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Abstract

Objective—To use a cluster analysis of [18F]AV-1451 tau-PET data to determine how subjects 

with Alzheimer’s disease vary in the relative involvement of the entorhinal cortex and neocortex, 

and determine whether relative involvement of these two regions can help explain variability in 

age and clinical phenotype in Alzheimer’s disease.

METHODS—We calculated [18F]AV-1451 uptake in entorhinal cortex and neocortex in 62 

amyloid-positive Alzheimer’s disease patients (39 typical and 23 atypical presentation). Tau-PET 

values were normalized to the cerebellum to create SUVRs. Tau-PET SUVRs were log-

transformed and clustered blinded to clinical information into three groups using K-median cluster 

analysis. Demographics, clinical phenotype, cognitive performance, and apolipoprotein e4 

frequency were compared across clusters.

RESULTS—The cluster analysis identified a cluster with low entorhinal and cortical uptake 

(ELo/CLo), one with low entorhinal but high cortical uptake (ELo/CHi), and one with high cortical 
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and entorhinal uptake (EHi/CHi). Clinical phenotype differed across clusters, with typical AD most 

commonly observed in the ELo/CLo and EHi/CHi clusters, and atypical AD most commonly 

observed in the ELo/CHi cluster. The ELo/CLo cluster had an older age at PET and onset than the 

other clusters. The apolipoprotein e4 frequency was lower in the ELo/CHi cluster. The EHi/CHi 

cluster had the worst memory impairment, while the ELo/CHi cluster had the worst impairment in 

non-memory domains.

INTERPRETATION—This study demonstrates considerable variability in [18F]AV-1451 tau-PET 

uptake in AD, but shows that a straight-forward clustering based on entorhinal and cortical uptake 

maps well onto age and clinical presentation in AD.

INTRODUCTION

Alzheimer’s disease (AD) is a heterogeneous neurodegenerative disease characterized by 

neuritic beta-amyloid plaques and tau neurofibrillary tangles1–3 which can present with 

different clinical syndromes and affects people ranging from the fifth to the tenth decade of 

life. The most common clinical presentation of AD is dominated by episodic memory loss. 

These patients are diagnosed with typical Alzheimer’s dementia4. However, AD patients can 

present with atypical clinical syndromes where loss of episodic memory is not the earliest or 

most prominent feature5, 6. Atypical AD subjects can instead show the most prominent 

impairments in language, visuospatial/perceptual function, or executive function/behavior6. 

The typical clinical presentation of AD can occur both in young-onset (under age 65 years) 

and late-onset (over age 65 years) patients, while the atypical clinical presentations tend to 

most commonly occur in young-onset patients.

Magnetic Resonance Imaging studies performed at the group-level typically find that the 

different variants of AD are associated with different degrees of atrophy of the cortex and 

medial temporal lobe. Young-onset typical AD patients have been shown to have a greater 

degree of cortical atrophy compared to late-onset AD patients which show patterns of 

atrophy restricted to the medial temporal lobe7–10. Cortical atrophy is also typically 

observed in atypical AD patients, with these patients showing a relative sparing of medial 

temporal lobe structures11–13. Evidence from studies with neuroimaging and pathology 

suggest that these differing patterns relate to the distribution of underlying tau pathology in 

the brain5, 14–16, and, therefore, that tau topography is the key driver of both atrophy and 

clinical presentation in AD.

Positron emission tomography (PET) ligands, such as [18F]AV-145117, are now available 

that allow the detection of tau in the brain during life, and hence allow the direct assessment 

of how tau topography relates to clinical presentation in AD. The [18F]AV-1451 ligand has 

been shown to bind strongly to AD tau in autoradiographic studies18–20 and shows striking 

uptake in AD patients21–24. Recent group-level studies with [18F]AV-1451 have shown that 

the atypical variants of AD show striking cortical uptake of tau25, 26. Cortical uptake has 

also been observed in both young-onset and old-onset AD, although cortical uptake appears 

greater in young-onset AD27, 28. The aim of our study was to take an individual patient-level 

approach and utilize a straight forward cluster analysis of regional [18F]AV-1451 uptake 

values blinded to clinical diagnosis, to determine how well tau topography matches with 
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clinical presentation (typical versus atypical) and age in AD. Given previous neuroimaging 

and autopsy studies, we based the cluster analysis on tau uptake in the medial temporal lobe 

and neocortex with the hypothesis that the relative involvement of these two regions will 

explain much of the variability in clinical presentation in AD.

METHODS

Subjects

We identified all patients with a clinical diagnosis of typical or atypical AD that had 

evidence of beta-amyloid deposition on Pittsburgh Compound B (PiB) PET and had 

undergone [18F]AV-1451 tau-PET at Mayo Clinic, Rochester, MN. Sixty-two patients were 

identified, of which 39 had early and significant memory impairment and were diagnosed 

with typical AD4. The remaining 23 patients were diagnosed with atypical AD6, of which 9 

were diagnosed with posterior cortical atrophy29, 7 were diagnosed with logopenic 

aphasia13, and 7 were diagnosed with behavioral/dysexecutive AD30. None of the subjects in 

the study met criteria for mild cognitive impairment31. These patients had been recruited as 

part of an NIH-funded grant studying atypical AD (PI Whitwell) or as part of the Mayo 

Clinic Alzheimer’s Disease Research Center (PI Petersen). All patients, regardless of 

recruitment mechanism, underwent a detailed neurological examination by a behavioral 

neurologist and diagnoses were rendered based on established clinical criteria. Clinical and 

neuropsychological tests that were available for analysis across both cohorts included the 

Clinical Dementia Rating (CDR) scale to measure functional impairment, Trail Making 

Tests A and B to measure processing speed and executive function, letter (F) and animal 

fluency to assess executive control and lexical access, Auditory Verbal Learning Test 

(AVLT) to assess memory, and the Rey-Osterrieth (Rey-O) Complex Figure Test – Copy 

Trial to assess visuospatial function. Disease duration was calculated as time from the initial 

symptom reported by the patient and carer to the time of PET scan. Apolioprotein E (APOE) 

genotyping was also performed. The study was approved by the Mayo IRB. All subjects 

consented to research.

Image acquisition

Tau-PET imaging was performed using the [18F]AV-1451 ligand and amyloid-PET imaging 

was performed using PiB-PET. All PET scans were acquired using a PET/CT scanner (GE 

Healthcare, Milwaukee, Wisconsin) operating in 3D mode. For tau-PET, an intravenous 

bolus injection of approximately 370MBq (range 333-407 MBq) of [18F]AV-1451 was 

administered, followed by a 20 minute PET acquisition performed from 80 to 100 minutes 

after injection. For PiB-PET, participants were injected with PiB of approximately 628 MBq 

(range, 385-723 MBq) and a 20 minute PET acquisition was performed from 40 to 60 

minutes after injection. Both 20-minute late-uptake PET scans consisted of four, five minute 

dynamic frames following a low dose CT image obtained for attenuation correction. Vendor 

supplied corrections for attenuation, scatter, and randoms corrections were applied. PET 

sinograms were iteratively reconstructed into a 256mm FOV. The pixel size was 1.0mm and 

the slice thickness 3.3 mm. The four individual frames of each dynamic series were 

averaged to create a 20-minute mean summed image that was used for analysis. All subjects 

had a 3T MPRAGE sequence performed on the same day as the tau-PET, as previously 
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described32. The PiB-PET scans were used as part of the inclusion criteria of the study to 

ensure all subjects had beta-amyloid deposition consistent with the presence of AD 

pathology. A global PiB standard uptake value ratio (SUVR) was generated as previously 

described33 using the cerebellar crus grey matter as a reference region, and a cut-point of 

1.4233 was used to define the presence of beta-amyloid deposition.

Tau-PET analysis

All image processing steps were performed using SPM12 (www.fil.ion.ucl.ac.uk/SPM). 

[18F]AV-1451 images were registered to the subjects MPRAGE using 6-degree-of-freedom 

rigid body registration. Normalization parameters were computed between each MPRAGE 

and the Mayo Clinic Adult Lifespan Template (MCALT) (https://www.nitrc.org/projects/

mcalt/) using ANTs34. With these parameters, the MCALT atlases were propagated to native 

MPRAGE space and used to calculate regional [18F]AV-1451 uptake in the grey and white 

matter. Tissue probabilities were determined by segmenting each MPRAGE using Unified 

Segmentation35 in SPM12 with the MCALT tissue priors. Tissue-type masks were created 

by using these probabilistic segmentations of each tissue class to determine which class had 

the maximum probability. These segmentations were used to create masks of grey + white 

matter to refine the borders of atlas regions. Median [18F]AV-1451 uptake was calculated for 

the entorhinal cortex (ERC) and for a neocortical region-of-interest (ROI). We selected the 

entorhinal cortex to represent the medial temporal lobe, instead of the hippocampus, because 

hippocampal [18F]AV-1451 measurements can be confounded by off-target uptake in the 

choroid plexus18, 36. The neocortical ROI was generated by calculating median uptake 

across 17 cortical regions of the brain, including lateral temporal gyri and medial and lateral 

parietal, occipital and frontal regions. Left and right hemisphere structures were combined 

for the entorhinal cortex and the neocortical ROI. Median [18F]AV-1451 uptake in each ROI 

was divided by median uptake in cerebellar crus grey matter to create SUVRs. Regional grey 

matter volumes for the ERC and neocortical ROIs were summed from voxel-wise grey 

matter probabilities within the grey and white matter masks, within each atlas ROI. Total 

intracranial volumes were summed from the SPM12 grey, white and CSF segmentations37, 

and used to correct regional volumes for head size.

A voxel-level analysis was also performed to examine global patterns of uptake in each 

cluster compared to a cohort of 62 age and gender matched controls (median [IQR] age at 

PET=68 [59, 75], No. female=33 (53%)) that were selected from the Mayo Clinic Study of 

Aging38. The MCALT atlases in MPRAGE space were used to divide all voxels in the 

MPRAGE-space [18F]AV-1451 images by the median uptake in the cerebellar crus grey 

matter to create SUVR images. These SUVR images were normalized to the MCALT using 

SPM12 normalization parameters from the MPGRAGE and smoothed at 6 mm full-width at 

half maximum. Voxel-level comparisons were performed using two-sided T-tests in SPM12, 

with results assessed at p<0.001 after correction for multiple comparisons using the family 

wise error correction. Age and gender were included in the analysis as covariates.

Statistics

We used the k-medians algorithm to cluster log-transformed entorhinal cortex and 

neocortical tau PET SUVR. When performing k-median clustering, we need to specify the 
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number of clusters (k) beforehand. We used two methods to help us choose an appropriate 

number of clusters. First, we used the “elbow method” which utilizes the sum of within-

cluster distances. We performed k-median clustering on the dataset from 2 clusters to 10 

clusters and for each number of clusters the sum of within-cluster distances was calculated. 

We then plotted the sum of within-cluster distances against the number of clusters (elbow 

plot). The sum of within-cluster distances will decrease with increasing number of clusters. 

The general idea is to try to minimize the sum of within-cluster distances, while choosing 

the smallest possible cluster size where adding one more cluster will offer little marginal 

improvements in the sum of within-cluster distances. Second, we assessed the stability, or 

reproducibility, of clusters by performing bootstrap resampling with 100 replicates39. For 

each replicate two random samples were drawn with replacement and k-medians clustering 

is performed on each sample. The original subjects were then classified based on each of 

these replicate clusters and the agreement, or concordance, was assessed via the adjusted 

Rand index (ARI). The ARI summarizes the fraction of all pairs of subjects for which the 

two replicate clusterings agree after accounting for chance agreement40, 41. Higher values of 

ARI indicate stronger agreement. We summarize the separation of the resulting clustering 

via a scatter plot of the two principal components and overlaying ellipses drawn to include 

all points in each cluster.

Demographics, clinical and cognitive variables were compared between the three clusters 

using Fisher’s exact tests for categorical variables or nonparametric Kruskal-Wallis tests 

followed by Wilcoxon rank sum tests for continuous variables. P < 0.05 was considered 

statistically significant. Analyses were performed with R statistical software version 3.1.3 (R 

Foundation for Statistical Computing, Vienna, Austria) and the “flexclust” package.

RESULTS

Cluster results

Based on the elbow method and the adjusted Rand index statistics we determined that three 

clusters were appropriate for this data set. The elbow method showed that three clusters 

appreciably reduced the sum of within cluster distances compared to just two clusters, with 

four clusters showing less additional reduction (Fig 1A). The ARI analysis showed that 

cluster stability was similar for both three and four clusters (Fig 1B).

A scatter-plot depicting the three clusters is shown in Fig 2A. One cluster (n=21) was 

characterized by relatively low tau uptake compared to the rest of the cohort in both the ERC 

and cortex (ELo/CLo) (red, Fig 2A). The rest of the patients showed relatively high cortical 

tau uptake, with one cluster (n=21) characterized by relatively low ERC and high cortical 

uptake compared to the rest of the cohort (ELo/CHi) (green, Fig 2A) and one cluster (n=20) 

characterized by high tau uptake in both the ERC and cortex (EHi/CHi) (blue, Fig 2A). 

Figure 2B shows the data in terms of its two (uncorrelated) principal components with 

ellipses representing the clusters. The plot showed excellent separation between the ELo/CLo 

cluster and the other two clusters, with the most overlap observed between the ELo/CHi and 

EHi/CHi clusters. The similarity between the relationship between ERC and cortical tau and 

the principal component analysis also suggests that the ERC and cortical SUVRs are 
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generally independent tau metrics; the first principal component is primarily cortical tau, and 

the second primarily ERC tau.

The group-level ERC SUVRs had a median (IQR) of 1.95 (1.85, 2.03) in the EHi/CHi cluster 

compared to medians of 1.60 (1.48, 1.78) in the ELo/CLo cluster and 1.55 (1.48, 1.63) in the 

ELo/CHi cluster (Table 1). The ELo/CLo cluster had a neocortical SUVR of 1.41 (1.32, 1.48) 

compared to 1.88 (1.78, 2.19) in the ELo/CHi and 2.12 (2.04, 2.49) in the EHi/CHi clusters. 

The ratio of ERC-to-cortical SUVR was higher in the ELo/CLo cluster (1.13 [1.02, 1.23]) 

compared to the ELo/CHi (0.79 [0.68, 0.91]) and EHi/CHi (0.87 [0.81, 1.00]) clusters. The 

voxel-level patterns of tau-PET uptake in each cluster compared to controls are shown in Fig 

3. The ELo/CLo cluster showed focal uptake bilaterally in the ERC, parahippocampal gyrus, 

amygdala, hippocampus, fusiform gyrus, inferior and middle temporal gyri and posterior 

cingulate compared to controls. The ELo/CHi and EHi/CHi clusters both showed tau-PET 

uptake throughout the temporoparietal lobes, posterior cingulate, precuneus, medial and 

lateral frontal lobes, occipital lobe, ERC, parahippocampal gyrus, amygdala and fusiform 

gyrus compared to controls, although the degree of uptake was generally greater in the 

EHi/CHi cluster and the hippocampus was also involved. Both the ELo/CHi and EHi/CHi 

clusters showed greater cortical uptake than the ELo/CLo cluster, and the EHi/CHi cluster also 

showed greater uptake in the ERC, parahippocampal gyrus and amygdala than the ELo/CLo 

cluster. The EHi/CHi cluster showed greater uptake in amygdala, ERC, hippocampus, inferior 

and middle temporal lobes and posterior cingulate than the ELo/CHi cluster.

Clinical correlates of the cluster analysis

The distribution of typical versus atypical clinical phenotype differed across clusters 

(p<0.001) (Table 1). The majority of subjects in both the ELo/CLo (81%) and EHi/CHi (80%) 

clusters had a clinical diagnosis of typical AD, whereas the majority of the subjects in the 

ELo/CHi cluster had a diagnosis of atypical AD (Fig 2A). The distribution of the specific 

atypical clinical diagnoses did not differ across the three clusters, with most of the 

dysexecutive (71%), logopenic (43%) and posterior cortical atrophy (78%) cases clustered 

into the ELo/CHi cluster. Significant differences were observed across clusters in age at scan 

and age at onset, with the ELo/CHi and EHi/CHi clusters at least a decade younger on average 

compared to the ELo/CLo cluster (Table 1). Fig 4 shows that the majority of subjects in the 

ELo/CLo cluster were over the age of 65 at the time of PET, except for one atypical AD 

subject. In contrast, the majority of subjects in the EHi/CHi cluster were under age 65. The 

subjects in the ELo/CHi cluster consisted of subjects under and over age 65.

In addition, disease duration was longer in the ELo/CLo cluster compared to the ELo/CHi 

cluster, and the ELo/CHi and EHi/CHi clusters both showed a lower global PiB ratio than the 

ELo/CLo cluster (Table 1). The proportion of APOE e4 carriers was lower in the ELo/CHi 

cluster compared to the ELo/CLo cluster. There were also some differences across clusters in 

cognitive performance, with the EHi/CHi group showing the worst performance on the AVLT 

Delayed % recall, and the ELo/CHi cluster showing worst performance on the Trail Making 

Test A and Rey-O.
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DISCUSSION

This study demonstrates that the severity of ERC and neocortical [18F]AV-1451 tau-PET 

uptake varies considerably across the AD spectrum, and that the degree of uptake in these 

two regions maps well onto clinical presentation and age in AD.

The cluster analysis utilized in this study was blinded to diagnosis and showed that patients 

best clustered into three groups when ERC and cortical tau uptake was considered. Most 

notably, the ELo/CLo cluster consisted of 35% of the cohort with subjects showing very little 

cortical uptake, but also relatively low levels of ERC uptake. At the group-level tau uptake in 

the ERC was greater than observed in controls, although the degree of ERC uptake was 

relatively low compared to the rest of our cohort. Elevated uptake was also observed in these 

subjects in other temporal regions, including the hippocampus, and in the posterior cingulate 

which is functionally and structurally connected to the hippocampus42. The patients in the 

other two clusters all showed cortical uptake, particularly involving temporoparietal cortices, 

but also frontal and occipital lobes demonstrating widespread cortical tau uptake in these 

subjects and suggesting they may have high Braak stage1. These patterns are similar to 

previous studies that have reported group-level patterns of [18F]AV-1451 uptake in 

Alzheimer’s dementia22–24, that also show quite widespread patterns of cortical uptake. Of 

these cortical clusters, the EHi/CHi cluster showed a greater degree of uptake in the ERC and 

cortical ROI, compared to the ELo/CHi cluster.

Regional heterogeneity in neurofibrillary tangle deposition in AD has been previously 

recognized at autopsy, with subdivision of cases based on relative involvement of 

hippocampus and cortex43. A limbic-predominant variant was described that shows high 

neurofibrillary tangle counts in the hippocampus but a relative sparing of cortex, and a 

hippocampal sparing variant was described showing high neurofibrillary tangle counts in the 

cortex but relative sparing of the hippocampus43. The ELo/CLo cluster would most closely fit 

with the limbic-predominant variant, although the degree of tau uptake in the ERC was still 

relatively low in these subjects. It was somewhat surprising that we did not identify a tau-

PET variant with low cortical uptake and high ERC uptake. It appears, instead, as though 

high ERC uptake is usually observed in the context of high cortical uptake. The ELo/CHi 

cluster would be most akin to the hippocampal sparing variant; in fact this was the only 

cluster that did not show evidence for elevated uptake in the hippocampus. Surprisingly, the 

ERC-cortex ratio did not differ between the ELo/CHi and EHi/CHi clusters, suggesting these 

clusters were not separated based on the relative involvement of these regions, but the 

severity of involvement of these regions. Discrepancies with autopsy classification may, 

however, be expected given that we are assessing tau distribution earlier in the disease 

course rather than at death. It is possible, for example, that the ELo/CLo cluster could 

develop high ERC uptake by death.

Age and clinical presentation mapped well onto our three [18F]AV-1451-based clusters, 

supporting the validity and significance of the cluster analysis. The ELo/CLo cluster was 

significantly older at scan than the other clusters, consisting almost exclusively of patients 

over the age of 65 years. These findings concur with one previous [18F]AV-1451 study that 

similarly showed that late onset AD patients had less tau uptake in cortical regions than 
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young onset AD27. The subjects in the ELo/CLo cluster showed some mild [18F]AV-1451 

uptake in the ERC and other medial temporal regions, suggesting they may have a low Braak 

stage1 and likely explaining why the majority of subjects in this cluster presented with a 

typical AD clinical presentation dominated by memory impairment. The EHi/CHi cluster was 

also strongly associated with a typical AD presentation, but the subjects had a significantly 

younger age. It therefore appears as though young subjects with typical AD are particularly 

likely to show striking uptake in both the ERC and cortex. Memory impairment was also 

worse in these subjects compared to the ELo/CLo cluster, reflecting the greater tau burden of 

the ERC. Importantly, disease duration did not differ between the ELo/CLo and EHi/CHi 

clusters, and so the EHi/CHi cluster does not seem to be a more advanced version of the 

ELo/CLo cluster. The fact that tau uptake in the ERC was higher in the young subjects in the 

EHi/CHi cluster compared to the older subjects in the ELo/CLo cluster, conflicts somewhat 

with some previous MRI studies that have found greater medial temporal atrophy in old 

compared to young-onset AD7, 10. The reason for this discordance is unclear but our finding 

of high ERC uptake in young AD makes sense given the fact that these subjects still had 

dominant memory impairment despite the high degree of cortical involvement. Volumes of 

the ERC and cortex somewhat reflected the tau findings (i.e. more atrophy relating to greater 

tau uptake); although the volumes did not differ across clusters suggesting that atrophy may 

be less sensitive to detect these clusters.

The ELo/CHi cluster was also associated with young age; again supporting an association 

between age and cortical tau. However, the ELo/CHi cluster was more likely to be associated 

with an atypical clinical presentation of AD compared to either of the other clusters. The 

ELo/CHi cluster also showed poorer performance on tests of cognitive speed, executive 

function and visuospatial function compared to the other clusters. This cluster showed the 

lowest ERC-cortex ratio, reflecting relatively less involvement of the ERC compared to 

cortex. Hence, we could hypothesize that the presence of atypical syndromes in this cluster 

is because the symptomatology coming from the cortex dominates over memory impairment 

coming from the medial temporal lobe. The reason that patients in the ELo/CHi cluster also 

showed lower cortical uptake than patients in the EHi/CHi cluster is unclear, but suggests that 

atypical AD subjects are different from young-onset typical AD subjects in the degree of 

both cortical and ERC tau uptake. However, asymmetry is often a feature of atypical 

AD12, 13, 44, and hence it is also possible that asymmetry in the patterns of cortical tau may 

have reduced the total cortical SUVR in this cluster which is averaged across both 

hemispheres.

We found a lower frequency of APOE e4 carriers in the ELo/CHi cluster, with only 48% of 

e4 carriers. Several studies report that APOE e4 frequency is lower in atypical clinical 

presentations compared to typical AD23, 45–47. Our results fit with these findings but extend 

them to show that a lower APOE e4 frequency is particularly associated with high tau 

deposition in the cortex but a relative sparing of the ERC. Conversely, higher APOE e4 

frequencies were observed in the two clusters strongly associated with typical AD regardless 

of the pattern of tau deposition or average age of the cluster. Given the similarity in ERC 

uptake in the ELo/CLo and ELo/CHi clusters, our data does not support the notion that APOE 

e4 predisposes to medial temporal pathology48. We also observed a difference in global PiB 
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SUVR across our groups, with higher values showing greater beta-amyloid deposition, in the 

ELo/CLo cluster, possibly reflecting the older age of this cluster49.

A strength of our study is the large number of subjects and that our cohort represented both 

typical and atypical variants of AD. It should be noted, however, that we had a large 

proportion of young subjects in our cohort, and hence the expected proportion of subjects in 

each cluster may not generalize to all settings. Some potential limitations of the study 

include possible contributions of measurement noise, which could particularly affect 

measurements in a small structure like the ERC. Quantification of other structures could also 

be influenced by signal in the white matter and edge effects from the ventricles, for example 

the posterior cingulate which showed tau uptake in all three clusters. A potential issue with 

SUVR quantification is contamination of the normalization area from off-target binding and 

adjacent cortical signal. The crus region was selected to provide cerebellar grey matter in 

relative isolation from CSF spaces and to avoid adjacency to potential bleed-in from 

occipital, parahippocampal, and fusiform tau-pathology28. It has been shown that the tracer 

is not at an entirely stable state during late-uptake scans, but SUVR appears to model tangles 

very well even though its sensitivity to blood flow is uncertain50. Future autopsy correlation 

will be needed for further confirmation of the robustness of SUVR calculations.

In summary, this study demonstrates considerable variability in [18F]AV-1451 tau-PET 

uptake in AD. The findings suggest that considering uptake in the ERC and cortex will help 

explain some of clinical heterogeneity observed in AD. It will be crucially important for 

future tau-PET studies in AD to consider this variability and account for a subject’s specific 

tau-PET profile. Tau-PET provides the ideal opportunity to generate disease biomarkers for 

use in therapeutic trials in AD but optimum biomarkers will almost certainly differ for the 

three clusters of subjects identified in this study. Stratification of subjects into one of these 

three groups using the degree of ERC and cortical tau uptake could be an important strategy 

in this regard to help appropriately target biomarkers and interpret therapeutic efficacy.
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Figure 1. Analyses to determine appropriate number of clusters
Panel A shows a plot of sum of within cluster distances by number of cluster performed 

using the elbow method. This plot shows decreasing sum of within cluster distances with 

increasing cluster number. The aim is to try to minimize the sum of within-cluster distances, 

while choosing the smallest possible cluster size where adding one more cluster will offer 

little marginal improvements in the sum of within-cluster distances. Three clusters (i.e. the 

elbow, highlighted in red) showed a large reduction in sum of within cluster distances 

compared to just two clusters, with four clusters showing less additional reduction. Panel B 
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shows box plots summarizing the adjusted Rand index (ARI) by number of cluster. The ARI 

reflects concordance in clustering when performing bootstrapping resampling. The ARI 

analysis showed that cluster stability was similar for both three and four clusters. Given the 

results from both methods, three clusters was determined to be the optimum number of 

clusters for this dataset.
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Figure 2. Results of the cluster analysis and principal component analysis
Panel A shows scatter-plot highlighting the K-medians clustering of patients into three 

clusters which we label ELo/CLo (red points), ELo/CHi (green points), and EHi/CHi (blue 

points). Clinical group is shown by symbol for each subject. Panel B demonstrates the 

separation of the three clusters via a scatter plot of the two principal components and 

overlaying ellipses drawn to include all points in each cluster.
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Figure 3. Voxel-level maps of tau-PET uptake in the three clusters compared to matched controls
Results are shown after correction for multiple comparisons using family wise error 

correction at p<0.001.
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Figure 4. The distribution of age by cluster
The three K-Medians clusters are shown by color and clinical group is shown by symbol.
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Table 1

Neuroimaging, demographic and clinical features by cluster

ELo/CLo

(n=21)
ELo/CHi

(n=21)
EHi/CHi

(n=20)
P

Neuroimaging features

Entorhinal SUVRs 1.60 [1.48, 1.78] 1.55 [1.48, 1.63] 1.95 [1.85, 2.03] <0.001*

Cortical SUVRs 1.41 [1.32, 1.48] 1.88 [1.78, 2.19] 2.12 [2.04, 2.49] <0.001†

Entorhinal/Cortical SUVRs 1.13 [1.02, 1.23] 0.79 [0.68, 0.91] 0.87 [0.81, 1.00] <0.001‡

Entorhinal gray matter volume (%TIV) 0.21 [0.16, 0.22] 0.23 [0.18, 0.25] 0.20 [0.19, 0.24] 0.29

Cortical gray matter volume (%TIV) 14.2 [12.6, 14.8] 13.3 [12.5, 14.1] 13.8 [12.8, 14.6] 0.36

PiB SUVRs 2.75 [2.43, 2.91] 2.45 [2.19, 2.64] 2.48 [2.23, 2.58] 0.02‡

Demographic features

No. Female, n (%) 8 (38%) 12 (57%) 13 (65%) 0.22

APOE e4 Carrier, n (%) 16 (84%) 10 (48%) 14 (74%) 0.049§

Age at Tau, yrs 76 [73, 80] 64 [57, 73] 62 [57, 68] <0.001‡

Age at onset, yrs 70 [65, 74] 60 [55, 65] 55 [52, 62] <0.001‡

Disease duration, yrs 5.58 [4.81, 9.09] 4.00 [2.92, 5.08] 4.05 [3.34, 6.86] 0.04§

Clinical features

AD type, n (%) <0.001¶

 Typical, n (%) 17 (81%) 6 (29%) 16 (80%)

 Atypical, n (%) 4 (19%) 15 (71%) 4 (20%)

Atypical AD subtype, n (%) 0.37

 Dysexecutive, n (%) 0 (0%) 5 (33%) 2 (50%)

 Logopenic progressive aphasia, n (%) 3 (75%) 3 (20%) 1 (25%)

 Posterior cortical atrophy, n (%) 1 (25%) 7 (47%) 1 (25%)

CDR-SB 6.50 [4.25, 9.00] 3.00 [2.00, 4.00] 6.00 [2.00, 10.00] 0.16

Letter fluency (F) 8.00 [6.00, 17.00] 10.00 [7.00, 13.50] 10.00 [8.50, 96.00] 0.36

Animal fluency 9.00 [6.25, 15.50] 9.50 [7.75, 14.00] 14.00 [9.00, 96.00] 0.08‖

Trail Making Test A MOANS 9.00 [8.25, 10.00] 3.00 [2.00, 6.50] 9.00 [5.75, 11.00] 0.002¶

Trail Making Test B MOANS 7.00 [2.25, 8.00] 2.00 [2.00, 3.00] 7.00 [2.00, 9.00] 0.31

AVLT Delayed % Recall MOANS 6.00 [4.00, 6.00] 6.00 [4.00, 8.00] 2.00 [2.00, 4.50] 0.02*

Rey-O MOANS 8.00 [7.00, 11.25] 2.00 [2.00, 5.25] 6.00 [3.00, 10.50] 0.01§

APOE = apolipoprotein E; CDR-SB = Clinical Dementia Rating Scale Sum of Boxes; AVLT = Auditory Verbal Learning Test; Rey-O = Rey 
Osterrieth. MOANS = Mayo Older Adult Norms; TIV = total intracranial volume. MOANS scores are age corrected and constructed to have a 
mean of 10 and standard deviation of 3 among cognitively healthy subjects.

Data shown are n (%) or median [IQR]. P-values were assessed using Fisher’s Exact and Kruskal Wallis Rank Sum tests.

*
EHi/CHi is statistically different from ELo/CLo and ELo/CHi

†
All groups are statistically different from each other

‡
ELo/CLo is statistically different from ELo/CHi and EHi/CHi
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§
ELo/CLo is statistically different from ELo/CHi

¶
ELo/CHi is statistically different from ELo/CLo and EHi/CHi

‖
ELo/CHi is statistically different from EHi/CHi
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