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Abstract

β-amyloid (Aβ) and tau pathology become increasingly prevalent with age, however, the spatial 

relationship between the two pathologies remains unknown. We examined local (same region) and 

non-local (different region) associations between these 2 aggregated proteins in 46 normal older 

adults using [18F]AV-1451 (for tau) and [11C]PiB (for Aβ) positron emission tomography (PET) 

and 1.5T magnetic resonance imaging (MRI) images. While local voxelwise analyses showed 

associations between PiB and AV-1451 tracer largely in the temporal lobes, k-means clustering 

revealed that some of these associations were driven by regions with low tracer retention. We 

followed this up with a whole-brain region-by-region (local and non-local) partial correlational 

analysis. We calculated each participant’s mean AV-1451 and PiB uptake values within 87 regions 

of interest (ROI). Pairwise ROI analysis demonstrated many positive PiB—AV-1451 associations. 

Importantly, strong positive partial correlations (controlling for age, sex, and global gray matter 

fraction, p < .01) were identified between PiB in multiple regions of association cortex and 

AV-1451 in temporal cortical ROIs. There were also less frequent and weaker positive associations 

of regional PiB with frontoparietal AV-1451 uptake. Particularly in temporal lobe ROIs, AV-1451 

uptake was strongly predicted by PiB across multiple ROI locations. These data indicate that Aβ 
and tau pathology show significant local and non-local regional associations among cognitively 

normal elderly, with increased PiB uptake throughout the cortex correlating with increased 

temporal lobe AV-1451 uptake. The spatial relationship between Aβ and tau accumulation does 
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not appear to be specific to Aβ location, suggesting a regional vulnerability of temporal brain 

regions to tau accumulation regardless of where Aβ accumulates.

Keywords

Aging; tau; amyloid; PET; Alzheimer’s Disease; polypathology

1. Introduction

In addition to their association with Alzheimer’s disease (AD), β-amyloid (Aβ) and tau 

pathologies become increasingly prevalent in the human brain with advanced age (Davis et 

al., 1999; Bennett et al., 2006). Nevertheless, the spatial relationship between the two 

pathologies remains poorly understood. In vivo amyloid imaging has been implemented for 

over a decade (Klunk et al., 2004); the recent development of tau PET ligands which bind to 

paired helical filament (PHF) forms of tau now enable the examination of regional 

pathological associations between these two aggregated proteins in cognitively normal 

elderly (Chien et al., 2013; Johnson et al., 2015; Ossenkoppele et al., 2016; Schöll et al., 

2016; Schwarz et al., 2016). These and other polypathology studies appear to indicate that 

globally increasing Aβ burden precedes and is associated with greater accumulation of tau, 

particularly in the neocortex. However, the associations of regional and global amounts of 

Aβ with the topography of tau deposition remain unknown.

These relationships are important, having bearing on whether and how the accumulation of 

one protein might influence the accumulation of the other. For example, different 

conclusions about the spread of disease pathology throughout the brain may be drawn if Aβ 
and tau are locally correlated, as opposed to the situation in which Aβ may affect tau 

deposition in remote (non-local) areas. The regional specificity in Aβ-tau relations may 

inform our understanding of the biological mechanisms of disease pathology in both aging 

and disease. These relationships have important implications for monitoring the progression 

of AD, designing clinical trials of AD therapeutics, and diagnosing the earliest stages of AD 

as distinct from normal cognitive aging.

In this study, we used the well-known PET amyloid imaging agent [11C]Pittsburgh 

Compound B (PiB) along with the more recently developed tau PET tracer [18F]AV-1451 to 

map and compare the regional depositions of Aβ and tau. We hypothesized, based on 

previous in vivo and post mortem evidence, that the relationships between PiB and AV-1451 

uptake patterns would be such that diffuse patterns of Aβ deposition were associated with 

more regional, focal effects on tau pathology. Specifically, we hypothesized that the spatial 

distribution of strong associations would be selectively dependent on tau localization, 

suggesting Aβ effects on regions that are particularly vulnerable to the aggregation of tau.

We examined cross-sectional inter-regional association patterns between Aβ and tau. We 

quantified local (same region) and non-local (different region) associations between PiB 

(Aβ) and AV-1451 (tau) PET in normal aging. Specifically, we used Biological Parametric 

Mapping (BPM; Casanova et al., 2007; Yang et al., 2011) robust multiple regressions to 

assess local associations, and we used region of interest (ROI)-based partial correlations to 
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assess both local and non-local associations. These approaches, similar to examinations of 

“local” and “distributed” associations described in previous literature (Sepulcre et al., 2013; 

Sepulcre et al., 2016) had the aim of characterizing how the spatial locations of these two 

pathological proteins are related.

2. Material and methods

2.1. Participants

We recruited 46 cognitively normal older adults (OA; 78.8 +/− 5.1 y age, 16.2 +/− 1.8 y 

education, 31 female, Mini-Mental State Examination [MMSE] score 28.6 +/− 1.3) from the 

ongoing longitudinal Berkeley Aging Cohort Study (Mormino et al., 2009). All participants 

underwent structural MRI, and [11C]PiB and [18F]AV-1451 PET imaging (see section 2.2). 

Eligibility requirements included the following: no imaging contraindications, community-

dwelling, study entry MMSE score ≥ 25 normal performance on cognitive tests (< 1.5 SD of 

normative values on the California Verbal Learning Test [Delis et al., 2000] or Wechsler 

Memory Scale Delayed Recall [Wechsler, 1997]), absence of neurological or psychiatric 

illness, and lack of major medical illnesses and medications affecting cognition. The 

Institutional Review Boards of all participating institutions approved the study and informed 

consent was obtained from all participants.

2.2. Image Acquisition

[11C]PiB was synthesized at the Lawrence Berkeley National Laboratory (LBNL) 

Biomedical Isotope Facility, using a previously described protocol (Mathis et al., 2003). PiB 

PET imaging was performed in 3D acquisition mode using either an ECAT EXACT HR 

scanner (n = 6) or a BIOGRAPH PET/CT Truepoint 6 scanner (n = 40, both Siemens 

Medical Systems, Erlangen, Germany). PiB distribution volume ratio (DVR) values are not 

significantly different between scanners used (Elman et al., 2014). Immediately after 

intravenous injection (~15 mCi) of PiB, 90 min of dynamic acquisition frames were 

obtained (4×15, 8×30, 9×60, 2×180, 10×300, and 2×600 s). For each PiB scan, a PET 

transmission scan or computed tomography (CT) scan was obtained for attenuation 

correction, with images reconstructed using an ordered subset expectation maximization 

algorithm with weighted attenuation, scatter correction, and smoothed with a 4 mm 

Gaussian kernel.

[18F]AV-1451 PET imaging was performed within a mean of 75.3 (+/− 110) days of PiB 

PET. AV-1451 was synthesized at LBNL using a GE TracerLab FXN-Pro synthesis module 

based on a protocol supplied by Avid Radiopharmaceuticals. AV-1451 imaging was 

conducted on the BIOGRAPH PET/CT scanner; BIOGRAPH data are collected in list mode, 

with time frame data binned into 4x5 min frames during reconstruction to produce precisely 

80–100 min AV-1451 data (for SUVR calculation, see section 2.3.2). Participants were 

injected with 10 mCi of tracer and participated in one of two acquisition schemes, using 

either full dynamic scans (n = 23; 0–100 min postinjection with 4×15 s, 8×30 s, 9×60 s, 2×3 

min, and 16×5 min frames; and 120–150 min, 6×5 min frames), or 75–115 min scans (n = 

23; 8×5 min frames). AV-1451 PET data were attenuation corrected with CT. Images were 
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reconstructed using an ordered subset expectation maximization algorithm with weighted 

attenuation, scatter correction, and smoothed with a 4 mm Gaussian kernel.

In addition, all participants underwent a high-resolution T1-weighted magnetization 

prepared rapid gradient echo (MPRAGE) scan (TR/TE = 2110/3.58 ms, FA = 15°, 1x1x1mm 

resolution) on a 1.5T Siemens Magnetom Avanto MRI scanner at LBNL.

2.3. PET Image Preprocessing

2.3.1. PiB—Images were realigned, and frames corresponding to the first 20 min of 

acquisition were averaged and coregistered to the participant’s MRI. Native-space voxelwise 

DVR images were generated using Logan graphical analysis (35–90 min postinjection, 

cerebellar gray matter [GM] reference region; Logan et al., 1996; Price et al., 2005). We 

calculated global cortical PiB DVR values using native-space FreeSurfer-derived cortical 

GM masks, for each participant (Mormino et al., 2011); the range of global PiB DVR values 

was 0.932 to 1.81. A total of 23 subjects were classified as Aβ positive.

2.3.2. AV-1451—Data were realigned, and the mean of all frames was used to coregister 

AV-1451 data to each participant’s MRI. We used different coregistration approaches for the 

separate acquisition schemes (0–150 min data used for participants with full dynamic scans, 

and 80–100 min data used for participants with 75–115 min scans); we visually confirmed 

that coregistration approach did not impact ROI segmentation. We created AV-1451 

standardized uptake value (SUV) images based on mean tracer uptake over 80–100 min 

postinjection, then normalized SUV images to a cerebellar GM reference region (Chien et 

al., 2013; Schöll et al., 2016) to create native-space voxelwise SUV ratio (SUVR) images for 

each participant.

2.4. MRI Processing

We processed T1 MPRAGE scans using FreeSurfer version 5.1 (http://

surfer.nmr.mgh.harvard.edu/) to delineate anatomical ROI masks for multiple brain regions 

on the native space MRI (coregistered to the PET scans; Mormino et al., 2009), and 

manually checked segmentations for accuracy. The cerebellar GM mask used as a reference 

region for PiB and AV-1451 PET was derived this way. MRI images were also segmented 

into brain tissue types using SPM8 (www.fil.ion.ucl.ac.uk/spm). We calculated a global GM 

fraction covariate (GM/intracranial volume), reflecting degree of whole-brain GM atrophy 

(one value per subject).

2.5. PET Data Template Space Normalization

We warped MRI scans for all OA to the FSL MNI152 2mm space template 

(www.fmrib.ox.ac.uk/fsl) using Advanced Normalization Tools (ANTS; http://

stnava.github.io/ANTs/) with the use of a study-specific intermediate template (Schöll et al., 

2016). After estimating transformations from each native space into MNI152 space, 

transformations were concatenated and applied to the MRI and coregistered AV-1451 and 

PiB PET images to generate MNI template space PET images.
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2.6. BPM Analysis Preprocessing and Statistics

For BPM analysis, we focused on cortical AV-1451 binding patterns (putative off-target 

binding occurs in subcortical regions; Marquie et al., 2015; Schöll et al., 2016). BPM allows 

the use of voxelwise independent and dependent variable data (e.g., PiB and AV-1451 PET 

images), plus covariates of no interest, to analyze the statistical relations between variables, 

using robust regression methods (Casanova et al., 2007; Yang et al., 2011). We refer to these 

as local relationships, since BPM examines relationships between the 2 modalities within the 

same voxel(s). We employed a FreeSurfer segmentation on the MNI152 template structural 

MRI, and created a mask using all cortical GM brain regions, which was applied to the MNI 

template-space PET images produced above. To reduce contributions of CSF and noise in 

PET data to voxel-wise analysis, low signal-to-noise voxels at the GM/CSF boundary in 

template space were filtered out (voxels removed if coefficient of variation for either 

modality, AV-1451 or PIB data, was ≥ .5). A testing mask, representing voxels highly likely 

to be cortical GM in the PET data, was created from the resulting image. Template space 

AV-1451 and PiB images were then masked by this testing mask and smoothed by an 

additional 4 mm FWHM kernel before analysis. We then used BPM (in SPM5) to examine 

the association between voxelwise PiB and AV-1451, using participant covariates of age, 

sex, and global GM fraction (bisquare robust regression model; results similar with other 

robust regression methods). Results were considered significant if passing a one-way false 

discovery rate (FDR)-corrected threshold of p < .01 (k = 10 voxels). BPM result clusters 

were used as masks to extract mean signal of PiB and AV-1451 voxels within each cluster. A 

k-means algorithm (k = 2) was used to label each BPM cluster as having either high or low 

combined PET pathology (based on both mean AV-1451 and PiB); we evaluated the optimal 

clustering solution in Matlab (2 to 10 clusters inclusive, highest variance ratio criterion; 

Calinski and Harabasz, 1974). Significant clusters were visualized on a brain template 

image. These processing and analysis choices focused on testing voxels highly likely to be 

cortical GM in PET data, and may underestimate local associations, but were designed to 

minimize the finding of false positive PiB-AV1451 associations. In addition, there may be 

information loss by considering only mean values from each cluster.

2.7. ROI Analysis Preprocessing and Statistics

In addition to the BPM preprocessing pipeline, we employed an ROI processing pipeline 

beginning with template-space PET images. Using the MNI-space PET images, and an in-

house template-space brain atlas (modified FreeSurfer Desikan-Killiany atlas), we calculated 

ROI mean signal (on unsmoothed data) in 87 brain regions for PiB and AV-1451, and a 

global PiB measure (see Table). We first explored the interregional correlations within each 

tracer; specifically, we examined how PiB or AV-1451 signal in an ROI predicted signal 

from the same tracer in any other ROI, by creating a correlation matrix using results (r 
values) from pairwise ROI partial correlations (controlling for age, sex, and global GM 

fraction [see section 2.4]) investigating both PiB—PiB and AV-1451—AV-1451 relations. 

We also created a correlation matrix using results (r values) from pairwise ROI partial 

correlations (controlling for age, sex, and global GM fraction) investigating whether PiB in 

any ROI was associated with AV-1451 in any (same or other) ROI (i.e., comparing different 

tracers). Additionally, to better characterize inter-tracer associations for this PiB—AV-1451 

analysis, we thresholded all results at p < .01 (for ROI results, data were not corrected for 
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multiple comparisons), and calculated average significant r values for each hemisphere in 

each lobe. Finally, for each brain AV-1451 ROI, we calculated the mean partial correlation 

Pearson r value across all PiB ROIs (e.g., mean r value in each column of the correlation 

matrix), and visualized these mean regional correlation values on a brain image.

3. Results

3.1. BPM Reveals Local Association Patterns between PiB and AV-1451 PET

Multiple cortical brain clusters demonstrated local positive associations where PiB retention 

predicted AV-1451 retention in the same location, indicating that regional Aβ accumulation 

is locally positively associated with regional tau accumulation across subjects (Figure 1A). 

Further, these local positive associations appear to be driven by either high or low 

underlying levels of Aβ or tau pathology. Examining the mean signal within each BPM 

result cluster, we found that (Figure 1B) increased AV-1451 uptake was associated with 

greater PiB uptake in regions with both high and low pathology. We labeled each BPM 

cluster as having either high or low PET pathology (k-means clustering using both AV-1451 

and PiB tracer uptake as input), and visualized these on the brain template (Figure 1C). 

Regions that showed high overall PET pathology (red clusters) were primarily localized to 

inferior and lateral temporal lobes, as well as other areas. Regions of low pathology showing 

significant correlations between the two tracers (blue clusters) were in the temporoparietal 

junction, the occipital pole, and inferior frontal and parietal lobe.

However, while BPM allows us to examine local regional associations, this method reveals 

little about the spatial specificity of the described Aβ-tau relations. In particular, based on 

previous hypotheses, we were interested in investigating how Aβ might potentiate the distant 

(non-local) “spread” or increased extent of tau. To examine this, we employed the ROI 

partial correlations approach, with a goal of assessing both local and non-local associations.

3.2. ROI Analysis Reveals Complex Associations between PiB and AV-1451 in Normal 
Aging

We first explored the interregional correlations within each tracer; specifically, we examined 

how PiB or AV-1451 signal in an ROI predicted signal from the same tracer in any other 

ROI, and these results are shown in Figure 2. We observed extensive interregional 

correlations in the PiB data, such that increases in Aβ in a brain region were strongly 

associated with increased Aβ across numerous other regions of the brain. The pattern of 

interregional correlations was more specific and localized for AV-1451 with increases in tau 

in selective regions (e.g. temporal, frontal, and parietal cortex) being strongly associated 

with increases in tau among these same regions, particularly for homologous cortical 

structures. In short, patterns of AV-1451 interregional correlations appeared to be more 

focal.

The results of partial correlations between PiB and AV-1451 are shown in Figure 3A, for all 

brain ROIs and a global PiB measure; mean partial correlation r values of significant 

relations across lobe are illustrated in Figure 3B (for age associations with AV-1451 

independent of PiB, comparable to Figure 3A, see Inline Supplementary Figure 1, which 
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demonstrates primarily subcortical and temporal associations between age and AV-1451). 

Across AV-1451 ROIs, strong positive correlations with PiB uptake across the brain were 

found for most temporal cortical brain regions (purple ROI labels); in other words, increased 

PiB uptake in nearly all brain regions was associated with increased AV-1451 uptake in 

bilateral temporal lobes. There were weaker but still significant associations between PiB 

and frontal (blue labels) and parietal (cyan labels) AV-1451 uptake. For example, increased 

PiB uptake in cingulate, frontal, parietal and temporal regions was associated with increased 

frontal AV-1451, while increased frontal, parietal, and temporal PiB was associated with 

increased parietal AV-1451. PiB uptake in numerous brain regions was also negatively 

associated with subcortical (black labels) AV-1451 uptake.

The results shown in the figures above suggest that Aβ-tau relations in normal, healthy aging 

are complex. To visualize the spatial patterns shown in the correlation matrix, the mean 

correlation value for each AV-1451 ROI across all PiB ROIs was calculated across 

participants (the mean r value along each AV-1451 ROI column of the correlation matrix), 

and projected onto a brain template (Figure 4). Importantly, increased Aβ across multiple 

brain regions (measured using PiB) was associated with increased tau (measured using 

AV-1451) in numerous temporal, frontal, parietal, and cingulate lobe regions (hot colors). In 

particular, there were strong associations between Aβ uptake across the brain and AV-1451 

uptake in the bilateral temporal neocortex.

4. Discussion

In this study of cognitively normal older adults, we explored uptake patterns of [11C]PiB and 

[18F]AV-1451, in vivo PET biomarkers for fibrillar Aβ and PHF-tau respectively. We 

focused on examining statistical relations between regional and voxelwise Aβ and tau 

accumulation and found that Aβ and tau pathology show significant associations among 

cognitively normal elderly, with local and non-local positive associations between PiB and 

cortical AV-1451 prominent among these results. In particular, while BPM revealed local 

positive associations predominantly in inferior and lateral temporal regions, our ROI 

correlational analysis (which enabled us to simultaneously examine both local and non-local 

associations) revealed that increased PiB uptake both within and outside the temporal lobes 

correlated with increased temporal cortical AV-1451 uptake. These correlations did not seem 

to be regionally specific with regard to the location of Aβ; that is, regardless of the location 

of Aβ, Aβ deposition was correlated with tau deposition in the temporal and, to a lesser 

extent frontal cortex. In addition, correlations among brain regions within tracer were higher 

for PiB than for AV-1451. These results suggest a regional tau accumulation vulnerability of 

certain brain regions, particularly the temporal lobes, that is linked to Aβ accumulation in 

widespread brain regions. Several previous studies using both Aβ and tau PET tracers have 

not explored the relations between specific regional levels of Aβ accumulation and levels of 

tau accumulation in the same or different brain structures (Johnson et al., 2015; 

Ossenkoppele et al., 2016; Schöll et al., 2016; Schwarz et al., 2016), yet these are important 

to understanding whether and how the accumulation of one protein might influence 

accumulation of the other, and how disease spread through the brain might occur. Limited 

data exist which explore these inter-tracer relationships and their impact on normal aging 

and preclinical AD (e.g., Sepulcre et al., 2016).
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The current results can be interpreted in the context of current theories of Aβ and tau 

pathology in aging and neurodegenerative disease (Small et al., 2008). Both Aβ and tau 

pathology begin accumulating decades before clinical dementia onset (Price and Morris, 

1999; Bateman et al., 2012), and models of the preclinical course of both pathologies 

indicate long phases of preclinical change with different onsets (Jack et al., 2013). However, 

the relative importance of Aβ and tau in the brain and their effects on neurodegeneration 

remain debated and poorly understood.

Previous studies examining relations between Aβ and tau in the brain have predominantly 

been limited to correlations of pathological findings at autopsy (e.g., Braak and Braak, 

1991). This is because in vivo examination of the prevalence and extent of both Aβ and tau 

pathology has not been possible prior to the availability of both Aβ and tau PET ligands. 

While Aβ PET evidence supports autopsy findings of Aβ deposition, the advent of tau PET 

has enabled further study of these specific relationships during life. In AD, cross-sectional 

neuropathological studies suggest that the progression of tau neurofibrillary tangle (NFT) 

deposition follows a relatively stereotyped temporal and spatial pattern, first affecting 

transentorhinal cortex, then limbic and other neocortical areas, and then association 

neocortex (Braak and Braak, 1991; Braak and Braak, 1997; Braak et al., 2006; Serrano-Pozo 

et al., 2011). Cellular and mouse model studies suggest that tau in its pathological 

hyperphosphorylated form spreads in a trans-synaptic manner and disrupts functional 

networks (Liu et al., 2012; Menkes-Caspi et al., 2015). It is also known that some medial 

temporal lobe (MTL) regions may develop age-related tauopathy in late-life in the absence 

of Aβ pathology or cognitive impairment (Crary et al., 2014); whether and how this process 

relates to AD remains controversial (Duyckaerts et al., 2015). Furthermore, the relationship 

between cognition and Aβ is more tenuous than is the relationship of cognition with tau 

NFT and with synapse number and size (DeKosky and Scheff, 1990; Nelson et al., 2012).

Tau PET imaging is a new method, and we are aware of only one other report (Sepulcre et 

al., 2016) investigating in vivo local and non-local associations between amyloid and tau in 

normal elderly, which had several differences in sample, methodology, and results that are 

important to note. Sepulcre et al. (2016) examined more (n = 88) subjects in a similar age 

range (our sample was approximately 2 years older), with a similar degree of education 

(average 16 years); our current study, unlike Sepulcre et al. (2016), was designed to include 

50% amyloid-positive cognitively normal subjects to ensure variability in subject amyloid 

deposition. Importantly, while the graph theoretical methods employed in Sepulcre et al. 

(2016) are fundamentally different from our current BPM and ROI correlational analyses, 

both approaches are able to assess local (same region) and non-local (different region) 

associations, and produce converging patterns of results. For example, both methodologies 

(e.g. Figure 4 of this manuscript, and Figure 6.IV in Sepulcre et al., 2016) demonstrated 

positive non-local associations between tau, in inferolateral temporal lobe and in lateral 

frontal and parietal lobe, with amyloid throughout the brain.

We could have observed alternative findings with regards to the identification of local or 

non-local relationships between Aβ and tau PET. Even though it is known that elevations in 

tau appear in a focal manner, and Aβ elevations occur in a more global pattern, this does not 

dictate that Aβ everywhere will correlate with tau where it is located. Without direct 
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correlational analyses such as this it would be impossible to state whether Aβ-tau 

relationships were local or distant, or were in fact positively associated.

While the primacy of one pathology over the other is debated, it seems likely that 

interactions between Aβ and tau lie at the core of the development of brain degeneration and 

AD (Ittner and Götz, 2011). In the current data, it is clear that Aβ and tau are correlated in 

multiple brain regions but most strongly in the temporal lobes. This suggests that one 

influences or induces the other; however, it is not clear which one is primary. Data from 

autosomal dominant forms of AD strongly suggest an inciting role for Aβ, which appears in 

the brain as the earliest currently-measured biomarker change (Bateman et al., 2012; 

Fleisher et al., 2012). In addition, in our results, Aβ across extensive cortical regions is 

correlated with tau (Figure 3), and Aβ is extensively self-correlated (Figure 2) suggesting 

that Aβ arises more diffusely and homogeneously but influences tau more locally. This 

scenario is inconsistent with a process whereby locally distributed tau induces widely 

distributed Aβ; it seems more likely that the accumulation of Aβ throughout the brain over a 

long period of time results in local deposition of PHF tau. Nevertheless, we cannot rule out 

the possibility that in late-onset AD, regional tau accumulation in the medial temporal lobes 

might affect brain Aβ deposition through some mechanism not detectable through 

measurement of tau with in vivo PET imaging. While considerable evidence supports the 

idea that Aβ and tau pathology interact to induce synaptic dysfunction and 

neurodegeneration, much remains to be learned about the precise molecular mechanisms of 

these interactions (Ittner and Götz, 2011; Spires-Jones and Hyman, 2014), and the current 

results cannot answer this question.

No matter the direction of the effect, it is likely that there is something about inferolateral 

temporal lobe that contributes to patterns of selectively increased tau deposition measured 

using AV-1451. This is likely to reflect an early stage of presymptomatic AD, as it occurs in 

cognitively normal older people. One possible contributing factor is the temporal lobe’s 

connectivity. It is known that the temporal lobe maintains widespread structural and 

functional connectivity with other brain regions (Suzuki and Amaral, 1994; Schmahmann 

and Pandya, 2006; Ranganath and Ritchey, 2012), and temporal lobe tau accumulation may 

be influenced by Aβ in multiple brain regions through these connections. However, this is 

unlikely the sole explanation, as the temporal lobe does not appear to be structurally or 

functionally connected to other brain regions in a fundamentally different way than other 

regions of association neocortex, from younger to older adults (van den Heuvel and Sporns, 

2011; Wang et al., 2012; Power et al., 2013; Brier et al., 2014). Another possibility is that 

these neurons in inferior and lateral temporal cortex are already developing tauopathy, 

potentially due to connections with MTL. In other words, MTL—neocortex connectivity 

could “prime” these regions so that when Aβ is deposited (whether locally or non-locally is 

not yet known) it promotes tangle formation. It could be that Aβ provides or promotes the 

mechanism by which tau pathology is coaxed beyond its age-related course into preclinical 

stages of neurodegenerative disease. Longitudinal imaging data and methods to resolve 

structural and functional connectivity will be vital to understanding this.

Limitations of the current study include the relatively small sample size, a relatively older 

cohort, and the cross-sectional nature of the imaging data. Our subjects consistently had a 
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high level of education, and little is known about in vivo amyloid-tau interactions in less 

well-educated subjects; indeed, the only other comparable study included a sample with a 

similar level of education (Sepulcre et al., 2016). Also, in our analyses it is possible there is 

information lost by considering only mean values from each cluster. In addition, while we 

focused on relations among cortical regions (particularly for AV-1451), future analyses may 

shed light on the nature and importance of subcortical AV-1451 uptake.

5. Conclusions

In summary, there is regional specificity in PiB—AV-1451 (Aβ-tau) relations in normal 

aging. Temporal tau is present when Aβ is found in extensive brain regions, while frontal 

and parietal tau uptake patterns are also less strongly positively associated with regional Aβ. 

While Aβ may potentiate the spread or extent of tau pathology, the pattern of regional 

associations is strongly suggestive that vulnerability to this interaction is not the same 

throughout the brain.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AD Alzheimer’s disease

Aβ Beta-amyloid

BPM Biological Parametric Mapping

CT Computed tomography

DVR Distribution volume ratio

FDR False discovery rate

GM Gray matter

LBNL Lawrence Berkeley National Laboratory

MMSE Mini-Mental State Examination

MPRAGE Magnetization prepared rapid gradient echo

MRI Magnetic resonance imaging

MTL Medial temporal lobe
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NFT Neurofibrillary tangle

OA Older adults

PET Positron emission tomography

PHF Paired helical filament

PiB Pittsburgh Compound B

ROI Region of interest

ROIs Regions of interest

SUV Standardized uptake value

SUVR SUV ratio
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Highlights

• Increased Aβ and tau pathology occur even in the brains of cognitively 

normal people

• We observed regional specificity in Aβ-tau relations using PiB and AV-1451 

PET images

• Increased temporal tau is associated with increased Aβ in multiple regions

• Temporal lobe may be particularly vulnerable to the effects of Aβ
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Figure 1. BPM Analysis Results
(A) Significant BPM PiB—AV-1451 associations plotted on template brain image (FDR p 
< .01; k = 10; covaried for age, sex, and gray matter fraction; data masked (cortical mask) 

and smoothed (4mm FWHM); bisquare robust regression; right hemisphere on left). (B) 

Mean signal of PiB and AV-1451 voxels within each BPM result cluster (n = 30). k-means 

algorithm (k = 2) used to label each BPM cluster as having either high (red) or low (blue) 

tracer accumulation (based on both mean AV-1451 and PiB). (C) Significant BPM clusters 

colored as in (B), plotted on template brain image.
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Figure 2. PiB and AV-1451 Intra-tracer ROI Correlation Matrices
Correlation matrix of results (r values) from pairwise ROI partial correlations investigating 

the extent to which each tracer was associated with itself across the brain. Bottom/left: PiB

—PiB; top/right: AV-1451—AV-1451. Intra-tracer partial correlation results controlling for 

ROI values from the opposite modality (for any dependent variable ROI) were largely 

similar. In-house atlas; MNI 2mm space; covariates of age, sex, global gray matter fraction. 

ROI descriptions listed in Table. Colors of number labels indicate lobe (see also legend at 

top of figure): Red: Cingulate lobe; Blue: Frontal lobe; Green: Occipital lobe; Cyan: Parietal 

lobe; Black: Subcortical; Purple: Temporal lobe; Orange: Global PiB.
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Figure 3. PiB and AV-1451 Inter-tracer ROI Correlation Matrices
(A) Correlation matrix of results (r values) from pairwise ROI partial correlations 

investigating whether PiB in any ROI is associated with AV-1451 in any ROI. In-house atlas; 

MNI 2mm space; DV = AV-1451; IVs = PiB (ROI values), age, sex, global gray matter 

fraction. Partial correlation results of PiB and AV-1451 without a global GM volume 

variable were similar. ROI descriptions listed in Table. Colors of number labels indicate lobe 

(see also legend at top of figure) and are the same as for Figure 2. (B) Mean partial 

correlation r values of relationships passing p < .01 threshold (uncorrected, n = 46, averaged 

across hemisphere and lobe).
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Figure 4. ROI Correlation Analysis Results
Mean partial correlation r values (across participants) for each AV-1451 ROI across all PiB 

ROIs, plotted on a brain template (right hemisphere on left).
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