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Abstract 
 

Objective: To determine the associations between amyloid-PET, tau-PET and atrophy with the 

behavioural/dysexecutive presentation of Alzheimer’s disease (AD), how these differ from 

amnestic AD, and how they correlate to clinical symptoms. 

Methods: We assessed 15 cases of behavioural/dysexecutive AD recruited from a tertiary care 

memory clinic, all of whom had biologically defined AD. They were compared with 25 disease 

severity- and age-matched amnestic AD patients and a group of 131 cognitively unimpaired 

(CU) elderly individuals. All subjects were evaluated with amyloid-PET with [18F]AZD4694, 

tau-PET with [18F]MK6240, MRI and neuropsychological testing.  

Results: Voxelwise contrasts identified patterns of frontal cortical tau aggregation in 

behavioural/dysexecutive AD, with peaks in medial prefrontal, anterior cingulate and frontal 

insular cortices in contrast to amnestic AD. No differences were observed in the distribution of 

amyloid-PET or atrophy as determined by voxel-based morphometry. Voxelwise area under the 

ROC curve analyses revealed that tau-PET uptake in the medial prefrontal, anterior cingulate and 

frontal insular cortices were best able to differentiate between behavioural/dysexecutive and 

amnestic AD (AUC=0.87). Voxelwise regressions demonstrated relationships between frontal 

cortical tau load and degree of executive dysfunction.  

Conclusions: Our results provide evidence of frontal cortical involvement of tau pathology in 

behavioural/dysexecutive AD and highlight the need for consensus clinical criteria in this 

syndrome.  
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Introduction 
 
The transition towards a biological definition of Alzheimer’s disease (AD) 1–3  has paved the way 

for the recognition of diverse clinical syndromes associated with AD pathology rather than the 

traditional conception of AD as an amnestic-predominant clinical syndrome 4. Autopsy studies 

provide evidence that focal cortical syndromes such as posterior cortical atrophy and logopenic 

primary progressive aphasia can result from AD pathology 5. Recent in vivo molecular imaging 

studies have extended this concept by providing evidence that the distribution of tau pathology is 

more closely related to clinical presentation than amyloid-β6,7. 

 

The behavioural/dysexecutive variant of AD is characterized by predominant behavioural 

disinhibition, apathy, stereotyped behaviours and/or executive dysfunction on cognitive testing 3. 

While behavioural/dysexecutive AD is attributable to AD pathophysiology, differential diagnosis 

from behavioural variant frontotemporal dementia remains a challenge because of overlapping 

clinical symptoms 8. Autopsy studies assessing the distribution of amyloid-β and tau in 

behavioural/dysexecutive AD are small (n≤6) and report conflicting results 9–11. Subsequent 

larger studies did not identify substantial frontal atrophy 8,12, leading to the designation of 

“behavioural/dysexecutive AD” over “frontal variant AD” 8. However, these larger studies have 

not assessed the distribution amyloid-β or tau pathology 8,12, which could be related to clinical 

presentation and anticipate focal neurodegeneration in these individuals 13.  

 
Here, we aim to assess the topographical distribution of amyloid-β and tau pathology in living 

patients with behavioural/dysexecutive AD. Building on recent molecular imaging studies 14, we 

hypothesize that tau pathology will be found in frontal regions in behavioural/dysexecutive AD 

subjects. 
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Materials and methods: 

Participants 

A study flowchart is presented in Supplementary Figure 1 (data available from Dryad, 

doi.org/10.5061/dryad.rxwdbrv5m). We assessed cognitively impaired individuals with a clinical 

history compatible with behavioural variant frontotemporal dementia (bvFTD) 15. They had 

prominent behavioural and/or dysexecutive features in addition to amnestic symptoms, who did 

not meet criteria for focal cortical syndromes such as primary progressive aphasia 16, posterior 

cortical atrophy 17 or for other neurodegenerative diseases. These individuals were evaluated 

with physical and neurological examinations by dementia specialists (TAP, ZN, PV, SG, PRN) 

and neuropsychological evaluation by a neuropsychologist (ET & PV). They also underwent 

amyloid-β PET with [18F]AZD4694, tau PET with [18F]MK6240, structural MRI, and 

genotyping for APOEε4. 10 of these individuals were deemed to not have AD following both 

negative amyloid-PET and tau-PET scans, and 1 individual was deemed to not have AD 

following a negative tau-PET scan despite having a positive amyloid-PET scan. Because these 

11 individuals did not have biomarker evidence of AD 1, they were excluded from the study. 

Based on their behavioural and executive dysfunction with relative preservation of other 

cognitive domains, the 15 remaining subjects with biomarker evidence of AD (amyloid+/tau+) 

were classified as having behavioural / dysexecutive AD following a consensus meeting of 

dementia specialists and neuropsychologists. As consensus clinical criteria for this syndrome do 

not yet exist, we based our study’s criteria on the criteria from the largest study on behavioural / 

dysexecutive AD 8 and the subsequent studies that have also used these same methods 12, with 

the additional criteria that subjects had a clinical history compatible with possible bvFTD 15. Of 

the 15 amyloid+/tau+ behavioural / dysexecutive AD patients, 4 were referred to the memory 

center with a diagnosis of bvFTD, 3 were referred requesting a differential diagnosis of bvFTD 

vs frontal AD, 3 were referred with a diagnosis of “atypical dementia”, 3 subjects were referred 

with clinical diagnosis of AD with predominance of dysexecutive cognitive impairment and 2 

were referred with a clinical diagnosis of AD with predominance of behavioural changes. In this 

study we use the term “behavioural / dysexecutive AD” to refer to the spectrum of 

behavioural/dysexecutive presentations 8. We also assessed cognitively unimpaired elderly (n = 

131) and amnestic AD (n=25) subjects who underwent amyloid-β PET with [18F]AZD4694, tau 

ACCEPTED

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



PET with [18F]MK6240, structural MRI, and genotyping for APOEε4. All subjects had detailed 

clinical assessments including Mini-Mental State Examination (MMSE), Clinical Dementia 

Rating (CDR), and cerebrovascular disease risk with the Hachinski Ischemic scale 18. Apathy 

was assessed using the Apathy Inventory completed by the caregiver or study partner 19. 

Assessment of amyloid and tau PET scans was done quantitatively (described in the statistical 

methods section). Cognitively unimpaired (CU) elderly controls had a CDR of 0 and AD 

participants had a CDR ≥ 0.5. Patients with amnestic AD met standard diagnostic criteria 20 for 

AD in addition to being positive for both amyloid-β and tau 1. The amnestic AD group was age-

matched to help account for relationships between age and clinical presentation 21, and matched 

for disease severity. Details of recruitment and clinical features of CU elderly and amnestic AD 

subjects are provided in 22.  

Standard Protocol Approvals, Registrations, and Patient Consents 

This study’s protocol was approved by McGill University’s Institutional Review Board and 

informed written consent was obtained from all participants. 

Genetic analyses 

Determination of APOE genotypes was performed using the polymerase chain reaction (PCR) 

amplification technique, followed by restriction enzyme digestion, standard gel resolution and 

visualization processes. Full details of this procedure can be found elsewhere 23.  

Neuropsychological testing 

Patients underwent a neuropsychological test battery that included evaluation of memory, 

language, visuospatial and executive cognitive domains. Memory was assessed from the 

immediate and delayed logical memory as well as the Rey Auditory Verbal Learning immediate 

and delayed recall. Language was assessed with the Boston naming and category fluency tests. 

Visuospatial function was assessed with line orientation and copy tests of the Birmingham object 

recognition battery. Executive function was assessed using trail-making test-B time, Digit Span 

backward, and letter fluency (D-words). Raw test scores were z-transformed using means and 

standard deviations from the same CU elderly population as used in neuroimaging comparisons 
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(n = 131; table 1 for demographic and clinical information). Patient z-scores were averaged 

across all tests within each cognitive domain, resulting in a composite score for each domain.  

PET image acquisition and processing 

PET scans were acquired with a Siemens High Resolution Research Tomograph (HRRT). 

[18F]AZD4694 images were acquired 40–70 minutes post-injection and scans were reconstructed 

with the OSEM algorithm on a 4D volume with 3 frames (3 x 600s). [18F]MK6240 images were 

acquired 90–110 minutes post-injection and scans were reconstructed with the OSEM algorithm 

on a 4D volume with 4 frames (4 x 300s) 24. Immediately following each PET acquisition, a 6-

minute transmission scan was conducted with a rotating 137Cs point source for attenuation 

correction. Additionally, the images underwent correction for dead time, decay, and random and 

scattered coincidences. T1-weighted images were non-uniformity and field-distortion corrected 

and processed using an in-house pipeline 22. Then, PET images were automatically registered to 

the T1-weighted image space, and the T1-weighted images were linearly and non-linearly 

registered to the ADNI template space. Subsequently, a PET non-linear registration was 

performed using the linear and non-linear transformations from the T1-weighted image to the 

ADNI space and the PET to T1-weighted image registration. PET image partial volume 

correction was carried out using the PETPVC toolbox 25. Briefly, the region-based voxelwise 

correction technique was used to perform partial volume correction using 10 tissue priors with a 

gaussian kernel with a FWHM of 2.4mm. The PET images were spatially smoothed to achieve a 

final resolution of 8mm full-width at half maximum. All images were visually inspected to 

insure proper alignment to the ADNI template. [18F]MK6240 standardized uptake value ratio 

(SUVR) maps were generated using the inferior cerebellar grey matter as a reference region and 

[18F]AZD4694 SUVR maps were generated using the cerebellar grey matter as a reference 

region. A global [18F]AZD4694 SUVR value was estimated for each participant by averaging the 

SUVR from the precuneus, prefrontal, orbitofrontal, parietal, temporal, anterior, and posterior 

cingulate cortices26. 

Structural MRI acquisition and processing 

Structural MRI data was acquired at the Montreal Neurological Institute for all subjects. Images 

were acquired on a 3T Siemens Magnetom using a standard head coil. A volumetric 
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magnetization prepared rapid gradient echo (MPRAGE) MRI (TR: 2300 ms, TE: 2.96ms) 

sequence was employed to obtain a high-resolution T1-weighted anatomical image of the entire 

brain (9° flip angle, coronal orientation perpendicular to the double spin echo sequence, 1x1 mm2 

in-plane resolution of 1 mm slab thickness). T1-weighted anatomical images were segmented 

into probabilistic Grey Matter and White Matter maps using the SPM12 segmentation tool. Each 

grey matter probability map was then non-linearly registered (with modulation) to the ADNI 

template using DARTEL, voxel values were modulated by multiplying them by the Jacobian 

determinants derived from the spatial normalization step 27, and images were smoothed with a 8 

mm isotropic Gaussian kernel. All images were visually inspected to insure proper alignment to 

the ADNI template.  

Statistical analyses 

Baseline demographics were assessed using multiple t tests and ÷2 tests using the R Statistical 

Software Package version 3.3 (http://www.r-project.org/). To help circumvent potential biases 

related to visual classification of PET scans, we additionally used quantitative thresholds to 

assess positivity for both amyloid-β and tau. Amyloid-PET positivity was determined using an 

[18F]AZD4694 SUVR threshold of 1.55 validated through Gaussian Mixture Modeling, ROC 

analyses, comparison with CSF biomarkers and comparisons with young adults (age<25) 

(Therriault et al., in press at Journal of Nuclear Medicine). Additionally, all AD subjects had tau-

PET SUVRs above the mean and two standard deviations of the CU elderly group 28 in all Braak 

regions. Neuroimaging analyses were carried out using the VoxelStats toolbox 

(https://github.com/sulantha2006/VoxelStats), a MATLAB-based analytical framework that 

allows for the execution of multimodal neuroimaging analyses in every brain voxel.  

 
Voxelwise multivariate linear regression models were used to investigate the patterns of imaging 

biomarker abnormalities in behavioural/dysexecutive AD and amnestic AD as compared to 

cognitive unimpaired elderly (CU) (n = 131). Each model was corrected for age as well as sex 29. 

All voxelwise regression analyses were repeated using partial volume corrected PET data. 

Results were corrected for multiple comparisons using a Random Field Theory (RFT) 30 cluster 

threshold of p < 0.001. An additional analytical step was performed to further investigate 

potential atrophy differences between groups, given potential heterogeneity of frontal atrophy 

reported in previous publications 8. We generated mean and standard deviation VBM parametric 
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maps based on the CU elderly population to create VBM z-score maps for each AD patient. 

VBM values that were greater than 1 standard deviation from the mean were thresholded to 

create binary maps. The resulting voxelwise images show whether an individual’s grey matter 

density falls outside the normal distribution of grey matter densities in the CU elderly population 
8. Next, frequency maps of thresholded voxels were generated in each clinical group. 

 

To assess the accuracy of imaging biomarkers in differentiating between behavioural / 

dysexecutive and amnestic AD variants, we performed ROC analyses in every brain voxel to 

determine the area under the ROC curve for each voxel. The optimal threshold value at every 

voxel was calculated using the least distance from a point to the ROC curve (0,1; best operating 

point) contrasting behavioural / dysexecutive vs amnestic AD subjects. This provides the best 

trade-off between sensitivity and specificity for differentiating between two categories, in this 

case, behavioural / dysexecutive vs amnestic AD. Next, we assessed the proportion of the frontal 

cortex differentially affected by amyloid-β, tau and neurodegeneration in each clinical variant, 

assessed based on surpassing the optimal threshold of the ROC curve between behavioural / 

dysexecutive and amnestic AD 31. Nonparametric t-tests were used to compare the proportion of 

the frontal cortex differentially affected between behavioural / dysexecutive and amnestic AD 

groups.  

 

Finally, we conducted voxelwise linear regressions between executive and memory composite z-

scores and tau-PET SUVR in the AD groups, correcting for age and sex. Results were also 

corrected for multiple comparisons using a Random Field Theory (RFT) 30 cluster threshold of p 

< 0.001. [18F]MK6240 SUVRs were extracted from significant clusters and displayed in 

scatterplots and density plots against composite z-scores for each cognitive domain. 

 

Data Availability 

Anonymized data and documentation from this study can be made available to qualified 

investigators on reasonable request. Such arrangements are subject to standard data sharing 

agreements. 
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Results 
 
Demographics  

Demographic, clinical and neuroimaging information for all subjects is summarized in Table 1 

(total n = 171). Both AD groups had higher neocortical [18F]AZD4694 SUVR than cognitively 

unimpaired elderly individuals, higher [18F]MK6240 SUVR across all Braak regions, and lower 

MMSE scores. All AD subjects were positive for both amyloid and tau 1 based on quantitative 

thresholds. No differences in age, sex, education, MMSE score, APOEε4 carriership or 

neocortical [18F]AZD4694 SUVR were observed between AD groups. Behavioural / 

dysexecutive AD patients had higher apathy scores than amnestic patients. All AD patients had 

significantly impaired memory and executive function; behavioural/dysexecutive AD patients 

had more severely impaired executive function relative to memory while amnestic AD patients 

had more severe memory impairments relative to executive impairments. Supplementary table 1 

(data available from Dryad, doi.org/10.5061/dryad.rxwdbrv5m) summarizes the specific bvFTD 

criteria met by each behavioural / dysexecutive AD patient. The most common bvFTD 

symptoms were loss of sympathy/empathy (14/15; 93%), followed by dysexecutive cognitive 

profile on neuropsychological testing with relative preservation of other cognitive domains 

(10/15; 66%) and behavioural disinhibition (10/15; 66%). Apathy and/or inertia were relatively 

frequent (9/15; 60%). Perseverative behaviours were only observed in 3 patients (3/15; 20%), 

and hyperorality only observed in one advanced case.  

 
Amyloid, tau and neurodegeneration in 15 cases of behavioural / dysexecutive AD 

Amyloid-PET, tau-PET and T1-weighted MR images for each behavioural / dysexecutive AD 

patient are presented in Figure 1 accompanied by clinical and demographic information. 

Parametric standard deviation maps for each imaging modality are reported in Supplementary 

Figure 2 (data available from Dryad, doi.org/10.5061/dryad.rxwdbrv5m). 

 
Voxelwise regressions 

Voxelwise linear regressions revealed that behavioural/dysexecutive AD and amnestic AD 

diagnoses were associated with similar patterns of [18F]AZD4694 SUVR across the cerebral 

cortex compared with CU elderly (Figure 2). Both groups displayed high [18F]AZD4694 SUVR 
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retention in posterior cingulate, precuneus, medial prefrontal and lateral temporal cortices (RFT 

corrected, p < 0.001). Amnestic AD patients had slightly elevated amyloid-PET uptake in medial 

prefrontal, inferior parietal and occipital cortices, though the results did not survive correction 

for multiple comparisons. There were no brain regions in which behavioural / dysexecutive AD 

patients had elevated [18F]AZD4694 SUVR as compared to amnestic AD patients. Results 

remained similar when using PVC data. 

 

Voxelwise linear regressions revealed that behavioural/dysexecutive AD and amnestic AD 

diagnoses were associated with distinct patterns of [18F]MK6240 SUVR across the cerebral 

cortex compared with CU elderly (Figure 3). Behavioural/dysexecutive AD subjects had higher 

[18F]MK6240 SUVR in the medial prefrontal, orbitofrontal, anterior cingulate and frontal insular 

cortices. Amnestic AD had a pattern of [18F]MK6240 SUVR that was characterized by lateral 

temporal, inferior parietal, temporooccipital, posterior cingulate and precuneus cortices. Both 

groups had high uptake in medial temporal, lateral temporal and posterior cingulate cortices 

(RFT corrected, p < 0.001). Behavioural / dysexecutive AD subjects had elevated [18F]MK6240 

SUVR in the anterior cingulate, medial prefrontal and frontal insula cortices compared to 

amnestic patients. Results remained similar when using PVC data. 

 

Finally, voxelwise linear regressions revealed that behavioural/dysexecutive AD and amnestic 

AD diagnoses were associated with distinct patterns voxel-based morphometry as compared with 

CU elderly individuals (Figure 4). Similar to [18F]MK6240 SUVR distribution, amnestic AD 

patients had abnormalities in the lateral temporal, inferior parietal, temporooccipital, posterior 

cingulate and precuneus cortices (RFT corrected at p < 0.001). When comparing behavioural / 

dysexecutive AD patients with CU elderly, we observed VBM differences in the inferior parietal, 

posterior cingulate, precuneus, medial prefrontal and dorsolateral prefrontal cortices (RFT 

corrected at p < 0.001). When comparing the two AD groups to each other, there were no group-

level differences in regional brain atrophy. Frequency maps of brain atrophy are reported in 

Supplementary Figure 3 (data available from Dryad, doi.org/10.5061/dryad.rxwdbrv5m).  

 

Voxelwise ROC 
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To assess the accuracy of imaging biomarkers in differentiating between behavioural / 

dysexecutive and amnestic AD, we carried out ROC analyses in every brain voxel. Amyloid-

PET uptake showed poor discriminative accuracy at distinguishing between behavioural / 

dysexecutive AD subjects and amnestic AD subjects (highest AUC ~60% across the cerebral 

cortex) (Figure 5A). Voxelwise ROC analyses revealed that frontal [18F]MK6240 uptake was 

able to discriminate between behavioural / dysexecutive AD and amnestic AD subjects with high 

sensitivity and specificity (Figure 5B). The highest AUCs were in the medial prefrontal cortex 

(AUC = 87%), right frontal insula (AUC = 82%) and anterior cingulate cortex (AUC = 81%). 

VBM also showed poor ability to discriminate between behavioural / dysexecutive AD and 

amnestic AD subjects. (Figure 5C). When comparing the percentage of frontal cortex 

differentially affected between groups, we did not observe differences in amyloid-β (p = 0.46) or 

voxel-based morphometry (p = 0.81). However, the percentage of frontal cortex differentially 

affected by tau was higher in the behavioural / dysexecutive group compared to the amnestic AD 

group (p = 0.006).  

 

 

Neuropsychological associations 

Voxelwise analyses revealed significant relationships between executive function composite z-

scores and [18F]MK6240 SUVR in the anterior cingulate, orbitofrontal, medial prefrontal and 

dorsolateral prefrontal cortices (RFT corrected at p < 0.001; β estimate: -0.65, standard error: 

0.19) (Figure 6A). Voxelwise analyses also revealed significant relationships between memory 

composite z-scores and [18F]MK6240 SUVR in the lateral temporal, posterior cingulate, 

precuneus and inferior parietal cortices (RFT corrected at p < 0.001; β estimate: -0.33, standard 

error: 0.11) (Figure 6B). Results were similar when using PVC data. 

 
Discussion: 
 
In this study we assessed the topographical distribution of amyloid-β, tau and atrophy in AD 

patients with prominent behavioural and/or dysexecutive clinical features. The main finding of 

our study is that behavioural / dysexecutive AD is associated with a set of distinct patterns of tau 

pathology in the frontal cortex. We did not observe regional associations between behavioural / 

dysexecutive AD and frontal amyloid-β or atrophy. Frontal tau pathology differentiated 
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behavioural / dysexecutive vs amnestic AD variants and correlated with severity of executive 

dysfunction. Our results provide evidence of frontal involvement in behavioural / dysexecutive 

AD and contribute to a framework in which the anatomical distribution of tau pathology is 

closely related to clinical presentations of AD 14.  

 

The brain regions with the highest discriminative accuracy for a diagnosis of behavioural / 

dysexecutive AD vs amnestic AD were the medial prefrontal, anterior cingulate, and frontal 

insular cortices. The medial prefrontal cortex has been consistently implicated in emotional 

processing 32. Evidence from single neuron recordings 33 as well as fMRI studies 34 have linked 

anterior cingulate cortex activity with complex decision-making and behavioural monitoring. 

Similarly, the frontal insular cortices are involved in the detection of behaviourally-relevant 

stimuli to guide decision-making 35. The anterior cingulate cortex and frontal insula are also 

affected in bvFTD 36, which shares many symptoms with behavioural / dysexecutive AD. The 

anterior cingulate cortex and frontal insula are furthermore constituents of the brain’s salience 

network 37, also vulnerable in bvFTD 38. A recent study has identified metabolic dysfunction in 

the frontal insula in patients with behavioural / dysexecutive AD compared to those with typical 

AD 12, further corroborating the relationship between the brain’s salience network and 

behavioural symptoms in neurodegenerative diseases including bvFTD and AD. 

 

It has been proposed that the absence of a consistent pattern of frontal brain atrophy challenges 

the concept of “frontal AD” 8. In line with previous studies, we did not observe consistent 

patterns of frontal atrophy at the group level that differed from amnestic AD. This could be 

attributable to the substantial heterogeneity of atrophy in patients with behavioural / 

dysexecutive presentations in our sample. It is also possible that a more sensitive measure of 

neurodegeneration such as [18F]FDG-PET may capture topographical differences in cortical 

neurodegeneration not observed in our study 12. Longitudinal analysis may clarify atrophy 

patterns in behavioural / dysexecutive AD as neurodegeneration follows tau-PET uptake 13,39 and 

correlates with neurofibrillary tangle distribution at autopsy 40.  

 

Our study did not observe significant differences in cerebral amyloid-β distribution between 

behavioural / dysexecutive and amnestic variants of AD, in contrast to autopsy studies with 
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smaller sample sizes (n ≤ 6) 9,11. However, the lack of regional differences in amyloid-β 

deposition between AD variants agrees with previous reports of similar distributions of amyloid-

β pathology when comparing amnestic AD and PCA patients 41, as well as comparisons between 

amnestic AD and lvPPA patients 42. These studies highlight the need for a better mechanistic 

understanding of cerebral tau propagation: in the face of similar amyloid-β pathology, why do 

variants of AD display tau aggregation in different regions? Case-control studies have suggested 

that individuals with PCA have a higher lifetime prevalence of visuospatial learning disabilities 
43 and individuals with lvPPA are more likely to have language-related learning disabilities than 

healthy control individuals 44, though without biomarker evidence it is unknown how many of 

these cases are due to AD. Overall, the finding of similar amyloid-β distribution across different 

AD clinical syndromes supports a framework in which amyloid-β deposition is an early but not 

sufficient factor in the pathogenesis of AD dementia 1.  

 

Early and accurate identification of AD pathophysiology is critical for clinical trial enrichment, 

diagnostic assessment, and increasingly, changes in clinical care 45. While MRI, CSF and 

amyloid-PET are being performed more frequently in the diagnosis and clinical management of 

patients with cognitive impairment, the clinical utility of tau-PET imaging is presently unknown. 

Our results suggest that tau-PET may have utility to both identify tau pathology in behavioural / 

dysexecutive AD, as well as to distinguish behavioural / dysexecutive AD from amnestic AD 

and FTD, in line with a recent multicenter study demonstrating tau-PET’s discriminative 

accuracy for the differential diagnosis of dementia syndromes 46.  

 

Despite that fact that frontal tau-PET uptake was able to discriminate between groups, we 

observed substantial variability in the topography of [18F]MK6240 uptake in the behavioural / 

dysexecutive AD group. Numerous prefrontal cortical regions were affected across patients, 

providing neuroimaging support for potential dissociations between behavioural and 

dysexecutive subtypes of AD 8. Variability in the topographical distribution of tau-PET uptake in 

this clinical syndrome suggests there may be limitations in selecting a single brain region to 

differentiate between clinical groups. It is also important to consider that multiple pathologies 

can be related to cognitive decline 47. Positive biomarkers for AD do not exclude the presence of 

other neuropathological comorbidities 48. The issue of the heterogeneity in behavioural / 
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dysexecutive AD is exacerbated by the lack of consensus clinical criteria for this syndrome, in 

contrast to other syndromes such as lvPPA 16 and PCA 17. 

 

An unanswered question is to what degree behavioural / dysexecutive AD constitutes a clinical 

entity separate from “typical” AD. While behavioural / dysexecutive patients had greater 

executive impairment relative to other cognitive domains, both behavioural / dysexecutive and 

amnestic clinical phenotypes had high tau load in AD-related areas including lateral temporal, 

posterior cingulate, precuneus and inferior parietal cortices 49. Likewise, case reports of “frontal 

AD” typically describe significant behavioural and/or dysexecutive features in the context of 

amnestic impairment 9–11. Longitudinal studies may clarify the extent to which behavioural, 

dysexecutive and amnestic dysfunction (either together or in isolation) define this syndrome over 

time, and how this may differ from both amnestic AD and bvFTD. 

 
Some methodological limitations should be considered when interpreting our study. The most 

important limitation of our study is the lack of a consensus classification guidelines for 

behavioural / dysexecutive AD. Currently, classification of behavioural / dysexecutive AD is 

based on consensus judgement of a clinical team 8,12, which can lead to variability between 

centers. This stands in contrast to other focal cortical AD syndromes with established clinical 

and imaging guidelines such as lvPPA 16 and PCA 17. In our study, all behavioural / dysexecutive 

AD patients had a clinical history compatible with bvFTD 15. While meeting existing 

standardized phenotypic criteria may help with reproducibility, this framework may have 

overlooked patients with predominant executive dysfunction without behavioural impairment 

described in previous publications 8, in which lateral prefrontal tau-PET was associated with 

executive impairment 50. Future work is needed to identify clinical criteria for behavioural / 

dysexecutive AD and to determine the potential role of imaging biomarkers in this classification 

scheme. Secondly, because the majority of patients in our study presented with both behavioural 

changes and executive dysfunction, we  did not assess specific differences between the two 

subtypes, instead using the term “behavioural / dysexecutive AD” to refer to the spectrum of 

behavioural and dysexecutive presentations 8. A related limitation is that the behavioural / 

dysexecutive AD subjects included in our study were relatively advanced (mean MMSE = 19.6), 

rendering potential dissociations between behavioural and dysexecutive phenotypes difficult to 
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ascertain. Future longitudinal studies with detailed behavioural and neuropsychological 

evaluations may inform the extent to which behavioural / dysexecutive AD constitutes a single 

entity or a clinical continuum 8.  Small sample size is another important limitation, however, our 

study is the largest in vivo molecular imaging study of behavioural / dysexecutive AD to date. 

Our sample is also taken from a tertiary care memory clinic constituted of relatively young 

patients, which may limit generalizability. 

 

In conclusion, we report that the behavioural / dysexecutive variant of AD is associated with a 

distinct topographical pattern of tau pathology in medial prefrontal, anterior cingulate, frontal 

insular and orbitofrontal cortices. The degree of tau-PET uptake in frontal regions was 

furthermore associated to the degree of executive dysfunction in these patients. Our results 

highlight the importance of imaging biomarkers for the differential diagnosis of individuals with 

cognitive impairment. 
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Table 1. Demographic, clinical and neuroimaging characteristics of the samples. 

  CU b/d AD aAD 
p  value 
(CU vs 
b/dAD) 

p value 
(CU 

vs aAD) 

p value 
(b/d AD 
vs aAD) 

No. 131 15 25 - - - 

Age, y, mean (SD) 68.2 (11.9) 65.93 (8.75) 65.83 (9.1) 0.47 0.34 0.97 

Female, no. (%) 87 (66) 9 (60) 12 (48) 0.62 0.08 0.46 

Education, y, mean (SD) 15.19 (3.8) 14.4 (3.4) 14.56 (3.6) 0.44 0.44 0.89 

APOEε4 carriers, % 42 (32) 9 (60) 15 (60) 0.03 0.008 0.99 

Apathy inventory, mean (SD) 0.18 (0.52) 7.6 (4.01) 4.5 (3.11) <0.0001 <0.0001 0.009 

MMSE, mean (SD) 29.14 (1.2) 19.6 (5.33) 20.1 (5.7) <0.0001 <0.0001 0.78 

Neocortical [18F]AZD4694 SUVR (SD) 1.45 (0.39) 2.36 (0.29) 2.4 (0.43) <0.0001 <0.0001 0.75 

Braak I-II [18F]MK6240 SUVR (SD) 0.99 (0.29) 1.94 (0.51) 2.02 (0.86) <0.0001 <0.0001 0.75 

Braak III-IV [18F]MK6240 SUVR (SD) 1.04 (0.17) 3.11 (1.09) 2.89 (0.87) <0.0001 <0.0001 0.54 

Braak V-VI [18F]MK6240 SUVR (SD) 1.09 (0.13) 3.06 (1.26) 2.47 (0.96) <0.0001 <0.0001 0.1 

Memory composite z-score (SD) 

Language composite z-score (SD) 

- 

- 

-2.53 (0.88) 

-1.44 (0.92) 

-3.17 (0.97) 

-1.48 (1.28) 

- 

- 

- 

- 

0.04 

0.91 

Visuospatial composite z-score (SD) 

Executive composite z-score (SD) 

- 

- 

-1.25 (1.29) 

-3.52 (1.33) 

-1.41 (1.16) 

-1.68 (1.15) 

- 

- 

- 

- 

0.69 

<0.0001 

 
Mean and standard deviation (SD) are provided for continuous variables; number and % are 
provided for dichotomous variables. P values indicate values assessed with two-
sided independent samples t-tests for each variable except sex and APOE ε4 status, 
where contingency chi-square tests were performed. MMSE = Mini-Mental State Examination; 
SUVR = Standardized Uptake Value Ratio; CU = Cognitively Unimpaired; b/dAD = 
behavioural/dysexecutive Alzheimer’s disease; aAD = amnestic Alzheimer’s disease ACCEPTED
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Figure Legends: 
 

Figure 1: Amyloid-PET, tau-PET and T1-weighted MR images for each AD patient with 

behavioural / dysexecutive phenotype. 

Axial (top row) and midsagittal (bottom row) slices for each AD patient. Each patient is positive 

for amyloid and tau. Left column: [18F]AZD4694 (Amyloid-PET). Middle column: [18F]MK6240 

(Tau-PET). Right column: T1-weighted MRI. 
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Figure 2: Topographical distribution of amyloid-β in amnestic and behavioural / 

dysexecutive variants of AD. 

(A) Voxelwise regressions revealed that amnestic AD subjects had elevated amyloid-PET in the 

posterior cingulate, precuneus, inferior parietal, medial prefrontal and occipital cortices as 

compared to CU elderly. (B) Voxelwise regressions revealed that behavioural / dysexecutive AD 

subjects had elevated amyloid-PET in the posterior cingulate, precuneus, inferior parietal, and 

medial prefrontal cortices compared to CU elderly. (C & D) No differences in the topography of 

amyloid-PET were observed between amnestic AD subjects as compared to behavioural / 

dysexecutive AD subjects. T-statistical parametric maps were corrected for multiple comparisons 

using a Random Field Theory cluster threshold of p < 0.001. Age and sex were employed as 

covariates in each model. b/d AD: behavioural / dysexecutive AD; CU: Cognitively unimpaired.  
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Figure 3: Topographical distribution of tau pathology in amnestic and behavioural / 

dysexecutive variants of AD. 

 (A) Strongest associations between [18F]MK6240 SUVR and amnestic AD were observed in 

lateral temporal, inferior parietal, precuneus and posterior cingulate cortices. (B) Strongest 

associations between [18F]MK6240 SUVR and behavioural / dysexecutive AD were observed in 

the anterior cingulate, lateral temporal, frontal insula and orbitofrontal cortices. (C) T-maps 

displaying significant differences between behavioural / dysexecutive AD subjects and amnestic 

AD patients; after multiple comparisons correction with random field theory (p < 0.001), no 

results remained significant. (D) T-maps displaying significant differences between behavioural / 

dysexecutive AD subjects and amnestic AD patients. Behavioural / dysexecutive subjects had 

greater tau-PET uptake in medial prefrontal, anterior cingulate and frontal insular cortices. T-

statistical parametric maps were corrected for multiple comparisons using a Random Field 

Theory cluster threshold of p < 0.001. Age and sex were employed as covariates in each model. 

b/d AD: behavioural / dysexecutive AD; CU: Cognitively unimpaired. 
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Figure 4: Topographical distribution of atrophy in amnestic and behavioural / dysexecutive 

variants of AD. 

 (A) Strongest associations between voxel-based morphometry and amnestic AD were observed 

in lateral temporal, inferior parietal, precuneus and posterior cingulate cortices. (B) Strongest 

associations between voxel-based morphometry and behavioural / dysexecutive AD were 

observed in the lateral temporal, inferior parietal, dorsolateral and medial prefrontal cortices. (C 

& D) T-maps displaying no statistically significant differences between behavioural / 

dysexecutive AD subjects and amnestic AD patients. T-statistical parametric maps were 

corrected for multiple comparisons using a Random Field Theory cluster threshold of p < 0.001. 

Age, sex and MMSE were employed as covariates in each model. b/d AD: behavioural / 

dysexecutive AD; CU: Cognitively unimpaired. VBM: Voxel-Based Morphometry 
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Figure 5: Accuracy of imaging biomarkers for discriminating behavioural / dysexecutive 

AD from Amnestic AD. 

Top row: Area under the ROC curve in every brain voxel for amyloid-PET (left), tau-PET 

(middle), and voxel-based morphometry (right). Amyloid-PET showed poor discriminatory 

accuracy between behavioural / dysexecutive AD and amnestic AD. AUC values for Tau-PET 

varied substantially, with highest AUC values being observed in the medial prefrontal cortex, 

anterior cingulate cortex and frontal insula, while lower values were observed in posterior 

cortical regions. Voxel-based morphometry demonstrated low discriminatory accuracy between 

behavioural / dysexecutive and amnestic AD groups. Bottom row: Percentage of frontal cortex 

differentially affected in behavioural /  dysexecutive AD vs amnestic AD. No differences were 

observed in frontal cortical amyloid between AD groups (p=0.46). Significant differences in 

frontal cortical tau-PET were observed between behavioural / dysexecutive and amnestic AD 

groups (p=0.006). No significant differences were observed in frontal cortical voxel-based 

morphometry between AD groups (p=0.81).  
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Figure 6: Association of frontal tau-PET uptake with executive dysfunction in AD. 

(A) Left: statistically significant relationships between executive function composite z-score and 

[18F]MK6240 SUVR after multiple comparisons correction with Random Field Theory at p < 

0.001. Significant clusters were used to extract tau-PET SUVR values. Right: scatterplots 

displaying associations between frontal cortical [18F]MK6240 SUVR and executive function 

composite score (β estimate: -0.65, standard error: 0.19).  (B) Left: statistically significant 

relationships between memory composite z-score and [18F]MK6240 SUVR after multiple 

comparisons correction with Random Field Theory at p < 0.001 (β estimate: -0.33, standard 

error: 0.11). Significant clusters were used to extract tau-PET SUVR values. Right: Scatterplots 

displaying associations between [18F]MK6240 SUVR and memory composite z-score. Density 

plots are provided along the x and y axes to visualize the distribution of [18F]MK6240 SUVRs 

and cognitive function composite z-scores, respectively. Age and sex were employed as 

covariates in each analysis. 
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