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A B S T R A C T   

Alzheimer’s disease (AD) is defined by the presence of Amyloid-β (Aβ), tau, and neurodegeneration (ATN 
framework) in the human cerebral cortex. Yet, prior studies have suggested that Aβ deposition can be associated 
with both cortical thinning and thickening. These contradictory results are attributed to small sample sizes, the 
presence versus absence of tau, and limited detectability in the earliest phase of protein deposition, which may 
begin in young adulthood and cannot be captured in studies enrolling only older subjects. In this study, we aimed 
to find the distinct and joint effects of Aβ and tau on neurodegeneration during the progression from normal to 
abnormal stages of pathologies that remain elusive. We used 18F-MK6240 and 18F-Florbetaben/18F-Florbetapir 
positron emission tomography (PET) and magnetic resonance imaging (MRI) to quantify tau, Aβ, and cortical 
thickness in 590 participants ranging in age from 20 to 90. We performed multiple regression analyses to assess 
the distinct and joint effects of Aβ and tau on cortical thickness using 590 healthy control (HC) and mild 
cognitive impairment (MCI) participants (141 young, 394 HC elderlies, 52 MCI). We showed that in participants 
with normal levels of global Aβ deposition, Aβ uptake was significantly associated with increased cortical 
thickness regardless of tau (e.g., left entorhinal cortex with t > 3.241, p < 0.0013). The relationship between tau 
deposition and neurodegeneration was more complex: in participants with abnormal levels of global tau, tau 
uptake was associated with cortical thinning in several regions of the brain (e.g., left entorhinal with t < -2.80, p 
< 0.0096 and left insula with t-value < -4.284, p < 0.0001), as reported on prior neuroimaging and neuro
pathological studies. Surprisingly, in participants with normal levels of global tau, tau was found to be associated 
with cortical thickening. Moreover, in participants with abnormal levels of global Aβ and tau, the re
sonance between them, defined as their correlation throughout the cortex, was associated strongly with cortical 
thinning even when controlling for a direct linear effect. We confirm prior findings of an association between Aβ 
deposition and cortical thickening and suggest this may also be the case in the earliest stages of deposition in 
normal aging. We also illustrate that resonance between high levels of Aβ and tau uptake is strongly associated 
with cortical thinning, emphasizing the effects of Aβ/tau synergy in AD pathogenesis.  
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1. Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disorder that 
significantly impacts the brain’s structure and function (Ashrafian, 
2021; Parihar and Hemnani, 2004; Suzanne, 2009). Amyloid-β (Aβ) and 
tau are the two main neuropathological hallmarks of AD (Frigerio, 2021; 
Crimins, 2013; Laurent, 2018). The advent of minimally invasive and in- 
vivo imaging of Aβ and tau in the human brain, as well as high-resolution 
structural imaging, enables the investigation of the link between well- 
documented AD neuropathology and neurodegeneration (Javaid, 
2016; Mak, 2018; Villemagne and Okamura, 2016). There are incon
sistent reports about the relationship between neurodegeneration and 
these two pathologies, especially Aβ deposition. Some studies report that 
an increase in Aβ deposition is associated with neurodegeneration 
(cortical thinning and/or lower volume) (Becker, 2011; Doré, 2013; 
Glodzik, 2012; Hedden, 2016; Kaffashian, 2015; Llado-Saz, 2015; Sala- 
Llonch, 2017; Susanto, 2015; Ten Kate, 2018) whereas other studies 
report the opposite: higher Aβ deposition is associated with cortical 
thickening and/or increased volume (Whitwell, 2013; Harrison, 2021; 
Batzu, 2020; Rahayel, 2019). Several other studies report no relation
ship between Aβ and neurodegeneration (Haller, 2019; Kljajevic, 2014; 
Maass, 2018; Pettigrew, 2017; Stricker, 2012; Voevodskaya, 2018). In 
contrast, most studies consistently report that an increase in tau depo
sition is associated with a decrease in cortical thickness (Glodzik, 2012; 
Harrison, 2021; Batzu, 2020; Maass, 2018; Stricker, 2012). More 
recently, one study reported that the relationship between Aβ pathology 
and cortical thickness was non-linear and influenced by tau deposition, 
whereas tau deposition was consistently associated with lower cortical 
thickness, regardless of Aβ deposition (Harrison, 2021). They also 
indicated that in participants with normal levels of global tau deposi
tion, higher Aβ deposition was associated with an increase in cortical 
thickness, whereas in participants with higher levels of global tau, 
higher Aβ deposition was associated with a decrease in cortical 
thickness. 

These findings suggest a complex interplay between Aβ, tau, and 
neurodegeneration which may differ at the early and late stages of AD 
(Harrison, 2021); thus, measurement of both pathologies seems to be 
required for investigating the relationship between AD pathologies and 
neurodegeneration. Most existing studies consider the relationship be
tween only one of these pathologies and neurodegeneration, which may 
contribute to inconsistent findings. Current studies are also flawed in 
categorizing pathologically normal/abnormal participants and often 
define a cut-point for the binomial distribution of the global Aβ/tau 
uptake of the elderly cohort. This approach has resulted in different cut- 
points across studies and completely disregards the earliest levels of 
pathophysiological accumulation detected in the majority of partici
pants (Jack, 2016). In addition, measures of Aβ and tau deposition below 
the cut-points of established pathologies carry critical information on 
the earliest regional evolution of these two pathologies and have the 
potential to track the brain changes due to the earliest pathophysio
logical consequences. 

In the current study, we examined 590 participants who had un
dergone both Aβ and tau imaging with 18F-MK6240 and 18F-Florbeta
ben/18F-Florbetapir tracer for positron emission tomography (PET), and 
magnetic resonance imaging (MRI) scanning, making it possible to study 
the distinct and joint effects of the Aβ and/or tau pathologies on neu
rodegeneration (cortical thickness). We derived cut-points for global Aβ 
and tau abnormality by referencing a group of healthy young partici
pants (age: 20 ~ 40 years) as our reference group. Using these redefined 
cut-points for Aβ and tau deposition based on young subjects who are 
expected to have no pathological Aβ/tau, we were able to characterize 
the normal and abnormal levels of Aβ and tau deposition in the older 
participants. We categorized the older participants into four separate 
groups: normal Aβ/normal tau (nAβ/nTau), abnormal Aβ/normal tau 
(aAβ/nTau), normal Aβ/abnormal tau (nAβ/aTau), abnormal Aβ/ 
abnormal tau (aAβ/aTau). We utilized vertex-wise and region-wise 

multiple linear regression analyses to find the association between 
cortical thickness and Aβ/tau deposition in each of the four categories. 
Our primary aim in this study was to assess the distinct associations 
between cortical thickness and normal/abnormal levels of deposition of 
each pathology (Aβ and tau) while controlling for the effect of the other 
pathology (e.g., investigate the association of cortical thickness with Aβ 
deposition, while controlling for tau). Furthermore, we aimed to assess 
the joint effect of Aβ and tau deposition on cortical thickness in later 
stages of accumulation and hypothesized that synergy between Aβ and 
tau leads to unique toxicity that is associated with greater neuro
degeneration beyond the individual effects of Aβ or tau deposition alone. 

2. Methods 

2.1. Participants 

Data in this study were collected from five separate research cohorts 
at Weill Cornell Medicine and Columbia University Irving Medical 
Center. We identified 394 healthy control (HC) and 52 mild cognitive 
participants (MCI) participants 55 years and older (282 females) who 
underwent three different imaging modalities (T1-weighted structural 
MRI, tau PET, and Aβ PET) within 12 months. We also utilized 97 
healthy young participants (age: 20 ~ 40 years) underwent T1-weighted 
structural MRI, and Aβ PET; also 47 healthy young (age: 20 ~ 40 years) 
participants underwent T1-weighted structural MRI, and tau PET. All 
participants consented to participate in their respective studies, and the 
local institutional review boards approved all recruitment/enrollment 
procedures and imaging protocols. The HC eligible participants under
went standardized medical and neuropsychological evaluations to 
ensure they had no neurological or psychiatric conditions, cognitive 
impairment, major medical diseases, or contraindications based on MRI. 
The patients with MCI had mini-mental state examination (MMSE) 
scores of 18–28, a clinical dementia rating (CDR) of 0.5 or 1.0, and the 
presence of a biomarker associated with AD (either by an Aβ PET scan or 
cerebrospinal fluid (CSF) analysis showing a positive Aβ42, tau, and/or 
phospho-tau protein181). 

2.2. Image acquisition protocols 

All magnetization-prepared rapid gradient-echo (MP-RAGE) scans 
were acquired with 3.0 Tesla MRI scanners. Each participant first un
derwent a scout localizer to determine the position and set the field of 
view and orientation, followed by high resolution MP-RAGE image with 
TR /TE = 2300–3000/2.96–6.5 ms, flip angle = 8-9◦; field of view =
25.4–26 cm, matrix size = 256 × 256, and 165–208 slices with 1 mm 
thickness. 

Tau PET imaging for all the participants was done using 18F- 
MK6240. Each participant’s vital signs were recorded before and after 
the tracer injection. An intravenous catheter (IV-line) was inserted into 
the arm, and an injection of 185 MBq (5 mCi) ± 20 % (maximum volume 
10 mL) was administered as a slow single IV bolus at 60 s or less (6 secs/ 
mL max). A post-injection saline flush of the IV line was not allowed. A 
low-dose computed tomography (CT) scan for the attenuation correction 
of the PET data was acquired. Starting at 80–120 min’ post-injection, 
brain images were acquired in 6 × 5-minute frames over a period of 
30 min. If considered inadequate, the participant underwent an addi
tional 20 min of continuous imaging. 

For Aβ imaging, HC and MCI participants underwent 18F-Florbetaben 
and 18F-Florbetapir PET scans, respectively. Each participant’s prepa
ration for the scans consisted of an IV catheterization, followed by the 
injection of 8.1 mCi ± 20 % (300 MBq) of the tracer administered as a 
slow single IV bolus at 60 s or less (6 secs/mL max). There were two 
separate post-injection imaging start times for the acquired Aβ-specific 
scans. Participants were scanned 45–90 min after the tracer injection. A 
low-dose CT scan for attenuation correction of the PET data was also 
acquired. Brain images for each of these PET scans were acquired in 4 ×

S. Hani Hojjati et al.                                                                                                                                                                                                                           



NeuroImage: Clinical 38 (2023) 103409

3

5-minute frames over a period of 20 min. 

2.3. Quantification of structural imaging data 

The MP-RAGE structural scans were reconstructed using FreeSurfer 
(http://surfer.nmr.mgh.harvard.edu) automated segmentation and 
cortical parcellation software package (Fischl, 2002; Fischl, 2004). 
FreeSurfer segments the cortex into 33 different gyri/sulci-based regions 
in each hemisphere according to the Desikan-Killiany atlas (Desikan, 
2006), and subcortical segmentation and calculates the cortical thick
ness at each vertex at millimeter-by-millimeter resolution. The vertex- 
wise data are not constrained to the pre-defined regions of interest 
(ROI)s and can be transferred to standard space using surface-based non- 
linear registration. We utilized vertex-wise data to detect effects that are 
smaller in size over two or more pre-defined ROIs. The transfer of all 
neuroimaging data to standard space (MNI152) was also required for 
group analyses. We used advanced normalization tools (ANTs) (Avants, 
2009) to transfer the participant’s native space voxel intensities to the 
MNI space for any voxel-wise group comparison. For vertex-wise anal
ysis, we projected the surface base reconstructed PET to the surface of 
MNI152 using the spherical surface registration in FreeSurfer. 

2.4. Quantification of molecular imaging data 

To process the Aβ and tau PET scans, a fully automatic in-house 
developed quantification method was used. This method has already 
been used in numerous studies and validated using histopathological 
data (Tahmi, 2019; Oh, 2016; Oh, 2015; Brickman, 2015; Gu, 2015). 
Briefly, dynamic PET frames (six frames in tau PET and four frames in Aβ 
PET) are first aligned to the first frame using rigid-body registration and 
averaged to generate a static PET image. Next, the structural MP-RAGE 
image in FreeSurfer space was registered to the same participant’s static 
PET image using normalized mutual information and six degrees of 
freedom to obtain a rigid-body transformation matrix. The FreeSurfer 
regional masks were then transferred to static PET space and used to 
extract the regional PET data. The standardized uptake value (SUV), 
defined as the decay-corrected brain radioactivity concentration 
normalized for injected dose and body weight, was calculated; it was 
normalized to cerebellum gray matter to derive the standardized uptake 
value ratio (SUVR). The FreeSurfer cortical and subcortical regions, as 
well as vertex-wise surface reconstruction, were used in the native space 
analysis of the PET data (Tahmi, 2019). Finally, all vertex-wise quanti
fication of Aβ, tau, and surface-based probabilistic atlases are generated 
by FreeSurfer’s reconstructed surfaces. In addition, we quantified the 
average of each region’s SUVR for region-based analyses. 

The Aβ and tau uptakes in AD-relevant regions were also quantified. 
For Aβ, the global SUVR was calculated by targeting regions of interest, 
including frontal, parietal, temporal, anterior, and posterior cingulate, 
and precuneus regions (Mormino, 2011; Villeneuve, 2015; Huang, 
2013). Tau target ROIs were in temporal lobe ROIs AD-related regions, 
including the fusiform, amygdala, parahippocampal gyrus, entorhinal, 
inferior temporal, and middle temporal regions (Braak, 2006; Braak and 
Braak, 1995). To capture the early effect of categorizing the participants 
based on tau PET, we defined the medial temporal lobe (MTL) tau with 
ROIs, including the entorhinal and parahippocampal gyrus. Tau depo
sition has been shown to accumulate first in these two regions (Braak, 
2006; Braak and Braak, 1995). Global Aβ, global tau, and MTL tau 
SUVRs, were utilized to find the cut points for Aβ and tau deposition 
abnormality. 

2.5. Partial volume correction 

For vertex-wise analyses, we saw that the majorities of the brain’s 
sulci show significant Aβ uptake to the point that true uptake is 
completely buried under the spill-in signal. So, we developed a simple 
but effective anatomy-driven partial volume correction (PVC) technique 

with a sufficiently powered normative reference group (age: 20 ~ 40). 
Each gray matter vertex’s uptake is a combination of actual binding in 
that location and the spill-in from white-matter/meningeal non-specific 
binding for Florbetaben/MK6240 scans. Using Florbetaben/MK6240 
scans from 97/47 healthy young (years < 40) participants’ Aβ/tau im
ages, we estimated the white matter/meningeal spill-in signal. Since the 
majority of young (years < 40) and healthy participants are not expected 
to have any Aβ/tau accumulation, any gray matter uptake in these 
participants can be considered a result of spill-in from the non-specific 
binding of the adjacent vertex. We used the white matter/meninges 
mask for each young participant to extract the spatial distribution of the 
non-specific binding within these vertices. Then, we fitted a linear 
regression model for each vertex to predict the synthesized spill-in’s 
gray matter. We extracted the white matter/meninges uptake in the test 
participants and convolved it with a scanner point spread function to get 
the synthesized spill-in for the gray-matter vertices. Using the fitted 
model parameters at each vertex, the spill-in amount (synthesized spill- 
in) was estimated. Finally, we subtracted the actual uptake with the 
synthesized amount to effectively reduce the artifacts that come from 
white matter and meningeal vertices. 

2.6. Subject categorization 

In this study, we categorized the older participants by determining 
cut-points based on young participants’ global Aβ and global/MTL tau 
uptakes. We used two cohorts for healthy young subjects’ data collection 
to define cut-points for global Aβ and tau accumulations, but both co
horts used the same protocol for PET acquisition. We first obtained the 
young participants’ global Aβ and global/MTL tau distributions, which 
were normally distributed according to the Shapiro-walk test: P > 0.22. 
Then, using the 96th percentile of the fitted normal distribution, we 
calculated the cut-points for abnormal global Aβ and global/MTL tau 
uptakes. Note that MTL tau uptake was to detect the early stages of 
abnormality. Therefore, the abnormality of the tau was determined 
when the global or MTL tau uptake level was higher than their associ
ated cut-points. It is noteworthy that the abnormal and normal defini
tions levels of deposition were compared with the young subjects’ 
deposition and also MTL tau that have the potential to determine the 
early level of uptakes. Using this categorization technique, each 
participant can be categorized as abnormal (a) and normal (n), resulting 
in four groups: 1- nAβ/nTau: participants with neither abnormal global 
Aβ nor global/MTL tau pathologies. 2 - aAβ/nTau: participants who have 
normal global/MTL tau but abnormal Aβ; 3- nAβ/aTau: participants who 
have abnormal global or MTL tau but normal Aβ pathologies; 4- aAβ/ 
aTau: participants who have abnormal Aβ and global or MTL tau 
pathologies. 

2.7. Statistical analysis 

Fig. 1 shows the overall procedure of this study. After categorizing 
the older participants with the defined cut-points based on healthy 
young participants, the probabilistic atlas was obtained to visualize the 
pattern of Aβ and tau deposition on the surface of the brain in each 
category. We thresholded and then binarized each vertex of Aβ and tau 
uptakes by the obtained cut-points of 1.256 and 1.150, respectively 
(higher than cut-point = 1, and lower than cut-point = 0). Finally, we 
computed the probability of observing the abnormal Aβ/tau (based on 
cut-points) across participants of each category. In addition, inter- 
regional correlations between Aβ and tau uptakes across the different 
categories were calculated. 

To assess the association between global Aβ/tau and cortical thick
ness in the normal and abnormal levels of deposition, the first multiple 
regression model was applied to each brain vertex while age, gender, 
and ICV were controlled as covariates: Vertex-Wise Cortical Thickness ~ 
β0 + β1 Global Aβ + β2 Global Tau + β3 Age + β4 Gender + β5 ICV + e. 
Then, we generated the Aβ/tau statistical maps (t-test) to visualize 
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vertices with significant associations between cortical thickness and Aβ/ 
tau deposition. The second analysis was applied to test the regional as
sociation between Aβ/tau deposition and cortical thickness in 68 
cortical target regions. To exclude the effects of age, gender, and ICV, we 
first residual them from the regional cortical thickness. It is noteworthy 
that in each pathology’s relationship (Aβ or tau), the other one also 
residual out to find and visualize the pure effect of the targeted pa
thology. For example, to find the association between regional thickness 
and Aβ deposition, the regional tau, and other covariates are first resi
dualized: Regional Cortical Thickness ~ β0 + β1 Regional Tau + β2 Age + β3 
Gender + β4 ICV + e. Finally, we ran a second regression model to find 
the relationship between the target regions’ cortical thickness and each 
pathology’s regional uptake (Residuals Regional Cortical Thickness ~ β0 
+ β1 Regional Aβ + e). 

The joint effect of Aβ and tau deposition was explored by a resonance 
measure, in which resonance is the spatial correlation between the 
amount of Aβ and tau uptake across gray matter vertices. The resonance 
measure shows the synergetic relationship between Aβ and tau uptake in 
the cerebral cortex by calculating the vertex-wise correlation. Each 
participant has one resonance measurement, which shows how much 
the spatial pattern of Aβ uptake in the cerebral cortex is associated with 
the spatial pattern of tau uptake. The multiple linear regression model 
was then performed on each vertex to determine the joint effect of Aβ/ 
tau deposition (resonance) on cortical thickness while controlling for the 
effects of age, gender, ICV, and global Aβ, and global tau: Cortical 
Thickness ~ β0 + β1 Global Aβ + β2 Global Tau + β3 Resonance + β4 Age +
β5 Gender + β6 ICV + e. We also performed regional regression to see 
whether the resonance by itself was associated with regional cortical 
thickness in the four categories. 

All statistical analyses and their visualization in this study were 
performed using Python. The main numeric modules were NumPy and 
Matplotlib that we utilized in our analyses (Harris, 2020; Hunter, 2007). 
The student’s t-tests, Chi-square, and ANOVA tests were performed 
using the SciPy statistical package (v6.1.1) (Peterson, 2009). The vertex- 
wise false discovery rate (FDR) with p-value = 0.05 correction was 
performed for vertex-wise analyses in FreeSurfer Qdec (Hagler, 2006). 
For family-wise error correction of regional associations, we performed 
a permutation test. We randomly shuffled the independent variable 
10,000 times to find an empirical null distribution for the t-value of 
regression analysis. Finally, the family-wise error rate-corrected t-value 
was calculated based on the 5th and 95th percentiles of the fitted normal 

distribution for negative and positive t-values. 

3. Results 

3.1. Subjects’ categorization 

In this study, for the first time, we categorized older participants in 
reference to the global SUVR of the Aβ/tau signal observed in a young 
population. Fig. 2 depicts the distribution of the young (in orange) and 
older (in blue) participants’ global Aβ (Fig. 2a), global tau (Fig. 2b), and 
MTL tau (Fig. 2c) uptakes. As depicted, the 96th percentile of the normal 
distribution fitted to the young participants (the black dotted line) is 
used as the cut-points for distinguishing abnormal global Aβ (Fig. 2a) 
and global/MTL tau (Fig. 2b/2c). The global Aβ standardized uptake 
value ratio (SUVR) cut-point was 1.256 and the global and local tau 
SUVR cut-point were 1.150 and 1.110, respectively. 

Table 1 illustrates the number of participants and their demographic 
in each of the four categories in this study. Our categorization results 
indicate that 232 participants (~52 % of all participants) fall in the nAβ/ 
nTau group, covering 58 % of HC participants, 46 participants (~10 % 
of all and ~ 4 % of HC) fall in the aAβ/nTau group, 96 participants (~22 
% of all and ~ 24 % of HC) fall in nAβ/aTau group, and 72 participants 
(~16 % of all and ~ 6 % of HC) fall in aAβ/aTau group. While almost 75 
% of the participants with mild cognitive impairment (MCI) fall in the 
aAβ/aTau group the remaining 25 % of MCI participants are distributed 
between the other three groups (5.8 % in nAβ/nTau, 5.8 % in nAβ/aTau, 
and 13.4 % in aAβ/nTau). 

Fig. 3a illustrates the probability of observing the Aβ and tau pa
thologies (SUVR > global cut-point) at each vertex throughout the entire 
cerebral cortex in the four categories of participants given in Table 1. 
The probabilities are overlaid on a semi-inflated cortical surface of the 
MNI152 template and color-coded with a heat color map where the 
darker red and red indicate lower probabilities, and the bright red and 
yellow indicate higher probabilities. These results emphasize the exis
tence of an abnormal level of local/regional uptake of Aβ and/or tau in 
participants with normal levels of global Aβ and/or tau. As it shown, 
even participants in the first category (nAβ/nTau) possess some 
abnormal level of Aβ and/or tau deposition in some specific regions. 
Also, participants in the last category (aAβ/aTau) have abnormal Aβ and 
tau deposition extensively throughout the brain. 

The vertex-wise probabilities of observing the global Aβ > 1.256 and 

Fig. 1. Overall procedures of this study.  
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global tau > 1.15 are aggregated and their distributions in the four 
groups are depicted by boxplots in Fig. 3b and 3c, respectively. As ex
pected, a one-way ANOVA comparing the four participant groups found 
a significant difference between global Aβ (F = 333.05, P < 0.0001) as 
well as global tau (F = 139.19, P < 0.0001). The post-hoc pair-wise 
Student’s t-test also shows a substantial difference in the global Aβ 
deposition (t > 7.19, p < 0.0001) between all paired categories except 
between the two normal Aβ groups (nAβ/nTau and nAβ/aTau). 
Furthermore, the Student’s t-test shows a significant difference between 
all pairs of categories (t > 4.79, p < 0.0001) in global tau except be
tween the two normal tau groups (nAβ/nTau and aAβ/nTau). 

The inter-regional Aβ and tau association were computed separately 
for each of the four distinct categories of subjects and depicted in Fig. 4a- 
d using a color-coded cross-correlogram. Each element of the cross- 
correlogram is color-coded with a heat map and represents a subject- 
wise correlation between the x-axis region’s Aβ uptake and the y-axis 
region’s tau uptake. The red color indicates a correlation value equal to 
1, and the blue color indicates a correlation value equal to − 1. Fig. 4a-c 
illustrate the early stage of association between Aβ and tau accumulation 
in nAβ/nTau, aAβ/nTau, and nAβ/aTau groups respectively. It is 
apparent that there are weak but important correlations in some regions 
(yellow color) that might show an early association between Aβ and tau. 
On the other hand, in Fig. 4d, the correlation gets strongly positive in 
almost all brain regions. These results demonstrate the hitting point of 
the joint effect (resonance effect between Aβ and Tau pathologies) that 
happens in the late stage of accumulation which strongly accelerates the 
synergic effect of these two pathologies. In other words, these results 
suggest that while Aβ and tau initially start accumulating in different 
regions of the cortex independently, their accumulation spreads to the 
entire cortex in the aAβ/aTau group highlighting the possibility of 
synergy between them, henceforth referred to as resonance. 

3.2. AD pathologies and vertex-wise cortical thickness 

Using a vertex-wise multiple linear regression model, we explored 
the effect of Aβ and tau deposition on cortical brain atrophy as a mea
surement of neurodegeneration. Fig. 5 demonstrates the results of this 
analysis, performed separately for each category of participants after 
multiple comparisons correction (the uncorrected results show in 
Fig. S1). It depicts all vertices with a significant association between 
global Aβ (left column)/tau (right column) deposition and cortical 
thickness when controlling for the other pathology (tau/Aβ), age, 
gender, and intracranial volume (ICV). As shown, an increase in global 
Aβ deposition is associated with an increase in cortical thickness at the 
normal level of global deposition (nAβ/nTau and nAβ/aTau) regardless 
of tau level. It is noteworthy that the regions showing increased cortical 
thickness in association with a normal level of global Aβ deposition in 
the medial temporal lobe are the same regions where the earliest tau 
deposition has been reported (Braak, 2006). In contrast to Aβ, tau 
deposition shows a differential trend depending on the level of deposi
tion. As shown in Fig. 5, at normal levels of global or MTL tau deposition, 
an increase in global tau accumulation is associated with an increase in 
cortical thickness. By contrast, at abnormal levels of global tau deposi
tion, an increase in global tau accumulation is strongly associated with a 
decrease in cortical thickness, regardless of Aβ level. 

3.3. Regional AD pathologies and cortical thickness 

Fig. 6a depicts associations between regional cortical thickness and 
mean Aβ/tau deposition in 68 cortical regions while controlling for the 
other pathology (tau/Aβ), age, gender, and ICV. Fig. 6b illustrates 
scatter plots overlaid with the association between the residual average 
cortical thickness and Aβ deposition in the left entorhinal and right 
posterior cingulate as two target regions for Aβ. Fig. 6c shows residual 

Fig. 2. Distribution of younger (in orange) and older (in blue) participants’, (a) global Aβ, (b) global tau, and (c) MTL tau. The fitted normal distribution (in black), 
96th percentile (red dotted line), and 4th percentile (yellow dotted line) overlaid on the distributions of the participants. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Cohort demographics.   

Young Tau PET 
Participant (N = 47) 

Young Aβ PET 
Participant (N = 97) 

Old Aβ/Tau PET 
participant  
(n = 446) 

nAβ/nTau 
(n = 232) 

aAβ/nTau 
(n = 46) 

nAβ/aTau 
(n = 96) 

aAβ/aTau 
(n = 72) 

Four group 
difference (P-value) 

Age (years) 29.36 (4.73) 27.64 (3.32) 66.25 (5.29) 64.79 (3.55) 66.84 (5.17) 67.20 (5.90) 69.69 (7.11) P < 0.0001 
Sex (M/F) 20/27 42/55 164/282 94/138 16/30 32/64 25/47 0.573 
HC/MCI 47/0 97/0 394/52 229/3 39/7 93/3 33/39 P < 0.0001 
Global Aβ 

SUVR 
– 1.11 (0.06) 1.25 (0.24) 1.14 (0.07) 1.37 (0.13) 1.15 (0.06) 1.71 (0.29) P < 0.0001 

Global Tau 
SUVR 

0.90 (0.10) – 1.20 (0.66) 0.94 (0.09) 0.95 (0.09) 1.20 (0.34) 2.23 (1.11) P < 0.0001 

Abbreviations: HC: healthy control, MCI: mild cognitive impairment, M: male, F: female, PET: positron emission tomography, nAβ/nTau: normal Aβ/normal tau, aAβ/ 
nTau: abnormal Aβ/normal tau, nAβ/aTau: normal Aβ/abnormal tau, aAβ/aTau: abnormal Aβ/abnormal tau, SUVR standardized uptake value ratio. 
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cortical thickness and tau deposition in the left entorhinal and left insula 
as two target regions for tau. The results shown in Fig. 6a-c are corrected 
for multiple comparisons correction (FWE); uncorrected results are 
shown in Fig. S2. As expected from previous results, at normal Aβ levels, 
an increase in regional Aβ uptake is significantly associated with an 
increase in regional cortical thickness in the entorhinal cortex for nAβ/ 
nTau (t > 3.241, p < 0.0013) and posterior cingulate cortex for nAβ/ 
nTau, aAβ/aTau, and nAβ/aTau (t > 3.889 and p < 0.0001, t > 3.028 
and p < 0.0034, and t > 3.805 and p < 0.0002, respectively; Fig. 6b). As 
it seen in Fig. 6b, there are several participants in the nAβ/nTau group 
with regional Aβ uptakes much higher than the cut-point (>1.25) in 
whom the global Aβ uptake was below the threshold. These participants 
are influential in driving the observed relationship between regional Aβ 
uptake and an increase in regional cortical thickness. Of note, some of 
the observed region-wise relationships disappear when the vertex-wise 
regression analysis was performed with global Aβ (Fig. 5). At normal 
levels of global tau, an increase in regional tau uptake is associated with 
a significant increase in regional cortical thickness in a few regions (e.g., 
right insula; t > 3.202, p < 0.0015; Fig. 6c). By contrast, at abnormal 
levels of global tau, an increase in regional tau uptake is associated with 
a significant decrease in cortical thickness of many regions including the 
entorhinal cortex for both nAβ/aTau (t < -4.372, p < 0.0001) and aAβ/ 
aTau (t < -2.80, p < 0.0096) groups, as well as the insula for aAβ/aTau 
(t-value < -4.284, p < 0.0001; Fig. 5c) group. These results emphasize 
that even at normal levels of global Aβ deposition (nAβ/nTau and nAβ/ 
aTau), regions can surprisingly have high levels of regional Aβ deposi
tion, like the entorhinal cortex, which are associated with an increase in 
cortical thickness. By contrast, regardless of Aβ levels, regional 
abnormal tau levels are associated with a substantial reduction in 
cortical thickness in several brain regions. 

3.4. AD pathologies and cortical thickness in young (<40 years) 
participants 

In this study, the categorization of participants to normal and 
abnormal global Aβ and tau uptakes are done based on the distribution 
of global uptakes in a group of young participants. Therefore, this 
categorization method makes the global uptakes in the nAβ/nTau group 
comparable to the young group. This section assesses whether the 
observed relationship with cortical thickness in elderly participants is 
also held for the young groups. This experiment essentially determines 
whether confounding factors such as blood perfusion or anatomically- 
driven structured noise, which should be common across different age 
groups, are the main drivers of the obtained relationship between very 
early AD pathologies and cortical thickness in the nAβ/nTau group. We 
performed the same analysis to assess the relationship between vertex- 
wise cortical thickness and global Aβ/tau uptakes in 97/47 young par
ticipants, respectively. It is noteworthy that we did not have access to 
both Aβ and tau imaging for all young subjects; so, for the analysis of 
each target pathology (Aβ or tau), we did not control the other as a 
separate covariate. Fig. S3 shows the corrected association between 
cortical thickness and global Aβ in 97 young participants. As shown in 
Fig. S3, no association survived after FDR correction. In Fig. S4, we 
performed the same analysis for global tau using 47 young subjects. The 
corrected vertex-wise results in Fig. S4 illustrate that no association 
survived after FDR correction. The lack of any association between 
global Aβ and global tau deposition and cortical thickness in the young 
participants can be used as evidence that our results in the old partici
pants are more likely reporting a true effect of early accumulations on 
cortical thickness. Also, reject the possibility of the effects of other 
confounding factors, such as blood perfusion (as a confounder for PET 

Fig. 3. (a) Illustrating the vertex-wise probabilistic atlas of Aβ (left column) and tau (right column) pathologies throughout the entire cerebral cortex obtained in four 
participant categories. (First row, nAβ/nTau; second row, aAβ/nTau; third row, nAβ/aTau; and fourth row, aAβ/aTau). The probability of observing Aβ and tau at 
each vertex is color-coded with a heat color map and overlaid on a semi-inflated cortical surface of the MNI152 template. (b) Boxplots compare the distribution of 
global Aβ in four categories of participants. (c) Boxplots compare the distribution of global tau in four participant categories. 
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images), and structured noise on the results of old participants. 

3.5. The joint effect of AD pathologies on neurodegeneration 

Once the unique and distinct effects of each AD pathology on cortical 
thickness were demonstrated, we aimed to assess any remaining joint 
effect of Aβ and tau deposition on the cortical thickness that is not 
accounted for by their linear effects. We have shown previously (Hojjati, 
2021) and in this paper that while Aβ and tau are initiated indepen
dently at different brain regions, they later progress to a state of “reso
nance”. Therefore, we also aimed to assess whether the resonance 
between Aβ and tau is also associated with neurodegeneration beyond 
what we have already accounted for in the linear effects of Aβ and tau. 
Fig. 7 shows the association between cortical thickness and resonance in 
the aAβ/aTau group after FDR correction, controlling for age, gender, 
ICV, global Aβ, and global tau. The associations between cortical 
thickness and resonance in the three other groups (nAβ/nTau, aAβ/ 
nTau, and nAβ/aTau) did not survive after FDR corrections (Fig. S5 
shows the uncorrected associations in each of the four different groups). 
As shown in Fig. 7, increased resonance at higher levels of deposition is 
strongly associated with a decrease in cortical thickness. This joint effect 

(resonance) is beyond the Aβ and tau linear effects since we controlled 
for global Aβ and tau uptakes in the multiple regression analyses. Fig. 8a 
depicts the joint effect of regional Aβ and tau on regional cortical 
thickness in the aAβ/aTau group. The other three groups’ regional as
sociations did not survive after we applied family-wise error correction 
(permutation test). Fig. S6 shows the uncorrected associations in each of 
the four different groups. Increased resonance at abnormal levels of 
deposition (aAβ/aTau group) is strongly associated with a decrease in 
cortical thickness across several regions in the brain like the para
hippocampal left (t < -2.359, p < 0.021) and caudal anterior cingulate 
right with (t < -2.661, p < 0.009; Fig. 7b). Altogether, these results 
highlight the synergistic feature of the joint effect of Aβ and tau on 
cortical atrophy at abnormal levels of deposition (aAβ/aTau group). 
These results also highlight that the resonance between these two pa
thologies may accelerate the effect of the pathologies on cortical 
thickness beyond the linear effects of Aβ and tau. 

4. Discussion 

In this study, we introduced a new categorization method for older 
participants based on the distribution of global Aβ and tau deposition in 

Fig. 4. Inter-regional cross-correlogram between Aβ and Tau accumulations for (a) nAβ/nTau, (b) aAβ/nTau; (c) nAβ/aTau, and (d) aAβ/aTau groups in 76 cortical 
and subcortical regions. The correlation is color-coded with a heatmap, and the red color indicates a correlation value equal to 1, and the blue color indicates a 
correlation equal to − 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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young (<40 years old) participants. This approach offers important in
sights into the earliest stage of AD pathologies and their spatial patterns 
of accumulation. It can be used to study both the distinct and joint as
sociations between Aβ/tau deposition and neurodegeneration. In this 
study, we propose that the effects of Aβ and tau pathologies in the brain 
can be divided into two detached subtypes: 1) the distinct effects of Aβ 
and tau, and 2) the joint effects of Aβ and tau. We first demonstrated that 
early accumulation Aβ deposition was associated with an increase in 
cortical thickness when we controlled for tau deposition and other 
confounders (age, gender, and ICV). On the other hand, when global Aβ 
deposition and other covariates were controlled, early accumulation of 
tau deposition was associated with an increase in cortical thickness. In 
contrast, abnormal levels of tau deposition were associated with a 
decrease in cortical thickness (Fu, 2017; Hu, 2017). In addition, even 
small amounts of abnormal tau deposition were associated with 
decreased cortical thickness. To provide further evidence, we performed 
the same analyses on young participants and found no significant as
sociation between the Aβ or tau SUVR and cortical thickness. Finally, we 
investigated the joint effect of Aβ and tau deposition on cortical thick
ness. We illustrated the joint effect of Aβ and tau deposition associated 
with a decrease of cortical thickness beyond their linear effects on the 
brain at abnormal pathology levels. 

Several studies have investigated the associations between Aβ and 
tau pathologies and neurodegeneration. However, there is little 
consensus about the association between these two pathologies and 
neurodegeneration in the brain, as studies have variously reported an 
Aβ-related decrease, increase, and even no change in cortical thickness 
(Becker, 2011; Doré, 2013; Glodzik, 2012; Hedden, 2016; Kaffashian, 
2015; Llado-Saz, 2015; Sala-Llonch, 2017; Susanto, 2015; Ten Kate, 
2018; Harrison, 2021; Batzu, 2020; Maass, 2018; Stricker, 2012). Pre
vious studies used several quantitative approaches to define global 
SUVR cut-points for Aβ and tau abnormality. These SUVR cut-points 
were derived solely based on the differences between HC older adults 
and AD patients and subsequently, were resulted in values typically 
higher than 1.3 (Hojjati, 2021; Fu, 2017; Hu, 2017; Shimada, 2017; 
Zhang, 2021). However, significant age-related accumulations of Aβ and 
tau have already been reported in HC elderly adults (Mufson, 1989), 
suggesting that participants who fall below the reported cut-point may 
have a substantial deposition of Aβ and tau in their brain (Jack, 2016). 
Lowering these cut-points using a younger population as the reference 
group increases sensitivity to the early stages of Aβ and tau accumula
tions, which may still be biologically important. 

Another factor that might have contributed to the inconsistent 

findings in the literature is the lack of consideration for the interaction 
between Aβ and tau deposition. Despite the already reported interaction 
between Aβ and tau pathologies (Shimada, 2017; Zhang, 2021) and 
much effort devoted to investigating the distinct association of each AD 
pathology and neurodegeneration (Harrison, 2021; Batzu, 2020), most 
existing studies failed to control the effect of one pathology when 
investigating the effect of the other pathology on neurodegeneration. In 
this study, by adding both pathologies as independent variables into the 
multiple regression analysis, we always controlled for the effects of one 
pathology when investigating the distinct effects of the other pathology 
on neurodegeneration. 

The results of this study, as well as other studies (Whitwell, 2013; 
Harrison, 2021; Batzu, 2020; Rahayel, 2019); provide evidence for a 
differential relationship between AD pathologies and cortical brain at
rophy. One study showed that higher Aβ deposition was associated with 
an increase in cortical thickness in HC participants when tau deposition 
was at a normal level (Harrison, 2021). An increase in cortical thickness 
was also reported by a recent study in AD patients, which showed that 
higher Aβ was associated with an increase in cortical thickness in a re
gion that otherwise shows AD-related atrophy (Frigerio, 2021). On the 
other hand, several other studies reported a decrease in cortical thick
ness associated with tau deposition (Glodzik, 2012; Harrison, 2021; 
Batzu, 2020; Maass, 2018; Stricker, 2012). These findings; and those of 
our study, highlight the distinct roles of Aβ and tau in the neurodegen
erative process and indicate that the two AD pathologies differentially 
correlate with cortical atrophy. However, to our knowledge, no prior 
research had reported an increase in cortical thickness at normal levels 
of tau accumulation. As such, the extent to which these pathologies may 
increase cortical thickness remains unclear. Future studies are needed to 
determine the biological relationship between increasing cortical 
thickness and AD pathologies. Here we offer five possibilities that might 
explain how AD pathologies could be associated with an increase in 
cortical thickness. First, cortical thickening might be driven by brain 
hyperactivation to compensate for the disruptive effects of pathologies 
(Mufson, 1989; Sorrentino, 2014; Vogels, 1990; Ziebell, 2015). AD pa
thologies in the brain can also change the balance between synaptic 
excitation and inhibition (Busche and Hyman, 2020); leading to cellular 
hyperactivity, which may cause cortical enlargement. Second, cortical 
enlargement, mainly due to Aβ deposition, can be a result of inflam
mation driven by the neuroimmune response that causes local fluid in
creases (inflammation) (Butterfield, 2002; Schliebs, 2005; Butler, 2018). 
Third, the Aβ plaques accumulated within the cortical gray matter also 
occupy space which can result in an increase in the measurements of 

Fig. 5. Vertex-wise statistical map (t-value) of association between global Aβ (left column), global tau (right column) pathologies, and cortical thickness throughout 
the entire cerebral cortex obtained in four categories of participants. (First row, nAβ/nTau; second row, aAβ/nTau; third row, nAβ/aTau; and fourth row, aAβ/aTau). 
The t-value at each vertex is color-coded with red to yellow colors representing increasing positive t-values and blue to light blue representing decreasing negative t- 
values and overlaid on the semi-inflated cortical surface of the MNI152 template. The association between global Aβ, global tau pathologies, and cortical thickness 
survived after multiple comparison corrections with FDR. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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Fig. 6. (a) Region-wise statistical map (t-value) of association between regional Aβ (left column), regional tau (right column) pathologies, and regional cortical 
thickness throughout 68 cortical ROIs obtained in four categories of participants (First row, nAβ/nTau; second row, aAβ/nTau; third row, nAβ/aTau; and fourth row, 
aAβ/aTau). The t-value at each region is color-coded with red to yellow colors representing increasing positive t-values and blue to light blue representing decreasing 
negative t-values and overlaid on the semi-inflated cortical surface of the MNI152 template. (b) The regional multiple regression analysis results in the association 
between residual regional cortical thickness and Aβ in two target regions: left entorhinal and right posterior cingulate. (c) The regional multiple regression analysis 
results of the association between residual regional cortical thickness and tau, in two target regions: left entorhinal, and left insula. Association between regional Aβ, 
tau pathologies and cortical thickness survived after family-wise error correction. In Fig. 6b-c the survived associations relationships are shown with thicker lines and 
*. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. (a) Vertex-wise statistical map (t- 
value) of the association between reso
nance and cortical thickness throughout 
the entire cerebral cortex obtained in 
four categories of participants in aAβ/ 
aTau group. The t-value at each vertex is 
color-coded with a heatmap where red to 
yellow shading represents increasing 
positive t-values and blue to light-blue 
shading represents decreasing negative 
t-values overlaid on the semi-inflated 
cortical surface of the MNI152 template. 
Association between resonance and 
cortical thickness survived after multiple 
comparison corrections with FDR. (For 
interpretation of the references to color 
in this figure legend, the reader is 
referred to the web version of this 

article.)   

Fig. 8. (a) Region-wise statistical map (t-value) of the association between resonance and cortical thickness throughout 68 cortical ROIs obtained in aAβ/aTau group. 
The t-value at each region is color-coded with a heatmap where red to yellow colors represent increasing positive t-values and blue to light-blue represents decreasing 
negative t-values overlaid on the semi-inflated cortical surface of the MNI152 template. (b) The regional multiple regression analysis results demonstrate the as
sociation between regional cortical thickness and resonance in two target regions: left parahippocampal, and right caudal anterior cingulate. Association between 
resonance and cortical thickness survived after family-wise error correction. In Fig. 8b the survived associations relationships are shown with thicker lines and *. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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cortical thickness and induce a false correlation between Aβ deposition 
and cortical thickness (Harrison, 2021). Fourth, the thicker cortical re
gions may require higher blood perfusion, which has been shown to be a 
confounder for PET images, particularly for 18F tracers. Last but 
certainly not least is the possibility of noise in the lower level of de
positions. Since the nAβ/ntau group only shows the increase in cortical 
thickness effect, and this effect did not survive in the abnormal Aβ 
group, noise is also a possibility that explains this finding. 

Prior studies have suggested the possibility that Aβ and tau deposi
tion start to interact with each other to propagate the pathologies to the 
entire cerebral cortex. It has also been proposed that abnormal tau and 
Aβ accumulations are strongly associated with each other in the limbic 
and neocortical regions (Shimada, 2017; Mattsson-Carlgren, 2020). A 
longitudinal study also reported that, compared to lower amounts of Aβ 
accumulation, higher amounts of Aβ accumulation drive a greater ac
celeration of tau accumulation (Jack, 2018). The same group also re
ported that the rate of tau accumulation in HC participants with an 
abnormal level of Aβ deposition was significantly greater than the rate of 
tau accumulation in participants with a normal level of Aβ. Using a 
publicly available database, Alzheimer’s Disease Neuroimaging Initia
tive (ADNI), we have also demonstrated that spatially overlapping pa
thologies within the default mode network (DMN) are a robust 
biomarker for predicting conversion from HC to MCI and MCI to AD 
(Hojjati, 2021). We also suggested that the maladaptive resonance be
tween Aβ and tau starts when the two pathologies contaminate the same 
cortical brain regions and/or networks and introduced the spatially- 
overlapping-insults (Hojjati, 2021) hypothesis. According to our hypoth
esis, when the effects of Aβ and tau overlap and synergize, the resonance 
between the two pathologies can be detected by assessing the spatial 
similarity between their pattern of accumulation throughout the entire 
cerebral cortex, which eventually can lead to cognitive decline. This 
hypothesis is supported by significant basic science work showing that 
the combination of Aβ and tau that leads to neurodegeneration via 
mechanisms including microglial activation, synaptic spine loss, and 
suppression of neuronal activity, while either protein in isolation is often 
compatible with normal functioning (Busche and Hyman, 2020; Koller, 
2021). 

One limitation of this study is that the Aβ PET tracer in HC (18F- 
Florbetaben) and MCI (18F-Florbetapir) individuals was different. To 
address this limitation, all the analyses in this paper were replicated 
with centiloid standard values instead of Aβ SUVR. None of the signifi
cant reported results changed. We also implemented interclass statistical 
analyses on regional Aβ/tau between SUVR and centiloid measures. A 
mean correlation of 0.99 across 68 regions was determined with a 
standard deviation of 0.013. Since the tau PET tracer was the same in all 
individuals, in this paper, we only reported the analyses with SUVR 
measures for both pathologies to be more comparable and understand
able. Another limitation of this study is that the individuals studied are 
primarily mostly between the ages of 60 to 70 years old. Considering the 
aims of this study, this has pros and cons. One of the benefits of this age 
range is that we were able to detect relatively more individuals with 
normal levels of Aβ and tau. Conversely, using this age range meant 
there were a limited number of subjects with abnormal levels of Aβ and 
tau. We addressed this limitation by adding MCI subjects to our data to 
detect more abnormal Aβ and tau individuals. Although the number of 
participants in this study was higher than what is usually seen in studies 
involving humans in this field, with 446 older and 144 younger samples, 
it is still possible that our sample size may not have been big enough to 
identify all effects in our regression analyses, especially in vertex-wise 
analyses of aAβ/nTau group. Finally, this study was limited by its use 
of cross-sectional rather than longitudinal data. The relationship be
tween AD pathologies and changes in a sensitive measure like cortical 
thickness is difficult to analyze through cross-sectional studies. In 
particular, to provide more compelling evidence with regard to cortical 
thickening, a longitudinal study with two or more follow-ups is 
warranted. 

5. Conclusion 

In conclusion, by introducing a new technique based on healthy 
young brains for categorizing abnormal vs normal Aβ/tau accumulation, 
we help clarify the effects of Aβ/tau pathologies on neurodegeneration 
in both populations with normal and abnormal levels of deposition. Our 
results suggest that, while measuring the normal accumulation of each 
pathology is critical for understanding the initiation of AD, its patho
logical progression can be tracked more effectively by measuring the 
rate of synergy/resonance between Aβ and tau. Altogether, we suggest 
that considering Aβ’s and tau’s distinct relation with neurodegeneration 
can only capture the linear contribution of each pathology, but the joint 
(synergetic) effect of these two pathologies has unique toxicity in the 
brain that we have shown to be more destructive than their linear ef
fects. Clarifying these relationships will help establish their role as a 
potentially critical early biomarker for predicting cognitive decline. 
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