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Abstract

INTRODUCTION: The spatial heterogeneity of tau deposition is closely linked to clin-

ical variants of Alzheimer’s disease (AD). Detecting these patterns in the preclinical

stage is challenging, but second-generation tau tracers provide a unique opportunity

to do so.

METHODS: We used independent component analysis (ICA) and tau positron emis-

sion tomography (PET) imagingwith the18F-MK6240 tracer in590cognitively healthy

adults (mean age 66.58 ± 5.13 years, 340 females) to identify tau patterns in the

preclinical stage.

RESULTS: Using all individuals, seven distinct patterns emerged, with medial tempo-

ral lobe (MTL) involvement associated with age, Aβ burden, apolipoprotein E (APOE)

genotype, and plasma total tau. Bilateral amygdala-hippocampus tau deposition was

associated negatively with memory (t = −2.64, p < 0.01), while broader neocortical

patterns, especially asymmetric ones, were linked to deficits in language (t < −3.13,
p< 0.002) and reasoning (t<−2.63, p< 0.01).

DISCUSSION: These findings advance our understanding of preclinical tau hetero-

geneity, offering new insights for early AD intervention.
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Highlights

∙ Seven tau deposition patterns were identified in preclinical stages of AD, including

medial temporal lobe and asymmetric neocortical patterns.
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∙ Medial temporal lobe patterns were strongly linked to age, APOE genotype, Aβ
burden, and plasma total tau levels.

∙ Neocortical patterns, especially asymmetric ones, were linked to domain-specific

cognitive deficits, notably in language and reasoning.

∙ This research highlights the potential of using tau deposition patterns for early

detection and tailoring interventions in preclinical AD.

1 Introduction

Alzheimer’s disease (AD) is themost common type of dementia, patho-

logically characterized by the presence of two key features in the

brain: β-amyloid (Aβ) plaques and tau tangles.1–3 Aβ plaques can accu-
mulate in the brain many years or even decades before the onset of

noticeable symptoms of AD.4 While Aβ is essential for a diagnosis of

AD5 and is considered to facilitate the spread of tau,1,6,7 tau tangles

are directly associated with regional brain atrophy and subsequent

neurodegeneration.8 These tangles are closely linked to the loss of

cognitive function, leading to deficits in specific domains such as mem-

ory and language.9–11 The relationship between the spatial patterns of

tau tangles in the brain and domain-specific decline in cognitive abil-

ities highlights the importance of understanding tau pathophysiology,

particularly in the preclinical stages of the disease.

One of the most interesting aspects of tau pathophysiology is

its initially localized deposition and highly predictable progression

throughout the brain, typically following Braak staging.12,13 Accord-

ing to Braak staging, the earliest stage of tau pathology emerges in the

transentorhinal cortex then spreads to the anterior hippocampus, lim-

bic and temporal cortex, and neocortex, and finally reaches the primary

sensory cortex in the latest stages.12,13 However, emerging evidence

suggests that tau aggregationmay deviate from the typical Braak stag-

ing in specific non-amnestic clinical presentations of AD and may have

different domain-specific cognitive declines.14–16 For instance, when

tau deposition occurs predominantly in the parietal and occipital lobes,

it often results in deficits in visuospatial processing, leading to adiagno-

sis of posterior cortical atrophy (PCA).17,18 Furthermore, patients with

focal tau deposition in the left hemisphere commonly display deficits

in language and communication skills, clinically diagnosed as logopenic

variant primary progressive aphasia (lvPPA).17,18

These reports link atypical tau patterns to domain-specific behav-

ioral and cognitive deficits in clinically symptomatic patients.19–21

However, it is common for cognitively normal individuals to have sig-

nificant tau deposition22,23 and whether the pattern of tau deposition

is associated with subtle, domain-specific cognitive deficits in this pop-

ulation is unknown. Yet, crucial questions remain unanswered: Can we

detect heterogeneous atypical patterns of tau deposition in preclini-

cal populations? If so, what are the associations of these patterns with

ADbiomarkers and domain-specific cognitive functioning?Wehypoth-

esize that cortical tau deposition patterns may have a more disruptive

effect on cognitive deficits at preclinical stages than the early-stage

patterns involving themedial temporal lobe (MTL) region.

This study utilized independent component analysis (ICA) to iden-

tify distinct patterns of tau deposition in the preclinical stages of AD.

We employed the largest sample of cognitively normal elderly indi-

viduals (n = 590) with the second-generation tau positron emission

tomography (PET) tracer (18F-MK6240). The use of 18F-MK6240

tracer enabled us to uncover novel patterns of tau deposition in pre-

clinical stages. The ICA technique successfully identified seven distinct

patterns of tau deposition. Additionally, we associated these patterns

with (1) age and APOE, (2) Aβ burden and plasma total tau, and

more importantly, (3) four neurocognitive domains: language, reason-

ing,memory, and visuospatial. The research presented here is driven by

ourpassionand recent advancements inworkingwith large-scale imag-

ing datasets, with a particular emphasis onPET imaging, to significantly

enhance our understanding of the pathophysiology of the human brain

during its preclinical stages.24–31 Detecting heterogeneous tau pat-

terns and assessing their implications in preclinical stages may help

clinicians interveneearlier, potentially delayingor preventing theonset

of AD-related cognitive decline.

2 Materials and Methods

2.1 Participants

We included 590 healthy old individuals (age 66.58 ± 5.13 years, 340

females) from ongoing studies at Columbia University Irving Med-

ical Center (CUIMC) and the Brain Health Imaging Institute (BHII)

at Weill Cornell Medicine (WCM). Table 1 provides a comprehen-

sive summary of the demographics, pathological status, and cognitive

assessments. Additionally, Table 2 presents demographic information

for a subgroup of individuals from the CUIMC cohort who underwent

cognitive assessments across four key domains (language, reason-

ing, memory, and visuospatial) with information on APOE genotype

and plasma total tau. All individuals underwent 18F-MK6240 tau-

PET and 18F-Florbetaben Aβ-PET, magnetic resonance imaging (MRI),

andevaluations coveringmedical andneuropsychological assessments.

These evaluations confirmed the absence of neurological or psychiatric

mailto:shh4006@med.cornell.edu
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disorders, any impairment, and significant medical conditions, indi-

cating that all these individuals function normally in their daily lives.

The data used in this study have been reviewed and approved by

institutional review boards (IRBs) located at CUIMC andWCM.

2.2 Neuroimaging

All individuals followed a standardized imaging protocol for tau- and

Aβ-PET scans. For tau-PET, individuals received the 18F-MK6240

tracer via an intravenous catheter in the arm, with an injection of

185 MBq (5 mCi) ± 20% (maximum volume 10 mL), administered as a

single IV bolus within 60 s or less (equivalent to 6 secs/mL max). Brain

images were acquired starting 90 min after the tracer injection, with

six 5-min frames over a duration of 30 min. For Aβ-PET, individuals
received the 18F-Florbetaben tracer via an intravenous catheter in the

arm, with an injection of 300 MBq (8.1 mCi) ± 20% (maximum volume

10 mL), administered as a single IV bolus within 60 s or less (equiva-

lent to 6 secs/mL max). Brain images were acquired starting 90 min

after the tracer injection with four 5-min frames over a duration of

20min.

MRI scans at 3T with a 3D volumetric T1 magnetization-prepared

rapid gradient-echo sequence were performed. Each participant first

underwent a high-resolution T1 imagewith TR /TE= 2400–3000/2.7–

2.9 ms, flip angle = 8–12◦, and 176–512 slices with 0.5–1 mm

thickness.

2.3 Image Analyses

The following analyses used our in-house PET processing pipeline.29,32

First, the individual’sMRIwasprocessedusing theFreesurfer33 (http://

surfer.nmr.mgh.harvard.edu) automated segmentation and cortical

parcellation software package. All PET frames (six frames in tau-PET

and four frames in Aβ-PET) are re-aligned to the first frame using rigid-

body registration and averaged to obtain a composite volume. Then

the composite PET image was registered to the same individual’s MRI

image in Freesurfer space using normalizedmutual information and six

degrees of freedom, resulting in a rigid-body transformation matrix.

For the tau-PET image, the standardized uptake value (SUV) is calcu-

lated for selected regions and then normalized to the cerebellum gray

matter to derive the SUV ratio (SUVR). Co-registering the SUVR imag-

ing in native space to the standard space (MNI152) was necessary for

conducting ICA. We utilized advanced normalization tools (ANTs)34

to map the SUVR image from each individual’s native space to the

MNI152 space. For Aβ-PET, ANTs34 are used to map the SUV image

from each individual’s native space to the MNI152 space. Then, we

calculated the SUVR by calculating the SUV using the standard cor-

tex mask and normalized to the whole cerebellum mask as outlined by

theGlobalAlzheimer’sAssociation InteractiveNetwork.Quality assur-

ance involved analyses to validate the slope, intercept, and R2 values

of the processed images.35 Finally, we determined the Centiloid value

using the global Aβ SUVR in the cortexmask.

RESEARCH INCONTEXT

1. Systematic review: Tau accumulation is a hallmark of

neurodegenerative diseases, particularly Alzheimer’s dis-

ease (AD). Existing literature underscores the hetero-

geneity in spatial patterns of tau deposition and their

associations with clinical variants of AD. However, stud-

ies focusing on the preclinical stages of AD are limited

due to the challenges in detecting these patterns early.

Second-generation tau tracers, such as 18F-MK6240,

have emerged as promising tools for visualizing tau

pathology with higher sensitivity and specificity. This

study builds on these advancements, employing indepen-

dent component analysis (ICA) to characterize heteroge-

neous tau patterns in a large cohort of cognitively healthy

individuals.

2. Interpretation: We identified seven distinct patterns

of tau deposition in preclinical AD using ICA on tau

positron emission tomography (PET) imaging. These pat-

terns varied in their spatial distribution and showed

differential associations with established AD biomark-

ers and domain-specific cognitive deficits. We found two

patterns involving themedial temporal lobe (MTL) subre-

gions; one involving the bilateral entorhinal cortex, which

was most strongly correlated with age, while the other

involved the hippocampus and amygdala with a robust

association with amyloid-beta (Aβ) burden and memory

decline. Additionally, we identified five neocortical tau

deposition patterns that were associated with different

cognitive declines, particularly language and reasoning.

Interestingly, these five neocortical patternswerenot sig-

nificantly associated with age, APOE genotype, plasma

total tau, or Aβ burden. This suggests that other under-
lying mechanisms may drive neocortical tau deposition in

cognitively normal individuals.

3. Future directions: This study provides a foundation for

integrating spatial tau patterns into predictive models of

AD progression. Future work should explore longitudinal

data to validate these patterns and examine their evo-

lution over time. Additionally, expanding the analysis to

include other neurodegenerative conditions may provide

broader insights into the role of tau heterogeneity across

diseases. Finally, investigating therapeutic interventions

targeting specific tau patterns could open new avenues

for personalized treatment strategies in preclinical AD.

2.4 ICA Approach

ICA is a powerful tool utilized extensively in neuroimaging, particularly

in functional magnetic resonance imaging (fMRI) data analysis, where

it provides dynamic insights into brain activity across different time

http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
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TABLE 1 Demographics of the population across two centers.

Parameter Total (N= 590) CUIMC (n= 426) BHII (n= 164)

Agemean (std) 66.58 (5.12) 65.95 (4.54) 68.23 (6.08)

Gender (male/female) 250/340 161/265 89/75

Aβ burden Centiloidmean (std) −0.01 (25.91) −6.20 (19.50) 16.04 (32.70)

Aβ status (positive/negative) 85/498 54/372 31/133

Braak stage 1-2 tau regions SUVRmean (std) 0.99 (0.26) 0.99 (0.26) 0.99 (0.21)

Braak stage 3-4 tau regions SUVRmean (std) 0.98 (0.14) 0.98 (0.14) 0.98 (0.13)

Braak stage 5-6 tau regions SUVRmean (std) 0.94 (0.12) 0.93 (0.12) 0.94 (0.11)

Selective reminding test total recall mean (std) – 41.71 (10.10) –

Selective reminding test total recall mean (std) – 6.02 (2.59) –

BlindMOCAmean (std) – – 19.38 (2.09)

Abbreviations: Aβ, βeta-amyloid; BHII, Brain Health Imaging Institute; CUIMC, Columbia University Irving Medical Center; MOCA, Montreal Cognitive

Assessment; std, standard deviationSUVR, standardized uptake value ratio.

TABLE 2 Individuals with four domains of cognitive assessment,
APOE ε4, ethnicity, and plasma total tau data in the CUIMC cohort.

Parameter N= 360

Agemean (std) 64.96 (3.16)

Gender (male/female) 128/232

Ethnicity (Hispanic/Non-Hispanic

White/Non-Hispanic Black)

242/47/71

APOE ε3/4 (positive/negative) 106/230

Plasma total taumean (std)a 2.26 (1.45)

Years of education (std) 11.80 (4.08)

Category fluencymean (std) 45.55 (13.59)

Letter fluencymean (std) 29.05 (12.53)

Selective reminding test total recall

mean (std)

40.72 (9.86)

Identities and oddities mean (std) 13.43 (2.19)

Benton Visual Retention Test match score

mean (std)

8.59 (2.91)

Benton Visual Retention Test delayed score

mean (std)

7.58 (2.92)

Abbreviations:APOE, apolipoproteinE;CUIMC,ColumbiaUniversity Irving

Medical Center; std, standard deviation.
aOnly 336 of 360 individuals have plasma total tau data.

points.36–38 In processing single frame (not time series like fMRI) such

as tau-PET scans, ICA can be applied to the inter-population volume39

and decomposed into a mixing matrix (ICA expression) and a source

matrix (tau uptake). The mixing matrix captures the relationship

between participants and sources, while the source matrix maintains

the relationship between sources and brain tau voxels. To conduct the

ICA, we first merged individual tau SUVR images in theMontreal Neu-

rological Institute (MNI) 152 template space into a 4D image. Notably,

we used all 590 individuals (both Aβ-negative and Aβ-positive). Sub-
sequently, we applied a 2 mm full width at half maximum (FWHM)

smoothing to the scans. To optimize the detection of ICs associated

with nonspecific binding spill-in from meningeal tissue and skull,

commonly observed in 18F-MK4260 tracer scans,40 we first chose not

to exclude meningeal tissue and skull from the tau images. Notably,

we also repeated the ICA analysis by excluding the meningeal tissue

and skull from the tau images. Following this, we applied MELODIC

on the smoothed 4D image. Individual significance within each inde-

pendent component (IC) pattern was determined by their expression

in the mixing matrix. Finally, min–max normalization was applied to

each selected IC expression, ranging from 0 to 1, aiding in clearer

interpretation and visualization. An IC expression close to 0 indicated

minimal individual expression, while an expression near 1 indicated

maximal expression within each IC component. Each voxel-wise IC

map was displayed with z-scores, which quantify how many standard

deviations a particular voxel’s value deviates from the mean. These

z-scores were calculated using the mean and standard deviation of all

IC maps, providing a clear measure of how much each voxel in each IC

map stands out compared to the average across the entire ICmaps.

2.5 Calculation of tau Uptake in IC Maps

To compute the tau uptake within each IC spatial map, we utilized the

z-scored spatial IC maps generated by the MELODIC output. To limit

the spatial overlap across IC maps, we selected a z-score threshold of

six and binarized the ICmaps. Thenwe calculated the average SUVR in

these spatially binarizedmaps.

2.6 Global Aβ Burden

To evaluate the Aβ burden, we utilized the Centiloid metric, which

utilized an AD-related mean-cortical target mask for all participants.

Thismetric provides a standardizedmeasure for quantifying the global

Aβ burden.35 Additionally, to distinguish between Aβ-positive and

Aβ-negative participants, we employed a cut-point of 19.41
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2.7 Cognitive Assessments

We characterized the tau deposition patterns with four cognitive

domains drawn from six cognitive assessments: language (category flu-

ency, letter fluency), memory (selective reminding total delayed recall),

reasoning (identities and oddities), and visuospatial (Benton visual

retention test match and delayed score). In summary, the category

fluency task assesses semantic verbal fluency by requiring partici-

pants to generate as many words as possible from a given category

within a set time frame.42 The letter fluency task evaluates verbal

fluency, where participants produce words beginning with a spe-

cific letter, assessing executive function and vocabulary retrieval.43

The selective reminding total delayed recall assessment measures

episodic memory and long-term retention through a selective remind-

ing paradigm, requiring recall of a list of items after a delay.44

Identities and oddities task involves abstract reasoning and problem-

solving skills by identifying similarities and differences among items.45

The Benton visual retention test assesses visuospatial memory, and

visual perception by requiring participants to reproduce geometric

designs.46

2.8 Statistical Analyses

We organized our statistical analyses into three main categories to

provide a comprehensive understanding of the tau patterns observed

within each IC:

2.8.1 Associations Between IC Expressions, Age,
and APOE Genotype

Initially, using all 590 individuals, we examined the link between age

and each IC map expression. This involved conducting distinct multi-

ple regression analyses for each ICmapwhile adjusting for gender as a

covariate (model 1):

IC expressioni = 𝛽0 + 𝛽1Age + 𝛽2Gender + e (1)

where i varies between 1 and themaximum number of ICmaps.

We then utilized data from the 360 individuals (both Aβ-negative
and Aβ-positive) who had available APOE ε3/4 status information to

explore the associations with IC map expressions. We conducted mul-

tiple regression analyses to provide insight into how the APOE ε3/4
status related to each IC expression (model 2) while controlling for the

potential covariates, including age, gender, and ethnicity.

IC expressioni = 𝛽0 + 𝛽1APOE status + 𝛽2Age

+ 𝛽3Gender + 𝛽3Ethnicity + e (2)

where i varies between 1 to themaximum number of ICmaps.

2.8.2 Associations Between IC Expressions, Aβ
Burden, and Total tau

Then, we analyzed the relationships between IC map expressions and

Aβ burden,measured usingCentiloid, using all 590 individuals. Distinct

multiple regression analyses were performed for each ICmap to inves-

tigate how ICexpressions relate toAβburden (model 3)while adjusting

for age and gender as covariates.

IC expressioni = 𝛽0 + 𝛽1Centiloid + 𝛽2Age + 𝛽3Gender + e (3)

where i varies between 1 and themaximum number of ICmaps.

We also conducted pairwise t-tests to compare IC expression

between Aβ-negative and Aβ-positive individuals. Notably, this anal-

ysis strengthens our statistical approach by accounting for potential

nonlinear relationships between Aβ and IC expression.

Next, to evaluate the combined effect of Aβ status and age on the

expression of each IC map, we conducted an interaction model that

adjusted for gender (model 4). This interaction model examines the

associationof each IC’s expressionwith age andAβ status,while includ-
ing an interaction term between Aβ status and age. We aim to capture

any differential effects of age on IC expression that may vary by Aβ
status.

IC expressioni = 𝛽0 + 𝛽1A𝛽 Status + 𝛽2Age + 𝛽3Age

∗ A𝛽 Status + 𝛽4 Gender + e (4)

where i varies between 1 and themaximum number of ICmaps.

In separate analyses, using data from 336 individuals (both Aβ-
negative and Aβ-positive) with plasma total tau information, we

conducted multiple regression analyses to evaluate the association

between tau IC expression and plasma total tau levels. This was done

while adjusting for age, gender, and APOE ε3/4 status (model 5).

IC expressioni = 𝛽0 + 𝛽1total tau + 𝛽2APOEstatus

+𝛽3Age + 𝛽4Gender + e (5)

where i varies between 1 and themaximum number of ICmaps.

2.8.3 Associations between tau deposition in each
IC map and cognitive assessments

In our investigation of cognitive assessments, in each tau pattern (IC

maps), we focused on individuals with the highest levels of IC expres-

sion. To identify these individuals, we first sorted the IC expression

of each tau pattern and then selected the top quartile (90 samples)

with the highest expression out of 360 individuals who had cognitive

assessments in all four domains. This approach ensured that we were

analyzing individuals with the highest IC expression levels compared
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to the overall samplewhilemaintaining a consistent sample size for our

statistical analyses. Subsequently, we measured tau uptake using the

same IC map (using z-score > 6). First, we performed regression anal-

yses to examine the associations between each IC expression and tau

uptake,measuredusing the same ICmap.Next, for each taupattern,we

conducted sixmultiple regression analyses to explore the relationships

between six cognitive assessments and tau uptake in the individuals

with the highest IC expression. These analyses controlled for potential

confounding factors such as age, gender, and APOE genotype (model

6).

Cognitive Scorei = 𝛽0 + 𝛽1Tau uptakej + 𝛽2APOE + 𝛽3Age + 𝛽4Gender + e

(6)

where i varies between 1 and 6, and j varies between 1 and the max-

imum number of IC maps to explore the relationship between six

cognitive assessments and tau uptake in thesemaps.

All p-values resulting from our analyses underwent correction

for multiple comparisons using the Holm–Sidak method.47 We used

Python for all statistical analyses.

3 RESULTS

3.1 Spatial patterns of tau in the preclinical stage

Multivariate exploratory linear optimized decomposition into inde-

pendent components (MELODIC) automatically estimated 144 inde-

pendent components (ICs). Each IC’s spatial map underwent visual

inspection to remove noise-related components and those related to

nonspecific binding outside the brain and in white matter, and we

selected the seven IC maps. Furthermore, we conducted ICA with

different manually selected dimensions (from 100 to 140) and were

able to identify almost the same selected ICs across all different ICA

runs. We also repeated the ICA analysis while excluding meningeal tis-

sue and skull, resulting in MELODIC identifying 55 ICs automatically.

Although most of the ICs remained linked to nonspecific binding, we

again were able to identify the most selected seven ICs demonstrat-

ing notable stability. Figure 1 illustrates the spatial pattern of the seven

IC maps that we have identified by discarding the ICs with expres-

sions mainly concentrated outside the cerebral cortex. The z-score in

each ICA map is consciously color-coded. Specifically, blue indicates

a minimum z-score of 6, and red indicates a z-score of 15 or higher.

Additionally, Figure S1 illustrates the spatial patterns of the seven IC

maps with a different threshold, displaying both negative and positive

z-scores for better clarification of each IC pattern.We found seven dis-

tinct tau patterns, three of which are unilateral, with two confined to

the right hemisphere and one to the left hemisphere, and four involv-

ing bilateral regions. The ICswere numberedbasedon their prevalence

in our study population, with the first IC being the least prevalent and

most unique, and the last IC being themost prevalent.

1. Asymmetric right parietal: This pattern includes the inferior pari-

etal, pre- and post-central, precuneus, and supramarginal regions.

2. Asymmetric left frontal-temporoparietal: This tau pattern exhibits

greater tau in the left hemisphere, including the temporoparietal,

precuneus, andmiddle frontal regions.

3. Bilateral temporal-occipital: This pattern demonstrates bilateral

deposition in the temporal and occipital lobes, with a more pro-

nounced presence on the left hemisphere than the right hemi-

sphere.

4. Asymmetric right frontal-temporal: This pattern appears asymmet-

ric in the right hemisphere, predominantly affecting the temporal

lobe andmiddle frontal areas.

5. Bilateral temporoparietal: This pattern is demonstrated bilaterally

in the temporoparietal region.

6. Bilateral amygdala-hippocampus: The sixth pattern is characterized

by the unique involvement of bilateral subcortical regions such as

the amygdala and hippocampus, and cortical areas like the middle

and superior temporal regions.

7. Bilateral entorhinal cortex: The last tau pattern, indicative of the

earliest stage of tau uptake, shows bilateral involvement mainly in

the entorhinal and fusiform regions.

3.2 Associations between IC expressions, age,
and APOE genotype

Utilizing a total sample of 590 individuals, our study initially investi-

gated the relationship between each IC expression with age (Figure 2).

As depicted in Figure 2, out of the seven IC expressions, our analyses

revealed that only three IC expressions have a significant associa-

tion with age: IC3 (bilateral temporal-occipital) with t = 2.48, IC6

and p < 0.013 (bilateral amygdala-hippocampus) with t = 3.07 and

p < 0.002, and finally IC7 (bilateral entorhinal cortex) with a strong

relationship of t = 5.02 and p < 6.69e-7. However, only relationships

in two patterns involving the MTL (bilateral amygdala-hippocampus

and bilateral entorhinal cortex) survived after multiple comparison

corrections.

Utilizing a subset of individuals with the information on APOE ε3/4
status (360 samples), our investigation, as illustrated in Figures 3A, B,

highlights a distinct relationship between both IC6 and IC7 expres-

sions with APOE ε3/4 status, but not on the other five ICs without any

MTL involvement. Specifically, our analysis reveals a significant associ-

ation between APOE ε3/4 positivity and higher expression of IC6 and

IC7, by t = 3.56, p < 0.007 and t = 3.02, p < 0.003, respectively. Both

associations survived after multiple comparison corrections.

3.3 Associations between IC expressions, Aβ
burden, and plasma total tau

Utilizing a total sample of 590 individuals, Figure 4 shows our analy-

ses of the relationship between Aβ burden (Centiloid) and the seven

IC expressions. Our findings highlight only significant relationships

between Centiloid global Aβ burden and the IC6 and IC7 expressions.

Specifically, IC6 with involvement of the limited cortical brain regions
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F IGURE 1 Spatial patterns of tau in seven ICmaps. The z-score in each ICAmap is color-coded, with blue indicating a z-score of 6 and red
indicating a z-score of 15 or higher.We found seven distinct tau patterns: IC1: Asymmetric right parietal, IC2: Asymmetric left
frontal-temporoparietal, IC3: Bilateral temporal-occipital, IC4: Asymmetric right frontal-temporal, IC5: Bilateral temporoparietal, IC6: Bilateral
amygdala-hippocampus, IC7: Bilateral entorhinal cortex. IC, independent component; ICA, independent component analysis.

demonstrates a stronger association compared to IC7, with t = 4.84

and p < 1.6 e-6. IC7 also showed a significant relationship with Aβ
burden, highlighted by t = 3.71 and p < 0.00002. None of the other

IC expressions showed associations with Aβ burden. The pairwise

t-tests on IC expression between Aβ-positive and Aβ-negative individ-
uals were consistent with the linear regression analyses, showing that

Aβ-positive individuals had significantly higher expression of only IC6

(t = 5.69, p < 1.96 e-8) and IC7 (t = 5.58, p < 3.58 e-8) compared to

Aβ-negative individuals.
Next, we further conducted interaction analyses to examine the

potential effect of the interaction between Aβ positivity and age on

the expression of IC6 and IC7 (model 4). The results, illustrated in

Table 3, indicate that IC6 expression is significantly associated with

both age and Aβ positivity (t > 2.35, p < 0.019). Conversely, in the case

of IC7 with bilateral entorhinal cortex involvement, the IC expression

demonstrated a highly significant association only with age (t = 4.05,

p < 0.00006) and the association with Aβ attenuates substantially to

a statistically insignificant level. The interaction between Aβ positivity
and age was not found to be significantly associated with both IC6 and

IC7 expressions.

Our examination of plasma total tau levels in Figure S2 closely mir-

rors the Aβ findings, with only IC6 and IC7 expressions emerging as

pivotal patterns showcasing significant associations with total tau. IC6

demonstrates t = 2.70 and p < 0.025 (not survive after multiple com-

parison corrections), while IC7 exhibits an association with a t = 3.50

and p< 0.001.

3.4 Associations between tau deposition in each
IC map and cognitive assessments

Finally, using the top quartile (90 samples) with the highest expression,

we investigated the relationship between tau uptake in each IC map

and cognitive assessments across four cognitive domains: memory,
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F IGURE 2 Significant relationship between IC3 (bilateral
temporal-occipital), IC6 (bilateral amygdala-hippocampus), and IC7
(bilateral entorhinal cortex) expressions with age. *Relationships that
remained significant after applyingmultiple comparison corrections.
IC, independent component.

language, reasoning, and visuospatial. The demographics of individ-

uals are illustrated in Table S1. There is no significant difference in

demographics, clinical, or behavioral measures between these groups

of subjects.

In Figure S3, except for IC1 (t = 1.40, p = 0.163) and IC5 (t = 1.56,

p = 0.123), all other IC expressions were significantly associated with

tau uptake measured using the same IC map (t > 2.25, p < 0.027). As

expected, the most common tau deposition patterns in MTL, IC6, and

IC7 exhibited the strongest associations between IC expression and

tau uptake on the samemap (t> 19.07, p< 5.07e-33).

Next, we selected the 90 individuals with the highest IC expression

and performed multiple regression analyses to explore the relation-

ships between cognitive assessments in four domains and tau uptake

in this subgroup. Our statistical findings, displayed in Table 4, with sig-

nificant results surviving multiple comparison corrections highlighted

in bold font. The significant relationships are further depicted in Figure

S4.

In the memory domain, the analysis of the selective reminding test

total recalls revealed a significant negative association with tau uptake

in two IC maps. Specifically, IC5 tau uptake, with a bilateral tem-

poroparietal pattern (t = −2.23, p < 0.02), and IC6 tau uptake, with a

bilateral amygdala-hippocampus pattern (t = −2.64, p < 0.01), showed

a significant negative association. Notably, only the association with

IC6 tau uptake marginally survived (adjusted p < 0.06) after multiple

comparison corrections (Figure S4a).

In the language domain, for the category fluency test, significant

negative associations were observed in three IC maps. IC2 tau uptake,

with an asymmetric left frontal-temporoparietal pattern, was strongly

associated with reduced semantic language performance (t = −3.26,

p < 0.002). Additionally, significant negative associations were found

for IC4 tau uptake, with an asymmetric right frontal-temporal pattern

(t=−2.47, p< 0.015), and IC5 tau uptake, with a bilateral temporopari-

etal pattern (t=−3.33, p< 0.001). As shown in Figure S4b and S4c, the

associations between category fluency and tau uptake in IC2 and IC5

survivedmultiple comparison corrections.

The second assessment in the language domain, the letter flu-

ency test, revealed significant negative associations with tau uptake

in multiple IC maps. IC2 tau uptake, with an asymmetric left frontal-

temporoparietal pattern (t = −3.14, p < 0.002), IC3 tau uptake, with

a bilateral temporal-occipital pattern (t = −2.24, p < 0.027), IC4 tau

uptake, with an asymmetric right frontal-temporal pattern (t = −2.30,
p<0.024), and IC5 tau uptake,with a bilateral temporoparietal pattern

(t = −3.13, p < 0.002), all demonstrated significant negative associa-

tions with phonemic language performance. As shown in Figures S4d

and 6e, only the associations between letter fluency and tau uptake in

IC2 and IC5 survivedmultiple comparison corrections.

In the reasoning domain, the identities and oddities test showed

significant negative associations with tau uptake in several IC maps,

and all these associations survived multiple comparison corrections

(Figures S4f, S4g, and S4h). IC1 tau uptake, with an asymmetric right

parietal pattern, was negatively associated with reasoning test per-

formance (t = −2.63, p < 0.01). IC3 tau uptake, with the bilateral

temporal-occipital pattern, demonstrates a strong negative relation-

ship (t = −3.55, p < 0.001), and IC5 tau uptake, with a bilateral tem-

poroparietal pattern, significantly associates with poorer performance

(t=−3.064, p< 0.003).

In the visual retention domain, the Benton visual retention test

match score analysis revealed a marginally significant negative associ-

ation with IC3 tau uptake, with a bilateral temporal-occipital pattern

(t = −2.01, p < 0.047), suggesting a potential link between tau accu-

mulation in this IC map and visuospatial capabilities. However, other

ICs did not show significant relationships. In the delayed score analy-

sis, IC5 tau uptake, with a bilateral temporoparietal pattern, exhibited

a significant negative association (t= −2.19, p < 0.031), indicating that

higher tau levels in this IC map are associated with poorer delayed

visual retention. None of the results in visual retention assessments

survivedmultiple comparison corrections.

4 DISCUSSION

In this study, we aimed to identify heterogeneous patterns of tau

deposition in the brain during the preclinical stages of AD and their

implications throughknownADbiomarkers anddomain-specific cogni-

tive assessments.Wedemonstrated four primary findings. First, typical

and atypical patterns of taudeposition could bedetected in thepreclin-

ical stages of AD and the ICA technique effectively disentangled these

patterns even with subthreshold levels in cognitively healthy individ-

uals. Second, we confirm prior reports showing that tau accumulation

in the MTL region is associated with age, APOE genotype, Aβ burden,
plasma total tau, and memory performance. Third, we identified an IC

covering the bilateral entorhinal cortex (IC7), which showed a robust
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F IGURE 3 Significant relationships between IC6 (bilateral amygdala-hippocampus) and IC7 (bilateral entorhinal cortex) expressions with
APOE genotype (A) relationship between APOE ε3/4 status and IC6 expression, and (B) relationship between APOE ε3/4 status and IC7
expression. *Relationships that remained significant after applyingmultiple comparison corrections. APOE, apolipoprotein E; IC, independent
component.

F IGURE 4 The significant relationship between IC6 (bilateral
amygdala-hippocampus) and IC7 (bilateral entorhinal cortex)
expressions with Aβ burden. *Relationships that remained significant
after applyingmultiple comparison corrections. Aβ, βeta-amyloid; IC,
independent component.

association with age. Importantly, the association between this IC and

Aβ burden was no longer significant after accounting for Aβ status and
its interaction with age. This suggests that IC7 is predominantly age-

related, rather than linked to disease pathology. Fourth, unlike the two

MTL involvement patterns, the neocortical atypical tau patterns were

strongly associated with domain-specific cognitive deficits, especially

in language, and reasoning domains.Notably, left-dominated asymmet-

ric tau deposits were highly associated with verbal fluency deficits.

TABLE 3 Interaction results between Aβ status and age.

Model 3: IC expressioni = 𝜷0 + 𝜷1A𝜷 status + 𝜷2Age+ 𝜷3Age ∗
A𝜷 status + 𝜷4Gender + e

Tau patterns A𝜷 status Age Age ∗ A𝜷 status

IC6

expression

t= 2.35,

p< 0.019

t= 2.58,

p< 0.01

t=−1.903,
p< 0.058

IC7

expression

t= 1.45,

p< 0.14

t= 4.05,

p< 0.00006

t=−1.058,
p< 0.291

Note: Significant relationships are highlighted in bold.
Abbreviations: Aβ, βeta-amyloid; IC, independent component.

Previous quantitative neuroimage studies on tau-PET have primar-

ily focused on validating the Braak staging model for the spread of tau

in the brain, which describes the typical progression of tau pathology

in AD.48,49 However, recent studies, particularly those investigating

cognitively healthy individuals with Aβ-positive status, have observed
positive neocortical tau deposition not conforming to the Braak stag-

ing assumption.22,23 Only a limited number of studies have explored

data-driven techniques such as ICA and clustering methods to identify

heterogeneous patterns of tau distribution without adhering to pre-

defined spatial distributions.19–21,50,51 While these prior studies have

shed light on various tau deposition patterns beyond the conventional

Braak staging model, they mainly focused on clinically symptomatic

individuals to detect atypical tau patterns. However, this leaves a

significant gap in preclinical research concerning the importance of

heterogeneous tau deposition in unimpaired individuals. In one previ-

ous study,52 Young et al. reported that among preclinical Aβ-positive
healthy individuals, 9%, out of a population of 392 Aβ-positive individ-
uals, exhibit an atypical tau pattern. These individuals were typically

younger, showed reduced cortical thickness in neocortical regions, and
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TABLE 4 Relationship between tau uptake in seven ICmaps and six cognitive assessments.

Cognitive assessments

(neurocognitive

domain)

IC1: Asymmetric

right parietal

IC2: Asymmetric

left frontal-

temporoparietal

IC3: Bilateral

temporal-

occipital

IC4: Asymmetric

right

frontal-temporal

IC5: Bilateral

temporoparietal

IC6: Bilateral

amygdala-

hippocampus

IC7: Bilateral

entorhinal

cortex

Selective reminding test

total recalls (memory)

NS NS NS NS t=−2.23
p< 0.02

t=−2.64
p< 0.01a

NS

Category fluency

(language)

NS t=−3.26
p< 0.002

NS t=−2.47
p< 0.015

t=−3.33
p< 0.001

NS NS

Letter fluency

(language)

NS t=−3.14
p< 0.002

t=−2.24
p< 0.027

t=−2.30
p< 0.024

t=−3.13
p< 0.002

NS NS

Identities and oddities

(reasoning)

t=−2.63
p< 0.01a

NS t=−3.55
p< 0.001

NS t=−3.064
p< 0.003

NS NS

Benton visual retention

test match score

(visuospatial)

NS NS t=−2.01
p< 0.047

NS NS NS NS

Benton visual retention

test delayed score

(visuospatial)

N.S N.S N.S N.S t=−2.19
p< 0.031

N.S N.S

Note: Significant relationships after applyingmultiple comparison corrections are highlighted in bold font.

Abbreviation: IC, independent component; NS, not significant.
aMarginally survived after multiple comparison correction.

performed poorly on executive function tasks. Another recent effort53

by Mishra et al. utilized cluster analysis to identify key regions (e.g.,

entorhinal cortex, amygdala, occipital lobe) to distinguish between low

and high tau binding in preclinical populations. To our knowledge,

our study is the first to utilize data-driven methods by employing a

second-generation 18F-MK6240 tau tracer to gain a more precise

understanding of heterogeneous tau patterns and associated clinical

and cognitive associations in preclinical individuals.

We identified two IC maps with distinct patterns with each cover-

ing different parts of the MTL, both indicative of typical early-stage

patterns. As expected, these patterns were prevalent in our study

population, as evidenced by the latest IC maps. This suggests that

individuals with higher expression of these two tau patterns in the

MTL may develop a typical tau progression. The difference between

these MTL-involved patterns lies in the variability across MTL sub-

regions. Specifically, one pattern predominantly involves only the

entorhinal cortex, while the other pattern exhibits subcortical involve-

ment such as the amygdala and hippocampus, along with the middle

and superior temporal regions. We first confirmed previous reports

regardingMTL tau deposition in both patterns, demonstrating a higher

prevalence of APOE ε4 carriers,54,55 and elevated levels of plasma

total tau.56 Crucially, our investigation revealed that the spread of

the IC6 tau pattern (amygdala-hippocampus) beyond the MTL is

strongly associated with Aβ burden57 and negatively correlated with

memory performance.58–60 In contrast, the IC7 pattern (predomi-

nantly entorhinal cortex) is more closely related to age-associated tau

deposition.61–63 Our findings suggest that, at least in preclinical stages,

distinguishing between subregions of MTL is crucial, as each pattern

carries different implications.

We identified five distinct neocortical tau deposition patterns, each

of which lacks the involvement of MTL subregions. Interestingly, we

found no significant association between age, APOE genotype, plasma

total tau, and, more importantly, Aβ burden and these neocortical

tau patterns. These findings suggest that maybe another underlying

mechanism may be driving cortical tau deposition in cognitively nor-

mal individuals. Among five neocortical tau patterns, we observed two

bilateral patterns with distinct spatial distributions, with one in the

temporal-occipital region and the other in the temporoparietal region.

Both patterns were associated with deficits in reasoning abilities and

language performance and marginally linked to visual processing. The

marginally significant findings in the visuospatial domain suggest that,

while tau pathology may impact visual processing, its effect might be

less noticeable compared to other cognitive domains, which is con-

sistent with prior research.64 Previous studies65,66 also highlighted

the importance of the frontoparietal and temporal lobes in higher-

order cognitive functions such as reasoning tasks. This underscores the

significance of the observed neocortical tau deposition patterns and

their relationshipwith cognitive impairment and the distribution of tau

pathology in the brain.65,67,68 The bilateral temporoparietal pattern is

also associated with both semantic and phonemic language deficits.

The temporal lobe is known for semantic encoding and comprehension

of language, lexical retrieval, and theprocessof accessing.69,70 Further-

more, previous studies also observed a temporoparietal involvement in

individuals with language impairments, suggesting dysfunction in both

temporal and parietal areas, including the temporoparietal junction.71

Among the seven tau patterns identified in our study, the asymmet-

ric patterns stood out as particularly unique, demonstrating significant

clinical relevance. These unique patterns are also well-documented

in previous studies including both asymptomatic and symptomatic

individuals.19,72–75 In the current study, we show that the greater

tau uptake within the right asymmetric pattern was associated with

deficits of reasoning abilities52 and more importantly asymmetric left
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pattern both semantic and phenomics language deficits.71 Previous

research indicated that left hemisphere frontal and temporoparietal

regions, especially those involved in language processing, are vulner-

able to tau-related disruptions.76–78 The asymmetric tau patterns,

especially in the left hemisphere, are frequently observed in demen-

tia subtypes characterized bymore severe language-related symptoms

such as in lvPPA of AD and nonfluent/agrammatic variant primary

progressive aphasia (nfvPPA) of frontotemporal lobar degeneration

(FTLD).16 lvPPA patients typically exhibit significant uptake across

the neocortex, particularly marked in the left temporoparietal region,

whereas nfvPPA is notably observed in the left middle and inferior

frontal gyri.16 Both lvPPA and nfvPPA subtypes are characterized by

language-related symptoms.

Understanding the reasons behind the heterogeneous tau patterns

remains a challenge in the field. However, there are potential expla-

nations for the observed heterogeneous tau patterns. First, it has

been hypothesized that brain asymmetry patterns could be linked

to alterations in variation in the brain connectome organization.19

Thus, regions of the brain with higher connectivity and involvement in

cognitive assessments may play a more significant role in the spread-

ing of tau.79–81 Additionally, studies suggested that individuals with

temporoparietal and asymmetric tau patterns may have experienced

learning difficulties during childhood, potentially influencing cogni-

tive development.82–84 Despite these explanations, further research

is necessary to fully uncover the underlying mechanisms driving tau

heterogeneity across the lifespan, especially in the preclinical stage of

AD.

This study presents several limitations that require further consid-

eration and may provide opportunities for future investigations. First,

the use of second-generation tau tracer, which is relatively new, and

the study procedure did not have access to certain biomarkers, such

as APOE genotype, plasma total tau, and complete cognitive assess-

ments in some of the participants. However, our analyses included a

large number of samples (> 336) to validate the findings. Second, our

study dataset was drawn from multiple aging studies, with many indi-

viduals in our study population being cognitively and pathologically

intact. Nevertheless, including these individuals enhanced the variabil-

ity in our multivariate technique, which may improve the detection

of heterogeneous tau patterns. Lastly, our study reported only the

cross-sectional results, and further detailed longitudinal studies are

necessary to better interpret the findings.

In conclusion, our study utilized multivariate techniques and a large

dataset of tau-PET scans with a second-generation tracer to identify

heterogeneous patterns of tau deposition in preclinical individuals.

This multivariate approach revealed seven distinct tau patterns within

thebrain.Our analysis highlighted that taupatterns involving theearly-

stage MTL were associated with age, Aβ levels, APOE genotype, and

elevated plasma total tau levels. Conversely, the asymmetric and bilat-

eral neocortical patterns exhibited a more aggressive and stronger

domain-specific association with cognitive deficits, including language

and reasoning. The ability to differentiate such heterogeneous pat-

terns in preclinical stages carries significant implications for future

clinical trials and the development of targeted interventions.
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