA) to reduce the complexity of multivariate data and to identify patterns that exhibited the largest statistical effects (variances) in THK5351 concentration in AD and healthy controls.

Findings: SSM/PCA identified a significant spatial THK5351 pattern composed by mainly three clusters including precuneus/posterior cingulate cortex (PCC), right and left dorsolateral prefrontal cortex (DLPFC) which accounted for 23.6% of the total subject voxel variance of the data and had 82.6% sensitivity and 79.1% specificity in discriminating AD from healthy controls. There was a significant relationship between the intensity of the 18F-THK5351 covariation pattern and cognitive scores in AD. The spatial patterns of 18F-THK5351 uptake showed significant similarity with intrinsic functional connectivity, especially in the PCC network. Seed-based connectivity analysis from the PCC showed significant decrease in connectivity over widespread brain regions in AD patients. An evaluation of an autopsied AD patient with Braak V showed that 18F-THK5351 retention corresponded to tau deposition, monoamine oxidase-B (MAO-B) and astrogliosis in the precuneus/PCC.

Interpretation: We identified an AD-specific spatial pattern of 18F-THK5351 retention in the precuneus/PCC, an important connectivity hub region in the brain. Disruption of the functional connections of this important network hub may play an important role in developing dementia in AD.
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INTRODUCTION

The pathological hallmarks of Alzheimer’s disease (AD) are the presence of extracellular senile plaques containing amyloid β (Aβ) peptide, and intracellular neurofibrillary tangles of the microtubule-associated protein tau (Montine et al., 2012; Canter et al., 2016). Astrogliosis associated with neurodegeneration is also a major hallmark of AD (Rodríguez-Arellano et al., 2016). However, the roles of Aβ, tau and astrogliosis/neurodegeneration in developing dementia have not been fully elucidated.

According to the Nun study, some advanced Braak’s stage subjects with a significant increase in tau and Aβ accumulation showed good cognition during their lives (Snowdon, 1997), suggesting that brain neuronal networks may play an important role in the maintenance of cognition or development of dementia. Consequently, combined use of Aβ/tau PET and functional MRI to investigate brain networks in humans is expected to identify a convincing relationship between these pathological changes and the cognitive declines in AD.

Previous studies combining amyloid PET and resting-state functional MRI (rsfMRI) have demonstrated several important findings regarding the relationship between Aβ retention and resting state network (RSN) changes in AD: (1) Aβ retention in the neocortex regions is associated with cognition and spreads to hub regions corresponding to nodes of the default mode network (DMN; Lustig et al., 2003; Greicius et al., 2004); (2) increased Aβ retention alters task-related fMRI signal response in the DMN (Sperling et al., 2009; Mormino et al., 2011; Lim et al., 2014); and (3) cortical Aβ retention is also associated with disrupted RSN of the perirhinal and precuneus cortex (Song et al., 2015) and decreased connectivity to various anatomical lesions (Sheline et al., 2010). However, in these studies, tau, astrogliosis and neuroinflammation were not taken into account.

Despite cognitive deterioration and progressive loss of intra/internetwork connectivity at the DMN and other RSNs in association with the progression of AD (Agosta et al., 2012; Binnewijzend et al., 2012; Brier et al., 2012; Damoiseaux et al., 2012), the Aβ retention levels remain almost stationary over the conversion period from the mild cognitive impairment (MCI) state to AD (Jack et al., 2009). In addition, Aβ retention cannot fully explain the clinical-anatomical heterogeneity in AD (Ranasinghe et al., 2014; Lehmann et al., 2015; Canter et al., 2016). Finally, most Aβ-based antibody treatments that eradicate Aβ retention failed to restore cognitive function (Sacks et al., 2017; Wang et al., 2017).

These observations raise the question regarding the critical role of Aβ deposition, tau deposition and astrogliosis/neurodegeneration, particularly in terms of their spatial distribution, temporal timing and relationship to brain network disruption, in the development of the dementia in AD.

The spatial spread and temporal pattern of THK5351 retention correspond to the known distribution of tau pathology associated with the clinical severity and symptomatology of cognitive decline (Harada et al., 2016). However, recent studies have demonstrated that THK5351 also binds to monoamine oxidase-B (MAO-B), which is mainly localized in the inner mitochondrial membrane of astrocytes and increases with astrogliosis (Levitt et al., 1982; Ekblom et al., 1993; Lemoine et al., 2017; Ng et al., 2017; Harada et al., 2018). Regional in vivo THK5351 retention was significantly correlated with the density of tau aggregates in the neocortex and MAO-B in the whole brain (Harada et al., 2018). Furthermore, a significant association was observed between the density of tau aggregates, MAO-B and glial fibrillary acidic protein (GFAP), suggesting that neocortical tau strongly influences the formation of reactive astrocytes (Harada et al., 2018). In AD, astrogliosis and microglial activations progress together with tau pathology and contribute to neurodegeneration throughout the course of the disease (Leyns and Holtzman, 2017). Thus, THK5351 retention in the AD neocortex is expected to evaluate the spatial distribution of tau pathology and astrogliosis/neurodegeneration in the human brain.

In this study, we analyzed the AD-related spatial THK5351 distribution pattern using scaled subprofile modeling/principal component analysis (SSM/PCA), an unbiased data-driven approach, and investigated the relationship between THK5351 retention and RSN involvement. In addition, we investigated the pathological findings, including tau, MAO-B and activated astrocytes, of AD-related regions. Based on these approaches, we demonstrated the significance of the obtained spatial pattern of THK5351 and its relevance to network involvement, which are critical to the development of AD.

PARTICIPANTS AND METHODS

Participants

We enrolled 63 participants (36 early AD patients, 27 healthy controls) in this study. All participants underwent MRI, Aβ PET imaging with 11C-Pittsburgh compound B (PiB), PET imaging with THK5351 and cognitive functional testing, which included the mini mental state examination (MMSE), the Addenbrooke’s Cognitive Examination Revised (ACE-R; Mioshi et al., 2006), AD Assessment Scale-Cognitive-Japanese (ADAS-cog-j), and Logical Memory II of the Wechsler Memory Scale Revised, Clinical Dementia Rating (CDR) and CDR Scale Sum of Boxes (CDR-SB).

All patients with early AD were recruited from the outpatient clinic of the Department of Neurology, Nagoya University Hospital, and Dementia Center of Meitetsu Hospital in Nagoya. There were no patients with atypical features suggestive of variant types of AD (posterior cortical atrophy, logopenic aphasia, or frontal-variant), significant medical illness, history of brain trauma, brain surgery, or evidence of other neurological disease. The criteria for diagnosis of early AD were as follows: (1) memory complaint; (2) 0.5 or 1.0 in CDR; (3) a score lower than one standard deviation (SD) minus the average of their ages in Logical Memory II; and (4) PiB positive as described later. All patients fulfilled the National Institute of Neurologic and Communicative Disorders and Stroke and the AD Related Disorders Association (NINCDS-ADRDA; McKhann et al., 2011) or Peterson’s MCI criteria (Petersen, 2004). Clinical diagnoses were made with the consensus of three neurologists (HW, SM and GS).

Cognitively normal controls were recruited from a healthy cohort aging study by the Brain and Mind Research Center of Nagoya University. The participants in the control group had no history of neurologic or psychiatric illness, no abnormalities on neurologic examination, no subjective memory complaints, a CDR score of 0, an MMSE score of 26 or higher, an ACE-R score of 89 or higher, and a score higher than minus one SD of the average of their ages in the Logical Memory II of the Wechsler Memory Scale Revised. No focal deep white matter (WM) abnormalities characterized by hyperintensities more severe than grade 2 of the Fazekas hyperintensity rating system were observed in T2-weighted MR images (Fazekas et al., 1991).

Based on these criteria, we excluded 13 of 36 early AD patients (nine were PiB negative, three had WM abnormalities or stroke regions, one had artifacts on MRI caused by dental restorations) and 3 of 27 healthy control (two were PiB positive, one had a low Logical Memory II score). Finally, 23 early AD patients and 24 healthy controls were included.

This study conformed to the Ethical Guidelines for Medical and Health Research Involving Human Subjects endorsed by the Japanese government and received approval from the Research Ethics Committee of Nagoya University School of Medicine. All participants provided both informed and written consent to participate in this study and were treated according to the Declaration of Helsinki.

MRI Study

All MRI scans were performed using a Siemens Magnetom Verio (Siemens, Erlangen, Germany) 3.0 T scanner with a 32-channel head coil at Nagoya University’s Brain and Mind Research Center. High-resolution T1-weighted images (Repetition Time (TR) = 2.5 s, Echo Time (TE) = 2.48 ms, 192 sagittal slices with 1-mm thickness, field of view (FOV) = 256 mm, 256 × 256 matrix size) were acquired for anatomical reference. rsfMRI scans (8 min, eyes closed) were also acquired (TR = 2.5 s, TE = 30 ms, 39 transverse slices with a 0.5-mm inter-slice interval and 3-mm thickness, FOV = 192 mm, 64 × 64 matrix dimension, flip angle = 80 degrees).

Voxel-Based Morphometry (VBM)

The T1-weighted images were preprocessed using statistical parametric mapping (SPM) 12 (Wellcome Trust Center for Neuroimaging, London, UK1) running on Matlab (R2016b, Math Work, Natick, MA, USA). The images were first segmented into component images that included gray matter (GM), WM and cerebrospinal fluid (CSF). The segmented images were then processed using DARTEL (Ashburner, 2007) to obtain a group template, normalized to the standard Montreal Neurological Institute (MNI) space, resampled to an isotropic 2 × 2 × 2 mm3 voxel resolution, and smoothed using an 8-mm full-width-at-half-maximum (FWHM) isotropic 3D Gaussian filter. A two-sample t-test was performed to compare the processed images from the patient group to that of the healthy control group. We included age, gender and the total intracranial volume computed as the sum of GM, WM and CSF volumes, as covariates of no interest. The resulting statistical maps were thresholded using p < 0.05 corrected for multiple comparison using family-wise error (FWE) correction.

Resting State fMRI Data Preprocessing

The resting state fMRI data were also preprocessed using SPM 12. For each participant’s data, the first five volumes were removed to account for the initial image inhomogeneity. The remaining images were then slice-time corrected, realigned relative to the mean functional image, co-registered to the participant’s anatomical image, normalized to the standard MNI space, resampled to a 2 × 2 × 2 mm3 voxel size, and finally, smoothed using an 8-mm FWHM 3D Gaussian filter. The six estimated motion parameters, mean signals from selected regions-of-interest (ROIs) within WM and CSF, and the corresponding forward (t + 1) and backward (t − 1) translations of these signals were also regressed to minimize the effects of head motion and other physiological noise. Finally, the processed images were bandpass filtered within the frequency range from 0.01 Hz to 0.1 Hz.

Canonical RSN Analysis

Changes in well-known RSN were investigated using group independent component analysis (ICA) and dual regression analysis (Filippini et al., 2009). We used the MELODIC software from FSL package2 for ICA (Jenkinson et al., 2002, 2012; Smith, 2002). Almost 30 independent components were extracted and independent components with greatest overlap to RSN templates (Shirer et al., 2012) were identified. Subject-specific RSNs were computed using dual regression analysis (Filippini et al., 2009). Statistical analysis of the different RSNs was performed using nonparametric permutation testing (Nichols and Holmes, 2002) with 5,000 permutations to identify regions showing statistically significant differences in connectivity between the patient group and the healthy control group. A threshold-free cluster enhancement (TFCE) technique (Smith and Nichols, 2009) was used, and all statistical maps were corrected for multiple comparisons using FWE correction with p < 0.05.

Seed Based Connectivity Analysis

To perform seed-based connectivity analysis, we generated several seed ROIs which showed the most significant differences in THK5351 retention between AD and healthy controls (see list below). Time series obtained by fMRI within each ROI were extracted, and the mean was computed. To obtain the connectivity between a given ROI and the whole brain, the correlation between the resulting mean time series and the time series from all voxels within the brain were estimated. The correlation values were then converted into z-scores using Fisher’s transform. Two-sample t-tests were performed to examine changes in connectivity between the patient group and the healthy control group. The resulting statistical maps were thresholded at p < 0.05 corrected for multiple comparison using FWE cluster level correction (FWEc) with cluster defining threshold set to p = 0.001. Seed-based connectivity analyses were performed using in-house Matlab scripts, while the two-sample t-tests were performed using SPM12.

PET Study

THK5351 and PiB were prepared at the Cyclotron and Radioisotope section, Nagoya University. Radiosynthesis of Quinoline Derivatives THK5351 was prepared from the tosylate precursor (S)-2-(2-methylaminopyrid-5-yl)-6-[[2-(tetrahydro-2H-pyran-2-yloxy)-3-tosyloxy] propoxy] quinoline (THK5352) according to the previously described method for synthesizing using MPS-200 (Sumitomo Heavy Industries, Japan; Harada et al., 2016). Injectable solutions of THK5351 were prepared with a radiochemical purity of >95% and a specific activity of 113 ± 50 GBq/μmol. Radiosynthesis of the benzothiazole derivative PiB was synthesized using the one-step 11C- methyl triflate approach from the [N-methyl-11C]-6-OH-BTA-1 precursor (6-OH-BTA-0; Verdurand et al., 2008). PET imaging was performed using a Biograph 16 (Siemens Healthcare, Erlangen, Germany). After injecting 185 MBq of THK-5351 or 555 MBq of PiB, THK5351 PET images from 50 min to 60 min post-injection, PiB PET images from 50 min to 70 min post-injection were used for the following analysis.

Regional Quantification of PiB PET Imaging

We used an automatic program, PMOD’s (version 3.7; PMOD Technologies Ltd., Zurich, Switzerland) PNEURO tool with brain volumes of interest (VOIs) by automatically leveraging the most likely localization of brain areas as encoded in the maximum probability atlas (N30R83) constructed by Hammers et al. (2003). The atlas was adjusted to the individual patient’s anatomy with a spatial normalization procedure, which was obtained from the T1-MR image. Standardized uptake values (SUV) images were acquired by normalizing tissue radioactivity concentration of PiB by injected dose and body weights. The regional SUV of all VOIs was divided by average of both side of cerebellar SUV to obtain the SUV ratio (SUVR) of each VOI. In PiB PET, if the average SUVRs of all neocortical areas, except for the medial temporal lobe, occipital lobe, pre- and post-central gyrus (global cortical SUVR), was larger than 1.5, we assessed the patients as “Aβ positive” (Jack et al., 2009; Bourgeat et al., 2010; Villemagne et al., 2011, 2013).

PET (THK5351, PiB) Data Preprocessing and the Spatial Distribution Pattern Analysis

PET (THK5351, PiB) datasets were preprocessed using SPM 12. First, individual images were co-registered to the participants’ anatomical images. Using the deformation fields obtained in the segmentation stage, co-registered images were then normalized to the MNI space. After normalization, the images were resampled to a 2 × 2 × 2 mm3 voxel size and smoothed using an 8-mm FWHM isotropic 3D Gaussian filter. The preprocessed images were used in the subsequent analyses.

We performed SSM/PCA (Moeller and Strother, 1991; Alexander and Moeller, 1994; Spetsieris et al., 2013) on the obtained PET images to identify patterns that exhibited significant variance in THK5351/PiB concentration. SSM/PCA is a multivariate PCA-based algorithm that identifies major sources of variation in both patients’ and control group’s brain image data to reduce the complexity of multivariate data. To do this, the preprocessed PET images from all participants were transformed into a two-dimensional matrix where rows represent subjects and columns represent voxels. After applying a logarithmic transform to all elements in the matrix, the mean of each row (subject mean) was computed and subtracted from each row element. After this, the mean value of each column was also removed. Finally, the resulting matrix was analyzed using PCA to generate eigenimages and the associated subject-specific eigenimage scores which represented the similarity of each individual’s preprocessed THK5351/PiB concentration to the SSM/PCA-identified pattern. To delineate a specific AD-related topography, we limited the analysis to the set of principal components (PCs) that in aggregate accounted for the top 50% of subject × voxel variability, and for which each individual PC contributed at least 10% to the total variance in the scan data. (Niethammer et al., 2014). In the following analysis, we computed the correlation between component subject scores and ACE-R scores.

Intrinsic Connectivity of Canonical Resting State Network and Distribution of THK5351 Retention

Using the preprocessed PET images, we also computed the similarity of the distribution between the THK5351 concentration and intrinsic connectivity within canonical RSNs (Myers et al., 2014). RSN masks were generated from the group RSNs obtained using group ICA (see “Canonical RSN Analysis,” section above). For each RSN and subject, the intrinsic connectivity values and THK5351 values were then extracted from all voxels within the RSN mask. Using these values, the similarity of the distribution between intrinsic connectivity and THK5351 was computed using Pearson’s correlation. Negative correlation indicates that voxels with high intrinsic connectivity have low THK5351 concentrations, while positive correlation means that voxels with high THK5351 concentrations have also high within network intrinsic connectivity. In other words, the more positive the correlation is, the more similar is the distribution. We tested for differences in the obtained similarity measure between the patient group and the healthy control group using a two-sample t-test.

Comparative Study of the THK5351, Tau, MAO-B and Astrogliosis Findings of the Precuneus/Posterior Cingulate Cortex and Parahippocampus in Autopsy Cases With Alzheimer’s Disease

Two of the enrolled individuals were subjected to postmortem studies; an 87-year-old male (Case 1); and an 81-year-old female (Control 1). Pathological assays revealed that Case 1 had phosphorylated tau aggregations of Braak’s stage V, senile plaque of Consortium to Establish a Registry for AD (CERAD) C, and Aβ deposition of Thal’s Phase 5 (Montine et al., 2012); and the Control 1 did those corresponding to Braak’s stage II, CERAD B and Thal’s Phase 2. We did not find Lewy body pathology or TDP-43 inclusions among them. The pathological findings were compared to the relationship among tau, MAO-B and astrogliosis in parahippocampus and precuneus/posterior cingulate cortex (PCC). Neuropathological diagnostic analysis was performed on sections from a fixed left hemisphere by MY. The frozen tissue blocks were kept at −80°C in a deep freezer and sampled from the ~2-cm-thick coronal tissue slab of the parahippocampus and precuneus/PCC in the right hemisphere. Frozen tissues were sectioned from these blocks using a cryostat for autoradiography and immunohistochemistry. In vitro autoradiography was performed in the same protocol as previously described except for frozen sections (Harada et al., 2016, 2018). Immunohistochemistry was carried out using primary antibodies as follows; anti-phosphorylated tau (AT8, anti-mouse monoclonal, 1:200, Innogenetics, Ghent, Belgium), anti-Aβ (6F/3D, anti-mouse monoclonal, 1:50, Dako, Glostrup, Denmark), anti-GFAP (6F2, anti-mouse polyclonal, 1:100, Dako, Glostrup, Denmark) and anti-MAO-B (anti-rabbit polyclonal, 1:200, Sigma-Aldrich, St. Louis, MO, USA). The specimens of immunofluorescence were observed using Nikon Eclipse microscope (Tokyo, Japan).

Statistical Analysis

Results of groups were expressed as mean ± SD. Clinical backgrounds were compared using a non-parametric test (Mann-Whitney test or chi-squared test). We examined Spearman’s rank correlation coefficient to reveal the correlation between the ACE-R scores and component subject scores of the spatial distributions of THK5351/PiB covariation pattern. All statistical tests were two-tailed. The statistical significance threshold was set at p < 0.05. Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) version 24 (SPSS Inc., Chicago, IL, USA).

RESULTS

Patients’ Characteristics

There were no significant differences in age at examination, male-to-female ratio, and education levels between early AD and healthy controls. In early AD, 15 had a CDR score of 0.5, and eight had a score of 1.0. Significantly different scores of MMSE, ADAS-cog-j, logical memory II and ACE-R scores were found between early AD and healthy controls (Table 1).

TABLE 1. Patients’ characteristics.
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Voxel-Based Morphometry Findings

Patients with early AD showed significantly decreased GM volume in the bilateral lingual gyrus (Brodmann area (BA) 30) and parahippocampal gyrus (BA30) compared to healthy controls (FWE at p < 0.05, Figure 1).


[image: image]

FIGURE 1. Decreased gray matter volume in early Alzheimer’s disease (AD). The hot spots indicate sites where gray matter’s volume significantly decreased in AD (family-wise error cluster level correction (FWEc) at p < 0.05).



Spatial Distributions of THK5351 Using Scaled Subprofile Modeling/Principal Component Analysis (SSM/PCA)

SSM/PCA of the THK5351PET imaging data identified a significant spatial THK5351 pattern corresponding to principal component 1 (PC1) (Figure 2A), which accounted for 23.6% of the total subject voxel variance of the data (Figure 3A) and had 82.6% sensitivity and 79.1% specificity in discriminating AD from healthy controls (Figure 3B). Thus, we called this distribution pattern (PC1) as AD-related THK5351 distribution pattern (ADRTP) and its PC score as ADRTP score. The ADRTP was composed of three major clusters (Table 2). Clusters 1 and 2 of ADRTP mainly included bilateral inferior, middle and superior frontal gyrus (BA 6, 8, 9, 10; cluster size >100). Cluster 3 of ADTRP included the inferior parietal lobule (BA 40), precuneus (BA7, 19), posterior cingulate cortex (BA31), inferior (BA20, 21), middle (BA39), and superior temporal gyrus (BA22), and fusiform gyrus (BA37; cluster size >100; Table 2). Among the ADRTP-related regions, the most prominent areas were the precuneus and PCC (Cluster 3), followed by the lateral middle and superior frontal gyri, which is well known as the dorsolateral prefrontal cortex (DLPFC; Figure 2A, Table 2) corresponding to Braak IV and V. The correlation between subject scores of ADRTP and ACE-R scores was significant in all participants (r = −0.68, p = 1.9 × 10−7; Figure 3C), in only early AD patients with a CDR score of 0.5 and 1.0 (r = −0.44, p = 0.037; Figure 3C), and in early AD with a CDR score of 1.0 (r = −0.72, p = 0.045; Figure 3D), but not in healthy controls (r = 0.10, p = 0.7).
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FIGURE 2. Spatial distributions of THK5351 covariation pattern using scaled subprofile modeling/principal component analysis (SSM/PCA). AD-related THK5351 distribution pattern (ADRTP; A): SSM/PCA identified a principal component 1 (PC1), which indicates AD-related THK5351 covariation pattern (ADRTP). The hot areas represent PC1. Common distribution pattern of THK5351 between healthy control (HC) and AD (B): SSM/PCA identified PC2, which indicates that the accumulation sites common to early AD patients and HC. The hot areas represent PC2.
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FIGURE 3. PC1 and subject score, ADRTP. Panel (A) shows ADRTP. This figure indicates the ratio of each PC with the total subject voxel variance of data. Panel (B) shows subject score relative to PC1 which showed 82.6% sensitivity and 79.1% specificity in discriminating AD from HC. Panel (C) shows the relationship between the Addenbrooke’s Cognitive Examination Revised (ACE-R) and the ADRTP subject scores of early AD patients, Clinical Dementia Rating 1.0 (CDR 1.0) and CDR 0.5. Blue triangles indicate CDR0.5, and green circles indicate CDR1.0. Panel (D) represents the relationship between ACE-R and the ADRTP subject scores of early AD patients, CDR1.0. Green circles indicate CDR1.0.



TABLE 2. Location of AD-related THK5351 distribution pattern (PC1).
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PC2 (Figure 2B), the second most important PC accounting for 11.8% of the total subject voxel variance, included the bilateral basal ganglia, hippocampus, medial prefrontal cortex and anterior cingulate cortex—regions where tau distribution and increased MAO-B was commonly observed in healthy aged controls (Lemoine et al., 2017; Ng et al., 2017). Scores based on PC2 had 70.8% sensitivity and 52.2% specificity in discriminating healthy controls from AD. PC2 scores did not show any significant correlation with ACE-R and CDR.

Spatial Distributions of Amyloid β Pattern Using SSM/PCA

We also identified significant spatial Aβ covariation patterns (AD related Aβ distribution pattern, ADRAP; Supplementary Figure S1A) that showed an analogous distribution of ADRTP and accounted for greater than 50% of the data’s variance (Supplementary Figure S1B). However, ADRAP was more widespread in the medial frontal gyrus (BA6, 9, 10, 11), precuneus (BA7), supramarginal gyrus (BA40), middle temporal gyrus (BA21, 39, 46), superior temporal gyrus (BA13, 22, 42), anterior cingulate cortex (BA32), insula (BA47), and posterior cingulate cortex (BA23). ADRAP had 100% sensitivity and 100% specificity in discriminating AD from healthy controls. This result was quite reasonable because we included PiB positive AD patients and PiB negative healthy controls based on global SUVR higher than 1.5 or not (Supplementary Figure S1C). However, the correlations between subjects’ ADRAP scores and ACE-R scores were not significant in early AD patients (r = −0.04, p = 0.8) irrespective of CDR score (0.5 and 1.0, r = 0.04; 1.0, r = −0.03), or in healthy controls (r = 0.06, p = 0.8).

Relationship Between Spatial Distribution of THK5351 Retention and Canonical Resting State Networks

The estimated similarity values of the distribution between THK5351 concentration and intrinsic functional connectivity values within canonical RSNs computed as the correlation between the two variables were mostly negative in healthy controls (Figure 4). This indicates that, in healthy controls, voxels with higher intrinsic connectivity within the network is associated with lower THK5351 concentration. However, in the patient group, a shift towards a more positive association, i.e., higher connectivity, higher THK5351 concentration, was observed and was significant in some canonical RSNs. Two-sample t-test comparisons of the similarity between the spatial distribution patterns of THK5351 retention and within-network intrinsic functional connectivity showed significant difference in the precuneus/PCC network (p = 6.2 × 10−4) and right executive control network (p = 1.6 × 10−4), followed by ventral DMN (p = 0.0054), visuospatial network (p = 0.016) and language network (p = 0.029). The results of ICA and dual regression analyses also showed decreased connectivity within the right executive control network, ventral DMN, visuospatial network and language network (FWE at p < 0.05).
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FIGURE 4. Relationship between THK5351 retention and canonical resting state networks (RSNs). Panel (A) shows the similarity of the THK5351 retention pattern and each canonical RSN. Panel (B) is the result of independent component analysis (ICA). The green areas indicate each canonical network, and the blue areas indicate decreased connectivity, as identified by ICA of resting-state functional MRI data (FWE at p < 0.05).



Seed-Based Analysis of Functional Connectivity of Highly THK5351-Retaining Regions

The most significant difference in THK5351 retention between early AD and healthy controls in the ADRTP was observed in the bilateral precuneus/PCC and the left DLPFC. Thus, we performed seed-based connectivity analysis using two ROIs as the seed regions. The mean connectivities of the precuneus/PCC and the DLPFC in healthy controls is shown in Figures 5A,D, while those in early AD is shown in Figures 5B,E. The intrinsic connectivity of precuneus/PCC significantly decreased in the left middle occipital gyrus, left superior temporal gyrus, left amygdala/hippocampus and right fusiform gyrus (FWEc p < 0.05, cluster defining threshold, p = 0.001, cluster size = 170; Table 3, Figure 5C). That of left DLPFC decreased to the left inferior parietal lobule (FWEc p < 0.05, cluster defining threshold, p = 0.001, cluster size = 220; Table 3, Figure 5F).
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FIGURE 5. Seed-based connectivity of the precuneus/posterior cingulate cortex (PCC) and dorsolateral prefrontal cortex (DLPFC). This figure shows seed-based connectivity analysis from ROIs located in the precuneus/PCC (A–C), and DLPFC (D–F). (A,D) HC (B,E) early AD; (C) intrinsic connectivity of precuneus/PCC significantly decreased to the hot areas (FWEc p < 0.05, cluster defining threshold, p = 0.001, cluster size = 170). (F) Intrinsic connectivity of DLPFC significantly decreased to the hot areas (FWEc p < 0.05, cluster defining threshold, p = 0.001, cluster size = 220).



TABLE 3. Seed based connectivity analysis.
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Comparative Study Among THK5351, Tau, MAO-B and Astrogliosis Findings of the Precuneus/PCC in Autopsy Cases With Alzheimer’s Disease

In autoradiograhy, 3H-THK5351 bindings in the parahippocampal gyrus and precuneus/PCC was more evident in a patient with Braak’s stage V (Case 1) than in a healthy control with stage II (Control 1, Figures 6A,B). After treatment with lazabemide as a MAO-B inhibitor, 3H-THK5351 bindings remained detectable in the parahippocampus and precuneus/PCC in Case 1 with Braak’s stage V, but was scarce in Control 1 with Braak’s stage II (Figure 6A). Immunostaining showed that tau, MAO-B, and GFAP accumulation were more severe in Case 1 with Braak’s stage V than in Control 1 with Braak’s stage II (Figure 6B). Double immunofluorescence revealed co-localization of GFAP and MAO-B within in the astrocyte (Figure 6C). Anti-GFAP immunohistochemistry diffusely labeled the cytoplasm and processes of astrocytes, which contained MAO-B immunopositive granules.
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FIGURE 6. Comparative study among THK5351, tau, monoamine oxidase-B (MAO-B) and astrogliosis findings of the precuneus/posterior cingulate gyrus (PCC) and parahippocampal gyrus in autopsy cases with AD. Panel (A) shows the results of 3H-THK5351 autoradiography. In vitro autoradiogram of 3H-THK5351 in brain sections of the parahippocampal gyrus and precuneus/PCC from an 81-year-old control (Braak II) and an 87-year-old AD patient (Braak V) in the absence and presence of the MAO-B inhibitor lazabemide. 3H-THK5351 bindings in the parahippocampal gyrus and precuneus/PCC was more evident in a patient with Braak’s stage V (Case 1) than in a healthy control with Braak’s stage II (Control 1). After treatment with lazabemide (+lazabemide) as a MAO-B inhibitor, 3H-THK5351 bindings remained detectable in the parahippocampus and precuneus/PCC in Case 1 with Braak’s stage V but was scarce in Control 1 with Braak’s stage II. Panel (B) demonstrates the results of immunostaining of tau, MAO-B, and glial fibrillary acidic protein (GFAP). Anti-tau antibody (AT8), anti-MAO-B antibody and GFAP immunohistochemistry revealed marked immunostaining in an AD case, compared to a healthy control. Tau, MAO-B and GFAP accumulation were more evident in Braak’s stage V than in Braak’s stage II patients. Panel (C) is the result of double immunofluorescence for GFAP and MAO-B. Tissue sections double stained with anti-MAO-B antibody and anti-GFAP antibody in a Braak’s stage V parahippocampal gyrus, and the PCC/precuneus. GFAP and MAO-B were colocalized in the astrocyte. Anti-GFAP immunohistochemistry diffusely labeled the cytoplasm and processed of astrocytes, which contained MAO-B immunopositive granules.



DISCUSSION

The Significance of Precuneus/PCC Involvement for the Development of Alzheimer’s Disease Symptoms

This is the first study to demonstrate ADRTP in early AD using SSM/PCA, a non-biased data-driven approach. The characteristics of AD features were as follows: (1) the most prominent AD-specific THK5351 retention areas in the ADRTP were the precuneus/PCC followed by the DLPFC; (2) the subject ADRTP scores were significantly correlated with the cognitive scores; (3) the significant correlation of distribution pattern of THK5351 retention to the intrinsic connectivity within canonical RSNs was observed in the precuneus/PCC networks; (4) seed-based connectivity analysis of the precuneus/PCC showed significantly decreased connectivity to widespread regions associated with cognitive function; and (5) pathologically, THK5351 retention was associated with tau deposition, astrogliosis and MAO-B and was more evident in the precuneus/PCC with Braak’s stage V (Alzheimer type dementia) than the precuneus/PCC with Braak’s stage II (healthy control). These findings support the view that tau retention and astrogliosis/neurodegeneration in the precuneus/PCC will play an important role in determining the dementia state in early AD.

The ADRTP (PC1) discriminated the AD-specific THK5351 deposition pattern and indicated the potential involvement of canonical brain networks in AD. In addition, the subject score indicating the similarity to the ADRTP (PC1), showed a significant association with cognitive function in early AD patients, particularly patients with CDR equal to 1.0. Thus, ADRTP could provide an important measure for the diagnosis of early AD. Indeed, the ADRTP subject score showed good sensitivity and specificity in differentiating early AD patients from healthy controls.

The precuneus network is part of the classical DMN along with the dorsal DMN and ventral DMN. In addition, both the precuneus and PCC show high levels of metabolism, are vascular boundaries, have widespread connections to other brain regions serving as brain network hubs, and key nodes in the classical DMN (Cavanna and Trimble, 2006; Zhang and Li, 2012; Leech and Sharp, 2014; Utevsky et al., 2014). Pathologically, the precuneus/PCC is involved in Braak’s stage IV, leading to the appearance of initial clinical symptoms, and Braak’s stage V, which is associated with full development of AD. As one of the most important brain network hub regions, tau retention and astrogliosis/neurodegeneration extending to the precuneus/PCC could therefore lead to widespread disruption of brain networks responsible for the maintenance of normal cognitive function, which in turn could result in the manifestation of dementia in AD. Indeed, in our study, functional connections from the precuneus/PCC were significantly altered over widespread regions in the brain. More recently, Hoenig et al. (2018) also demonstrated the significant overlap between distribution of AV1451PET (tau PET probe) and canonical networks especially, ventral and dorsal DMN assessed by ICA.

Aside from the precuneus/PCC, ADRTP also showed the DLPFC which is brain network hub regions (Bullmore and Sporns, 2012) as the second most prominent region involved in early AD. These prefrontal cortices can also show the differences between AD and healthy controls (Stam, 2014). These results further indicate that THK5351 retention in the brain hub regions would be closely associated with the development of dementia in AD. Dynamic network changes would occur in the DLPFC and precuneus/PCC during disease progression from healthy aging to MCI or AD (Binnewijzend et al., 2012; Brier et al., 2012; Adriaanse et al., 2014), which would also play an important compensatory role (Bozzali et al., 2015; Wang et al., 2015; Elman et al., 2016; Serra et al., 2016).

PiB Retention (Amyloid β Deposition) and Resting State Networks

In this study, we also identified ADRAP using SSM/PCA. The ADRAP subject score did not show any significant correlation with ACE-R in AD (r = −0.04, p = 0.8) in contrast to ADRTP (Figure 4D), confirming previous reports (Fripp et al., 2008) and supporting the view that PiB deposition is not independently correlated to the development of dementia (Rowe et al., 2007; Jack et al., 2009; Canter et al., 2016). Aβ retention topography exhibits a high degree of overlap with the DMN (Buckner et al., 2008; Canter et al., 2016) and other intrinsic network disruptions in AD (Sheline et al., 2010; Lim et al., 2014; Busche et al., 2015). While it is widely accepted that there is a significant discrepancy between the Aβ pathological severity of AD and its clinical phenotype (Jack et al., 2009; Canter et al., 2016). Thus, our results on the lack of relationship between PiB retention and the decline of cognitive function are also consistent with previous reports (Jack et al., 2009; Villemagne et al., 2011) and may support the view that tau deposition and astrogliosis/neurodegeneration, rather than Aβ pathology, have a close relationship with cognitive decline, predominantly memory impairment, in AD.

Relationship Among MAO-B, Astrogliosis and Tau

Recently, regional in vivo THK5351 retention was reported to be significantly correlated with the density of tau aggregates in the neocortex and MAO-B in whole brain (Ng et al., 2017; Harada et al., 2018) as compared to AV-1451 (Jang et al., 2018). Furthermore, a significant association was observed between the density of tau aggregates, MAO-B and GFAP, suggesting that neocortical tau is strongly correlated with the formation of reactive astrocytes. In this study, we confirmed that increased MAO-B and astrogliosis co-localized according to double immunostaining in the involved regions. Astrogliosis is linked to neurodegeneration/neuronal loss in many neurodegenerative disorders, although it is still debatable whether astrogliosis or neurodegeneration is the earlier event. The fact that THK5351 binds to the MAO-B related to astrogliosis (Ng et al., 2017; Harada et al., 2018) supports the view that THK5351 imaging has potential for visualizing tau pathology, astrogliosis and neurodegeneration. Significant negative correlation between THK5351 retention and glucose hypometabolism in AD were also reported (Kang et al., 2017). In addition, SSM/PCA clearly demonstrated the discrimination ADRTP (PC1) and non-specific THK5351 retention (PC2) in this study. Thus, the spatial THK5351 retention pattern demonstrated by ADRTP could reflect the AD pathology rather than the restricted tau pathology. However, further clinical, radiological, and pathological studies with a larger number of patients will be needed to clarify this issue.

Tau aggregation and astrogliosis are two quite distinct biological mechanisms, both of which are the critical features of pathogenic mechanisms for AD development, and also both are closely linked in AD pathologic legions. Unfortunately, THK5351 as state of the art cannot distinguish between tau accumulation and astrogliosis. However, we speculated that THK5351 could detect both pathologic processes simultaneously and can be a marker for these process in AD. Future development of PET tracers which have improved binding selectivity and pharmacokinetics to tau and MAO-B/astrogliosis will help not only for better understanding the underlying mechanism of AD but also for clinical trials targeting astrogliosis (Okamura et al., 2018).

Relationship Between Hubs of the Brain Networks and AD Pathology

Within large-scale brain networks, hubs have a remarkably high number of connections through which they integrate the functions of distant networks. More energy probably will be needed to maintain hub function as compared to other regions (Achard and Bullmore, 2007; He et al., 2009). The sustained metabolic activation of the brain’s DMN is thought to render the system vulnerable to AD. Recent studies demonstrated that enhanced neuronal activity could increase the release and transfer of tau and Aβ in vitro and exacerbate tau Aβ pathology in vivo (Wu et al., 2016), suggesting that increasing hub activities may be associated with acceleration of Aβ and tau accumulations. Thus, one hypothesis could be derived based on the balance between intrinsic vulnerabilities with increasing activities of neuronal subpopulations to stressors, and specific disease-related misfolding proteins may determine the neuronal and network involvements (Saxena and Caroni, 2011). Although recent developments of network science have demonstrated the overload and failure of hubs as a conceivable final common pathway in neurodegenerative disorders (Stam, 2014), further study will be needed to ascertain the role of hubs in both compensating cognitive function and accelerating abnormal Aβ and tau accumulations.
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FIGURE S1 | Spatial distributions of the amyloid β (PiB) covariation pattern using SSM/PCA. Panel (A) shows the Alzheimer’s disease-related Aβ distribution pattern (ADRAP). SSM/PCA identified an Alzheimer’s disease-related Aβ covariation pattern (ADRAP). The hot areas represent principal component 1 of ADRAP. Panel (B) is the Alzheimer’s disease-related PiB distribution pattern. This figure indicates the ratio of each principal component with the total subject voxel variance of data. Panel (C) is Subject score relative to principal component 1 of Alzheimer’s disease-related amyloid β (PiB) covariation pattern.
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Area Number of voxels Side BA Location of peak within area
x y z

Cluster 1

Middle frontal gyrus 186 Left BA9 —32 30 38
Superior frontal gyrus 123 Left BAS —34 24 44
Cluster 2

Middle frontal gyrus 363 Right BA9 24 26 38
Superior frontal gyrus 334 Right BAS 24 16 48
Medial frontal gyrus 249 Right BA10 28 44 26
Inferior frontal gyrus 229 Right BA6 32 12 48
Cluster 3

Inferior parietal lobule 1227 Bllateral BA40 48 —54 38
Prectneuss 1162 Bllateral BA7 4 58 30
Inferior temporal gyrus 834 Bllateral BA20 56 -30 —20
Inferior temporal gyrus 795 Bllateral BA21 58 -2 —16
Middle ternporal gyrus 760 Bllateral BA39 46 —62 28
Prectnetss 716 Bllateral BA7 4 —54 30
Fusiform gyrus 354 Bllateral BA37 54 —40 —20
Prectnetss 236 Bllateral BA19 2 —68 38
Superior temporal gyrus 195 Bllateral BA22 50 —60 14

BA, Brodman area.
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Cluster BA Side MNI coordinates
PFWE-corr K(E) p-uncorrected x y z

Left PCC area
Middle occipital gyrus 0002 322 0.000 19 L —28 -9 20
Superior temporal gyrus 0018 214 0.001 38 L 38 —24 22
Amygdala 00835 183 0.002 L —24 -2 —22
Fusiform gyrus 0047 170 0.003 2 R —38 18 —24
Left DLPFC area
Superior parietal lobule 21 220 0.001 7 L —38 —44 24

FWE, Family wised error; K(E), minimum cluster extent; BA, Broadman area.
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