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A B S T R A C T   

The relationship between tau deposition and cognitive decline in cognitively healthy older adults is still unclear. 
The tau PET tracer 18F-MK-6240 has shown favorable imaging characteristics to identify early tau deposition in 
aging. We evaluated the relationship between in vivo tau levels (18F-MK-6240) and retrospective cognitive 
change over 5 years in episodic memory, processing speed, and reasoning. For tau quantification, a set of regions 
of interest (ROIs) was selected a priori based on previous literature: (1) total-ROI comprising selected areas, (2) 
medial temporal lobe-ROI, and (3) lateral temporal lobe-ROI and cingulate/parietal lobe-ROI. Higher tau burden 
in most ROIs was associated with a steeper decline in memory and speed. There were no associations between tau 
and reasoning change. The novelty of this finding is that tau burden may affect not only episodic memory, a well- 
established finding but also processing speed. Our finding reinforces the notion that early tau deposition in areas 
related to Alzheimer’s disease is associated with cognitive decline in cognitively unimpaired individuals, even in 
a sample with low amyloid-β pathology.   

1. Introduction 

In vivo neuroimaging biomarkers of tau and amyloid-β pathology 
have become essential tools in research into normal cognitive aging and 
preclinical Alzheimer’s disease (AD), as deposition of both proteins 
begins several years before clinical symptoms emerge (Jack et al., 2013; 
Marks et al., 2017; Price and Morris, 1999; Rowe et al., 2013; Vogel 
et al., 2021). Despite the well-accepted involvement of amyloid-β and 
tau pathology in AD, questions remain regarding the role of these pro-
teins in age-related cognitive decline. For instance, previous studies 
found normal aging to be associated with the deposition of tau pathol-
ogy in the form of neurofibrillary tangles in the medial temporal lobe 
(MTL) and neocortex even in the absence of or in the context of low 
amyloid-β pathology (Braak et al., 2011; Hanseeuw et al., 2019; Vogel 
et al., 2020). Recently, this condition has been termed primary 
age-related tauopathy (Crary et al., 2014; Jellinger et al., 2015), and 
there is still debate as to whether this is part of the AD spectrum or is just 

part of “normal” aging (Duyckaerts et al., 2015). 
In recent years, positron emission tomography (PET) studies in 

cognitively unimpaired older adults showed in vivo deposition of amy-
loid-β and tau (Chen et al., 2021a; Hanseeuw et al., 2019; Maass et al., 
2018; Ossenkoppele et al., 2022; Pontecorvo et al., 2019; Sperling et al., 
2019; Ziontz et al., 2019) and indicated that elevated tau PET tracer 
retention is frequently seen first in the MTL (particularly entorhinal 
cortex), followed by the inferolateral temporal and medial parietal lobes 
(Scholl et al., 2019). In addition, previous work reported that tau pa-
thology in transentorhinal regions precedes amyloid-β deposition (Braak 
and Braak, 1991) and that the spread of tau outside of the MTL, such as 
inferior temporal gyrus (Lee et al., 2022), has been reported to be 
associated with the presence of amyloid-β (Lee et al., 2022; Scholl et al., 
2019). Despite the implication of both proteins in the AD biomarker 
cascade, tau PET studies indicate a close relationship between patterns 
of early tau deposition and cognitive impairment (Brier et al., 2016; 
Johnson et al., 2016; Marks et al., 2017; Ossenkoppele et al., 2016, 
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2022; van Rossum et al., 2012) in contrast to weaker associations seen 
between cognition and amyloid-β. 

Tau accumulation has been associated with longitudinal cognitive 
decline, typically in episodic memory (Chen et al., 2021b; Jack et al., 
2020; Kwan et al., 2023; Maass et al., 2018; Marks et al., 2017). Due to 
the initial tau accumulation in the MTL, memory has been the domain 
typically investigated; however, some longitudinal studies have re-
ported tau accumulation to be associated with a decline in global 
cognition (Aschenbrenner et al., 2018; Biel et al., 2021; Pontecorvo 
et al., 2019) and composite scores including not only memory but also 
tasks of executive function, speed, and language (Hanseeuw et al., 2019; 
Ossenkoppele et al., 2022). Therefore, the impact of early tau accumu-
lation on cognitive trajectories beyond memory in cognitively unim-
paired older adults still needs to be further characterized and 
understood, particularly with second-generation tau tracers. 

While many in vivo biomarker studies indicate that tau may accu-
mulate in the absence of objective cognitive impairment (Chen et al., 
2021a; Hanseeuw et al., 2019; Maass et al., 2018; Pontecorvo et al., 
2019; Sperling et al., 2019; Ziontz et al., 2019), it is important to explore 
whether any of the cognitive changes that we consider reflective of 
normative age-related cognitive decline could be in part driven by the 
preclinical or “normal” accumulation of tau pathology. Most of the 
variance in age-related cognitive decline can be accounted for by 
considering 3 domains: memory, processing speed, and fluid reasoning. 
Early AD is typically characterized by memory impairment, but healthy 
aging is linked with more subtle difficulties in memory, processing 
speed, and reasoning (Salthouse, 2005, 2009, 2019; Salthouse et al., 
2008, 2015; Simon et al., 2022). Thus, it is important to investigate 
whether tau burden in AD-related regions can also account for cognitive 
change in the context of healthy aging. This may help disentangle 
tau-cognition associations present in both AD and healthy aging. 

More recently, a new generation of tau PET ligands has been intro-
duced with more specific binding in comparison to the previous gener-
ation. The tracer 18F-MK-6240 (Hostetler et al., 2016) is a PET ligand for 
imaging neurofibrillary tangles in vivo that has shown favorable imag-
ing characteristics and spatial distributions consistent with the neuro-
pathological staging of neurofibrillary tangles in AD in preliminary 
studies (Betthauser et al., 2019, 2020; Lohith et al., 2019; Pascoal et al., 
2018). Studies evaluating 18F-MK-6240 in humans have indicated high 
affinity to neurofibrillary tangles in AD, minimal off-target binding in 
the brain, and the presence of extra-axial signals in some cases. In 
addition, the tracer 18F-MK-6240 was shown to predict cognitive decline 
in cognitively unimpaired older adults (Betthauser et al., 2020; Kwan 
et al., 2023). 

In the present study, we aimed to evaluate the association of late-life 
tau deposition with retrospective cognitive change. We hypothesized 
that early tau deposition would be associated with a decline in cognitive 
domains other than memory in cognitively unimpaired older adults, 
even in a sample mostly characterized as amyloid-β negative. 

2. Material and methods 

2.1. Study design 

The present study reports on data from our ongoing longitudinal 
studies: the cognitive reserve (CR) and Reference Ability Neural 
Network (RANN) studies (Habeck et al., 2016; Stern, 2012; Stern et al., 
2014). The Cognitive Reserve (CR) study was designed to elucidate the 
neural underpinnings of cognitive and brain reserve (Stern et al., 2018), 
and the RANN study was designed to identify networks of brain activity 
uniquely associated with performance across the adult lifespan (i.e., 
20–80 years old) in 4 different reference abilities: fluid reasoning, 
episodic memory, processing speed, and vocabulary (Habeck et al., 
2016; Stern et al., 2014). Both studies share similar recruitment and data 
collection procedures. The studies were approved by the Institutional 
Review Board of the College of Physicians and Surgeons of Columbia 

University. 

2.2. Selection of participants 

Participants were recruited primarily through randomized market 
mailing. An initial telephone screening determined whether participants 
met basic inclusion criteria, which included being right-handed, English 
speaking, at least a fourth-grade reading level, no psychiatric or 
neurological disorders, and normal or corrected-to-normal vision and 
hearing. Potentially eligible participants were further screened in person 
with structured medical and detailed neuropsychological evaluations to 
ensure that they had no neurological or psychiatric conditions, cognitive 
impairment, or clinical diagnosis of Mild Cognitive Impairment (MCI) 
and contraindication for Magnetic Resonance Imaging (MRI) scanning. 
For inclusion, a score greater than or equal to 130 was required on the 
Mattis Dementia Rating scale (Mattis, 1988) and preserved functionality 
in the Blessed Activities of Daily Living scale (Blessed et al., 1968). 
Participants were then followed over a 5-year period, after which they 
repeated the medical and neuropsychological evaluations and MRI 
exams. In addition, participants above 55 years were invited to undergo 
amyloid and tau PET imaging. Specifically, amyloid PET was included at 
baseline and 5-year follow-up visits, and tau PET was included only at 
follow-up. For the purpose of the current study, we only use PET imaging 
data collected at follow-up, as these were common to both amyloid and 
tau data. The overall schema of data collection is presented in Fig. 1. 

Regarding tau data collection, we specifically oversampled in-
dividuals with higher levels of amyloid-β to prioritize the inclusion of 
participants who may represent a more vulnerable group for tau depo-
sition. The total sample that underwent a tau PET scan consisted of 59 
participants. For the current analyses, we excluded participants with 
clinical diagnoses of MCI or dementia (Braak stage greater than II) 
(N = 2), and with missing data on one of the cognitive assessments 
(baseline or follow-up) (N = 16). Therefore, for the current analysis, we 
included cognitively unimpaired participants with available longitudi-
nal cognitive data (baseline and follow-up) and follow-up PET imaging; 
our final sample included 41 individuals. 

2.3. Cognitive measures and latent change score model 

At baseline and follow-up, participants underwent a comprehensive 
neuropsychological assessment and performed additional cognitive 
tasks during the MRI protocol (Gazes et al., 2023; Habeck et al., 2016; 
Salthouse et al., 2015; Stern et al., 2014). As per a previous study from 
our group (Salthouse et al., 2015), neuropsychological and cognitive 
measures were selected based on a factor analysis reflecting 4 domains: 
fluid reasoning, processing speed, episodic memory, and vocabulary. 
For the present longitudinal analysis, we excluded data from the vo-
cabulary domain since its performance tends to increase or remain sta-
ble over time (Gazes et al., 2023; Habeck et al., 2016; Salthouse, 2004, 
2009, 2019; Stern et al., 2014), and our main interest was in investi-
gating the cognitive domains with evidence of decline over time, such as 
fluid reasoning (“reasoning”), processing speed (“speed”), and episodic 
memory (“memory”) (Gazes et al., 2023; Habeck et al., 2016; Salthouse, 
2004, 2009, 2019; Stern et al., 2014). However, for the sample 
description, we used the baseline scores on the American National Adult 
Reading Test (Grober and Sliwinski, 1991), a vocabulary measure, to 
estimate the participant’s intelligence quotient. Each of the cognitive 
domains investigated longitudinally (reasoning, memory, and speed) 
was estimated through 6 measures each, three were from the neuro-
psychological battery (out-of-scanner), and three were completed dur-
ing the MRI exam (in-scanner) (Gazes et al., 2023; Habeck et al., 2016) 
(Fig. 2). 

In order to combine the 6 cognitive measures in each domain and 
create a more robust measurement, we used a multiple indicator latent 
change score model (Kievit et al., 2018) to model change in the latent 
score rather than in the observed scores and generate cognitive scores at 
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baseline and follow-up, as detailed in previous studies from our group 
(Gazes et al., 2023; Simon et al., 2022). 

In brief, we modeled the changes in cognitive measures representing 
the 3 domains (reasoning, speed, and memory), each based on the out- 
of-scanner and in-scanner tests, using a traditional confirmatory factor 
analysis as described in our previous studies (Salthouse et al., 2015). 
Factor loadings were constrained such that the baseline and follow-up 
loadings were the same. The cognitive change was calculated as a 
follow-up score minus the baseline score resulting from the latent 
change score model, with positive values indicating increases in 

cognitive performance over time and negative values indicating declines 
in performance over time. We also established the measurement 
invariance across 2-time points, resulting in an acceptable fit statistic: 
comparative fit index (CFI) = 0.85, Tucker–Lewis index (TLI) = 0.84, 
and Root Mean Squared Error of Approximation (RMSEA )= 0.069 
(95% Confidence Interval (CI )= 0.065–0.072, p < 0.001) (Simon et al., 
2022). 

Fig. 1. Illustration of data collection.  

Fig. 2. Summary of cognitive measures used to calculate the latent scores reflecting episodic memory, processing speed, and reasoning. In blue: out-of-scanner 
measures; in green: in-scanner measures. Abbreviations: WAIS-III: Wechsler Adult Intelligence Scale, 3rd edition. 
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2.4. Imaging protocol 

2.4.1. Magnetic resonance imaging 
All MR images were acquired on a 3.0T Philips Achieva magnet. 

There were 2 2-hour MR imaging sessions to accommodate several im-
aging modalities. Relevant to the current study, T1-weighted Magneti-
zation-Prepared Rapid Acquisition Gradient Echo (MPRAGE) scan was 
acquired to determine cortical thickness (parameters: TE/TR of 3/ 
6.5 ms and flip angle of 8◦, in-plane resolution of 256 × 256, field of 
view of 25.4 × 25.4 cm, and 165–180 slices in axial direction with slice- 
thickness/gap of 1/0 mm). In addition, Blood Oxygen Level Dependent 
(BOLD) fMRI for 12 tasks, Fluid Attenuated Inversion Recovery (FLAIR), 
Diffusion Tensor Imaging (DTI), Arterial Spin Labeling (ASL), and a 9.5- 
minute resting BOLD scan were acquired but not reported in the current 
study. A neuroradiologist reviewed each subject’s scans; any significant 
findings were conveyed to the subject’s primary care physician. 

Each subject’s structural T1 scan was reconstructed using FreeSurfer 
v5.1 (http://surfer.nmr.mgh.harvard.edu/). We used this older version 
to maintain consistency in data processing. The accuracy of FreeSurfer’s 
subcortical segmentation and cortical parcellation (Fischl et al., 2002; 
Fischl et al., 2004) has been reported to be comparable to manual la-
beling. Each subject’s white and gray matter boundaries as well as gray 
matter and cerebral spinal fluid boundaries were visually inspected slice 
by slice, manual control points were added when any visible discrepancy 
was found, and reconstruction was repeated until we reached satisfac-
tory results within every subject. The subcortical structure borders were 
plotted by TkMedit visualization tools and compared against the actual 
brain regions. In case of discrepancies, they were corrected manually. 

2.4.2. PET imaging 

2.4.2.1. Amyloid-β PET. Participants underwent 18F-florbetaben PET 
scans to assess amyloid-β burden. Participant preparation consists of 
intravenous catheterization followed by the bolus injection (over 
10–20 seconds) of the tracer. The PET scans were acquired on the same 
MCT PET/CT scanner (Siemens) in dynamic, 3D imaging mode begin-
ning 50 minutes after injection. Brain images were acquired in 4 × 5- 
minute frames over a period of 20 minutes. The images were immedi-
ately assessed for technical validity. If considered inadequate, the 
participant had an additional 20 minutes of continuous imaging. 
Transmission scans were done prior to the scan. If there was a repeat 
scan, transmission was done after the scan. 

Image processing followed a previous established procedure (Tahmi 
et al., 2019). The standardized uptake value, defined as the 
decay-corrected brain radioactivity concentration normalized for 
injected dose and body weight, is then calculated. The standardized 
uptake value is normalized to cerebellum gray matter to derive the 
standardized uptake value ratio (SUVR). The SUVR was determined at 
both the voxel and ROI level. We used K-means clustering of 
log-transformed SUVR values to classify each participant’s overall scan 
as “amyloid positive” or “amyloid negative” (Villemagne et al., 2012), 
considering a threshold of 1.25 for 18F-florbetaben tracer (Bullich et al., 
2021). In addition, 2 trained radiologists classified the generated static 
PET images as amyloid-β positive or negative. 

2.4.2.2. Tau PET. Tau PET images were acquired using a Siemens 
Biograph64 mCT/PET scanner in dynamic 3D imaging mode. We used 
18F-MK-6240 tracer to assess tau burden, which was synthesized and 
administered onsite. An intravenous bolus injection (target dose: 5 mCi) 
of the 18F-MK-6240 tracer was administered 80–100 minutes prior to the 
image acquisition. Six dynamic frames were acquired within 30 minutes 
(6 × 5 minutes) of scanning. An iterative reconstruction algorithm was 
used to generate dynamic PET volumes with 1 × 1 × 2 mm voxel size. 
The process started by aligning 4 dynamic PET frames to the first frame 
using rigid-body registration and generating a static PET image by 

averaging the 4 registered frames. 
The static PET volume was then registered with the CT and merged to 

generate a composite image. Each participant’s structural T1 scan, after 
being reconstructed with FreeSurfer, was registered directly to the static 
Tau PET volume using an intermodal and intrasubject registration 
technique (rigid-body registration: 6 degrees of freedom, mutual infor-
mation). FreeSurfer regional masks were then used to extract regional 
uptake values. Regional and voxel-wise Tau PET SUVRs were obtained 
by normalizing the regional and voxel-wise uptake value with the 
average uptake value in the cerebellar gray matter region. In addition, to 
classify the sample according to Braak I-VI stages (Braak and Braak, 
1991), we calculated the volume-weighted mean SUVR for composite 
regions representing each stage (Scholl et al., 2016) (for details, see 
Supplementary Table S1). 

As our primary interest was to investigate the association between 
cognitive changes and early elevation in tau PET uptake in AD- 
vulnerable regions, we created meta-ROIs that included 16 subregions 
selected a priori based on previous work (Insel et al., 2020). The tau 
SUVR of each subregion was averaged to create 4 meta-ROIs, as 
described below and illustrated in Fig. 3: (1) total-AD ROI comprising all 
16 areas; (2) medial temporal lobe-ROI (MTL-ROI), including the en-
torhinal cortex, hippocampus, parahippocampal gyrus and amygdala; 
(3) lateral temporal lobe-ROI (LTL-ROI), comprised of the banks of the 
superior temporal sulcus, transverse temporal lobe, temporal pole, 
inferior, middle, and superior temporal lobe, and fusiform; and (4) 
cingulate/parietal lobe ROI (C/P-ROI), including inferior and superior 
parietal lobe, isthmus cingulate, precuneus, and supramarginal gyrus. 
The regional tau SUVRs of the left and right hemispheres were then 
averaged to create a mean measure of tau SUVR for each region. 

2.5. Statistical analysis 

We report the demographic characteristics, cognitive performance, 
amyloid-β status, and 18F-MK-6240 SUVR using means and standard 
deviation for the continuous variables, and frequency and percentage for 
the categorical variables. 

We assessed factors potentially associated with cognitive change 
(memory, speed, and reasoning) or regional tau deposition in the meta- 
ROIs (Total-AD, MTL, LCL, and C/P) using regression analysis. Those 
factors were age, biological sex, race, education, and amyloid-β level, 
which were considered independent variables in the models. Each 
regression included a measure of cognitive change or regional tau as a 
dependent variable. To assess the associations between tau burden 
([18F]-MK-6240 SUVR) and retrospective cognitive change, we used 
separate multiple regression models for each meta-ROI (total-AD, MTL, 
LCL, and C/P) and each cognitive domain (i.e., memory, speed, and 
reasoning). 

Our primary analysis focused on tau deposition in the total-AD-ROI, 
and secondary analyses focused on each regional ROI (MTL, LCL, and C/ 
P). Age, sex, years of education, and baseline cognitive performance 
were included as covariates in the models since those may influence 
cognitive functioning or tau levels. As an exploratory analysis, we con-
ducted multiple regression models for each of the 34 brain areas in the 
“Desikan-Killiany-Tourville” atlas (Klein and Tourville, 2012) plus hip-
pocampus and amygdala with available data on tau deposition. 
Furthermore, we used the Bonferroni method (Armstrong, 2014) to ac-
count for multiple comparison corrections in this exploratory analysis. 

Considering that our sample is mostly amyloid-β negative (82%), the 
primary analysis did not adjust for amyloid-β levels. As a sensitivity 
analysis, we reran the primary regression models including amyloid-β 
level (continuous variable) as a covariate. In addition, to assess whether 
the time interval between PET scan and cognitive/MRI exams moder-
ated the significant associations between tau deposition and cognitive 
change, we reran the regressions by adding the interval as a covariate 
and interaction term. Analyses were performed using R and SPSS 26, and 
a priori significance levels were set to 0.05. 

S.S. Simon et al.                                                                                                                                                                                                                                

http://surfer.nmr.mgh.harvard.edu/


Neurobiology of Aging 133 (2024) 28–38

32

3. Results 

3.1. Sample characteristics 

Table 1 describes the demographic features of the study sample, 
including age, sex, race/ethnicity, education, and data on cognitive 
performance and tau deposition ([18F]-MK-6240 SUVR). In addition, 
time intervals between cognitive assessments and imaging acquisitions 
(MRI and PET scan) are provided. 

Participants were, on average, 67.5 ± 5.8 (mean ± SD) years old at 
the time of the follow-up MRI and cognitive assessment, which generally 
occurred within 1 month of each other. Overall, the sample was highly 
educated (16.20 ± 2.26), mostly White (White = 63.4%; Black = 26.1%; 
Latinx = 7.3%), and had high intelligence quotient scores (118.97 
± 7.76). All participants were cognitively healthy at both baseline and 
follow-up and showed a significant cognitive decline over 5 years in all 3 
cognitive domains for the larger samples from the 2 studies (n > 230) 
(Gazes et al., 2023; Simon et al., 2022). For the subset examined in this 
manuscript (N = 41), this pattern remained similar, as we observed 
cognitive decline in reasoning [t(40) = 7.904, p < 0.001] and speed [t 
(40) = 9.220, p < 0.001]. However, the change in memory was not 
significant [t(40) = 0.723, p = 0.47]. Most participants were classified 
as Braak stage 0 (82.9%), some as Braak stage 1 (14.6%), and 1 
participant as Braak stage 2 (2.4%). Regarding amyloid-β status, 82% of 
the sample (N = 39, 2 missing data) were classified as negative for 
amyloid-β when using a threshold of 1.25 for 18F-florbetaben tracer 
(Bullich et al., 2021). 

On average, there was an interval of approximately 17–18 months 
between tau PET scan and follow-up MRI/cognitive exams, with a wide 
range (1–49 months). Of note, both the PET scans (tau and amyloid-β) 
occurred after the follow-up MRI/cognitive exams. Despite that, most of 
the sample (73%) presented an interval within 2 years between PET and 
MRI/cognitive exams. Reasons for this interval discrepancy included tau 
data collection beginning later in the study, scheduling challenges, and 
the temporary interruption of data collection due to the local onset of 
the COVID-19 pandemic in 2020. In addition, PET amyloid-β and tau 
PET scans occurred, on average, 13 months apart. 

Regarding the sample differences in amyloid-β status, participants 
with positive amyloid-β (N = 7) presented higher levels of tau deposi-
tion, particularly on the meta MTL-ROI. Moreover, the interval between 
tau scan and MRI/cognitive exams was shorter for those with positive 

amyloid-β, as we prioritize collecting tau data on those with higher 
amyloid-β burden. 

3.2. Factors associated with tau deposition and cognitive change 

The amyloid-β level was associated with higher levels of tau, above 
and beyond age, sex, race/ethnicity, and education (Table 2). We did not 
observe age, race/ethnicity, and years of education to be associated with 
tau, although sex was associated with tau levels, as females presented a 
higher tax burden than males in most meta-ROIs. Regarding cognition, 
there was no association between cognitive change and demographics 
such as age, sex, race/ethnicity, and education, as well as the amyloid-β 
level (Supplementary Table S2). This observation was consistent when 
we combined these factors in 1 model or explored bivariate associations 
between these factors and cognitive change. 

3.3. Tau deposition and retrospective change in episodic memory 

After controlling for age, sex, education, and baseline memory per-
formance, steeper decline in memory was associated with greater [18F] 
MK-6240 SUVR in the total-AD meta-ROI (β = − 1.81, p = 0.03), in the 
meta-ROIs LCL (β = − 1.79, p = 0.03), and C/P (β = − 1.75, p = 0.02) 
and, at a trend level, in the MTL (β = − 0.99, p = 0.05) (Table 3,  
Fig. 4A–D). When we controlled for amyloid-β level in our models 
(N = 39), the pattern remained similar, but the significance of the 
findings was marginal, as observed for total-AD meta-ROI (β = − 1.64, 
p = 0.08), and in the meta-ROIs LCL (β = − 1.64, p = 0.08), C/P 
(β = − 1.65, p = 0.08), and MTL (β = − 0.84, p = 0.14). 

In the exploratory analysis, we investigated which brain areas 
contributed to the significant findings (Fig. 4E). In the MTL, we observed 
that memory change was associated with tau deposition in the amygdala 
(β = − 1.23, p = 0.004) and hippocampus (β = − 1.07, p = 0.03), but not 
in the entorhinal cortex (β = − 0.42, p = 0.27) and parahippocampal 
gyrus (β = − 0.46, p = 0.49). The remaining temporo-parietal regions 
with significant associations with memory decline included the poste-
rior cingulate (β = − 2.06, p = 0.01), superior parietal lobe (β = − 1.89, 
p = 0.01), inferior parietal lobe (β = − 1.85, p = 0.04), supramarginal 
gyrus (β = − 1.12, p = 0.04), temporal pole (β = − 0.90, p = 0.04), and 
superior temporal lobe (β = − 1.65, p = 0.04). Nevertheless, these 
findings did not survive correction for multiple comparisons 
(p < 0.001). 

Fig. 3. Illustrations of regions of interest. Abbreviations: ROI, region of interest.  
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3.4. Tau deposition and retrospective change in processing speed 

Steeper decline in speed was also associated with greater [18F]MK- 
6240 SUVR in the total-AD meta-ROI (β = − 0.53, p = 0.04), in the meta- 
ROIs MTL (β = − 0.36, p = 0.02), LCL (β = − 0.55, p = 0.04), and at 
trend level, C/P (β = − 0.52, p = 0.05) (Table 4, Fig. 5A–D). When 
controlling for amyloid-β level in our models (N = 39), the results 
remained significant for MTL meta-ROI (β = − 0.37, p = 0.04), but were 
marginal for the remaining meta-ROIs, such as total-AD (β = − 0.53, 
p = 0.09), LCL (β = − 0.55, p = 0.07), and C/P (β = − 0.51, p = 0.10). 

In our exploratory analysis we observed 10 areas that presented 
significant associations with speed decline (Fig. 5E): lateral occipital 
(β = − 0.63, p = 0.01), entorhinal cortex (β = − 0.27, p = 0.01), fusi-
form gyrus (β = − 0.55, p = 0.02), lingual (β = − 0.58, p = 0.02), infe-
rior parietal (β = − 0.60, p = 0.03), amygdala (β = − 0.28, p = 0.03), 
superior parietal (β = − 0.52, p = 0.03), inferior temporal (β = − 0.60, 
p = 0.03), temporal pole (β = − 0.28, p = 0.04), and hippocampus 
(β = − 0.31, p = 0.04). However, these findings did not survive correc-
tion for multiple comparisons (p < 0.001). 

Despite the pattern observed for memory and speed, no associations 
between tau levels and reasoning change were observed (Supplementary 
Table S2). 

Critically, the tau-cognition associations remained similar after 
controlling for intervals between tau and MRI/cognitive exams. None of 
the associations observed between tau levels and memory or speed 
change were moderated by the interval between the PET scan and MRI/ 
cognitive exams (p > 0.05). In addition, it is relevant to note that the 
associations observed are unique to tau and not β-amyloid, as we did not 
observe any association between amyloid levels and cognition (for de-
tails, see Supplementary Table S6). 

3.5. Sensitivity analysis: the influence of tau levels 

We ran a sensitivity analysis to assess the influence of the outlier in 
tau values in the data. First, we reran the primary analysis removing the 
subject classified as Braak stage 2, which has the highest tau uptake 
values. The results were no longer significant, although some results 
were marginal (for details, see Supplementary Tables S4–S5). Never-
theless, when we reran the primary analysis by randomly removing 1 
subject classified as Braak stage 1 or Braak stage 0, we also observed a 
lack of significant results (Supplementary Tables S4–S5). This demon-
strated that the removal of any data point reduced enough statistical 
power to render the results nonsignificant. 

4. Discussion 

In this study, we investigated how in vivo measures of regional tau 
are associated with 5-year cognitive change in cognitively unimpaired 
older adults. We found that higher tau-tracer 18F-MK-6240 SUVR in AD- 
related ROIs was associated with steeper decline in episodic memory 
and processing speed, but not with reasoning. This pattern was observed 
beyond critical demographics (age, sex, and education), baseline 
cognitive performance, and amyloid-β status. Our findings suggest 
regional specificity of tau-cognition relationships, particularly involving 
the MTL, cingulate, and parietal regions. 

These findings extend the previous literature that episodic memory is 
a key domain associated with early tau deposition, even in cognitively 
unimpaired older adults and lower levels of amyloid-β (Chen et al., 
2021b; Insel et al., 2020; Jack et al., 2020; Maass et al., 2018; Marks 
et al., 2017; Sperling et al., 2019; Vogel et al., 2020; Ziontz et al., 2019). 
In our study, memory decline was associated with higher tau uptake 
(18F-MK-6240) in the total-AD meta-ROI but also in more specific 

Table 1 
Sample characteristics   

Overall 
sample 
(n = 41) 

Aβ−
(n = 32) 

Aβ+
(n = 7) 

p-value 

Age, years at follow-up M 
(SD) [min, max] 

67.39 (5.80) 
[55, 77] 

67.15 (5.79) 
[55, 77] 

70.57 
(4.42) 
[64, 75]  

0.15 

Sex/Gender, female n(%) 19 (46.2%) 15 (46.9%) 2 (28.6%)  0.43 
Race/Ethnicity n(%) White 26 

(63.4%) 
Black 11 
(26.1%) 
Pacific 
Island 1 
(2.4%) 
Other 3 
(7.3%) 

White 22 
(68.8%) 
Black 8 
(25%) 
Pacific 
Island 1 
(3.1%) 
Other 1 
(3.1%) 

White 3 
(42.9%) 
Black 3 
(42.9%) 
Pacific 
Island 0 
Other 1 
(14.3%)  

0.41  

Latinx 3 
(7.3%) 

Latinx 2 
(6.3%) 

Latinx 0  0.10 

Education (years) M(SD) 
[min, max] 

16.20 (2.26) 
[12, 21] 

16.34 (2.39) 
[12, 21] 

15.86 
(1.86) 
[14, 18]  

0.61 

Dementia Rating Scaleb 

M(SD) [min, max] 
139.15 
(4.82) 
[124, 144]     

Estimated IQ (at 
baseline) M(SD) [min, 
max] 

118.97 
(7.76) 
[102, 
128.64] 

119.73 
(7.09) 
[104.40, 
128.56] 

116.25 
(11.04) 
[102, 
128.64]  

0.15 

Speed change M(SD) 
[min, max] 

− 0.18 (0.14) 
[− 0.62, 
0.11] 

− 0.16 
(0.13) 
[− 0.42, 
0.11] 

− 0.27 
(0.18) 
[− 0.62, 
− 0.03]  

0.10 

Reasoning change M(SD) 
[min, max] 

− 0.16 (0.11) 
[− 0.57, 
0.07] 

− 0.15 
(0.10) 
[− 0.44, 
0.07] 

− 0.22 
(0.16) 
[− 0.57, 
− 0.09]  

0.17 

Memory change M(SD) 
[min, max] 

− 0.05 (0.53) 
[− 1.51, 
0.99] 

− 0.01 
(0.49) 
[− 1.5, 0.99] 

− 0.32 
(0.68) 
[− 1.14, 
0.68]  

0.17 

Amyloid uptake (18F- 
Florbetaben)a [min, 
max] 

1.14 (0.19) 
[0.90, 1.78] 

1.07 (0.06) 
[0.90, 1.20] 

1.49 
(0.20) 
[1.28, 
1.78]  

<0.001 

Tau uptake ([18F]-MK- 
6240) by ROIs      

Total-AD-ROI M(SD) 0.92 (0.09) 
[0.73, 1.16] 

0.91 (0.08) 
[0.73, 1.06] 

0.98 
(0.12) 
[0.79, 
1.16]  

0.05 

Medial temporal lobe 
meta-ROI M(SD) 

0.91 (0.15) 
[0.73, 1.56] 

0.89 (0.10) 
[0.73, 1.07] 

1.03 
(0.27) 
[0.75, 
1.56]  

0.02 

Lateral temporal lobe 
meta-ROI M(SD) 

0.96 (0.09) 
[0.76, 1.19] 

0.95 (0.08) 
[0.73, 1.10] 

1.02 
(0.12) 
[0.83, 
1.19]  

0.06 

Cingulate/Parietal meta- 
ROI M(SD) 

0.87 (0.09) 
[0.68, 1.18] 

0.86 (0.08) 
[0.68, 1.00] 

0.94 
(0.12) 
[0.78, 
1.18]  

0.03 

Braak stages n(%) Braak 0: 34 
(82.9%) 
Braak I: 6 
(14.6%) 
Braak II: 1 
(2.4%) 

Braak 0: 27 
Braak I: 5 
Braak II: 0 

Braak 0: 5 
Braak I: 1 
Braak II: 1  

0.09 

Months between cog and 
tau scan M(SD) [min, 
max] 

17.56 
(12.87) 
[0.0, 49.0] 

19.53 
(13.46) 
[0.0, 49.0] 

8.00 
(5.41) 
[1.0, 
18.0]  

0.03 

Months between MRI and 
tau scan M(SD) [min, 
max] 

18.26 
(13.52) 
[1.0, 48.0] 

20.00 
(12.87) 
[1.0, 49.0] 

7.85 
(5.78) 
[2.0, 
18.0]  

0.03 

Key: AD, Alzheimer’s disease; IQ, intelligence quotient; ROI, region of interest; 
SD, standard deviation. 

a Missing amyloid data for 2 participants. 
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meta-ROIs reflecting MTL, LTL, and cingulate/parietal regions. Our 
exploratory analysis indicates that this pattern was particularly strong in 
MTL areas typically associated with memory, such as the hippocampus 
and amygdala (Buffalo et al., 2006; Dolcos et al., 2005; Insel et al., 
2020). Surprisingly, we did not observe a significant association be-
tween memory decline and tau uptake in the entorhinal cortex. This 
finding contradicts observations from previous literature (Insel et al., 
2020; Scholl et al., 2016) and suggests that our small sample size may 
have limited statistical power. 

Our finding also supports the relevance of tau burden in other non- 
MTL brain areas previously linked to memory and attention, including 
regions on the cingulate cortex, parietal, and temporal lobes (Insel et al., 
2020). For instance, the posterior cingulate cortex has been previously 
associated with autobiographic memory and attention regulation (Leech 
and Sharp, 2014), and the superior parietal lobe linked to attention 
control and working memory (Shomstein, 2012). Higher tau uptake in 
other regions such as temporal pole, inferior parietal lobe, and supra-
marginal gyrus seems to have contributed to our findings on memory 
decline. Some of these areas have been associated with memory (e.g., 
temporal pole) (Chadwick et al., 2016) but also with social cognition 
and semantic processing (Chadwick et al., 2016; Pulvermuller, 2013; 
Tso et al., 2018). It is possible that the relevance of these areas in our 
findings is related to the nature of the memory tasks used in the study, 

which were all highly dependent on verbal or semantic content (e.g., 
word list, story, word pairs). 

The novelty of our study is that early tau deposition (18F-MK-6240) 
was associated with processing speed decline when accounting for 
critical covariates, including amyloid-β level (particularly in MTL). 
Therefore, processing speed decline was associated with higher tau 
uptake in the total-AD meta-ROI, and in ROIs reflecting MTL and LTL, 
and some parietal regions. When exploring the regions that could 
potentially be driving this pattern, we identified similar regions to those 
described in the tau-memory associations, such as the hippocampus, 
amygdala, and inferior and superior parietal lobes. Critically, entorhinal 
emerged as a relevant ROI for the tau-speed associations, even when we 
controlled for memory change in our speed models. These findings 
suggest that early tau deposition in AD-related regions on MTL and 
parietal lobe may also hinder the performance on timed tasks, resulting 
in a speed decline. This finding has clinical relevance as processing 
speed is critical in complex everyday-life tasks when the information 
needed is often available within a limited time frame. In addition, pro-
cessing speed decline was also associated with higher tau uptake in re-
gions relevant to the processing of visual information, such as the lateral 
occipital cortex, lingual gyrus, and fusiform gyrus. These areas have 
been linked with the visual recognition of objects, letters, words, and 
patterns (Grill-Spector et al., 2001; Lingnau and Downing, 2015; 
Mechelli et al., 2000). It is worth mentioning that our finding is 
consistent with the visual timed tasks used in the study, which deman-
ded participants to quickly identify patterns of letters, numbers, colors, 
shapes, and lines. 

Our observations are in line with longitudinal studies of cognitively 
unimpaired older adults that show tau deposition to be associated with a 
decline in global cognition (Aschenbrenner et al., 2018; Biel et al., 2021; 
Pontecorvo et al., 2019), verbal fluency (Ziontz et al., 2019), and in 
composite scores including memory, executive function, speed, and 
language (Hanseeuw et al., 2019; Ossenkoppele et al., 2022). It is 
possible that these nonmemory findings are based on timed tests (e.g., 
fluency), and that decline in processing speed influences changes in 
other cognitive domains. Despite that, the contribution of tau burden to 
nonmemory cognitive decline in cognitively healthy older adults re-
mains inconsistent, as other reports indicate that tau deposition was not 
associated with a decline in executive functions, including 
speed-demanding tasks (e.g., Trail Making Test B) (Sperling et al., 
2019). 

Our study has several strengths that advance previous research. We 
approached tau-cognition associations based on a priori AD-ROIs (Insel 
et al., 2020) and used cognitive domains well established to change in 
aging (Gazes et al., 2023; Habeck et al., 2016; Salthouse, 2004, 2009, 
2019; Stern et al., 2014). Critically, cognitive change was measured 
based on multiple tasks (i.e., 6 per domain), using a robust 
measurement-latent change approach (Kievit et al., 2018). In addition, 

Table 2 
Associations between participant’s demographics, amyloid status, and regional 18F-MK-6240 SUVR   

Total AD-ROI MTL-ROI LTL-ROI C/P-ROI 

Intercept  0.885 (0.205) 
p < 0.001  

0.361 (0.340) 
p = 0.29  

0.963 (0.209) 
p < 0.001  

0.885 (0.205) 
p < 0.001 

Age (follow-up)  − 0.001 (0.003) 
p = 0.59  

− 0.000 (0.004) 
p = 0.94  

− 0.001 (0.003) 
p = 0.64  

− 0.001 (0.003) 
p = 0.59 

Sex/Gendera  − 0.075 (0.029) 
p ¼ 0.01  

− 0.026 (0.048) 
p = 0.58  

− 0.076 (0.030) 
p ¼ 0.01  

− 0.075 (0.029) 
p ¼ 0.01 

Race  − 0.014 (0.016) 
p = 0.37  

0.027 (0.026) 
p = 0.33  

− 0.017 (0.016) 
p = 0.30  

− 0.014 (0.016) 
p = 0.37 

Education  0.004 (0.006) 
p = 0.51  

0.011 (0.011) 
p = 0.29  

0.003 (0.006) 
p = 0.65  

0.004 (0.006) 
p = 0.51 

Amyloid level  0.189 (0.075) 
p ¼ 0.01  

0.339 (0.123) 
p ¼ 0.01  

0.167 (0.076) 
p ¼ 0.03  

0.189 (0.075) 
p ¼ 0.01 

Estimated fixed effects are reported along with their standard errors in parentheses. 
Key: AD, Alzheimer’s disease; C/P, cingulate/parietal lobe; LTL, lateral temporal lobe; MTL, medial temporal lobe; ROI, region of interest. 

a Reference values: 0 = women; 1 = men. 

Table 3 
Associations between tau uptake ([18F]MK-6240 SUVR) with change in memory 
as outcome  

Models: 
N = 41  

Global tau 
uptake 

MLT tau 
uptake 

LTL tau 
uptake 

C/P tau 
uptake 

Age β 
p- 
value  

− 0.01 
0.31  

− 0.01 
0.28 

− 0.01 
0.31  

− 0.01 
0.31 

Sex/Gender β 
p- 
value  

− 0.20 
0.21  

− 0.11 
0.48 

− 0.20 
0.22  

− 0.22 
0.17 

Education β 
p- 
value  

0.01 
0.66  

0.02 
0.55 

0.01 
0.68  

0.01 
0.70 

Memory 
Baseline 

β 
p- 
value  

− 0.25 
0.01  

− 0.26 
0.01 

− 0.25 
0.01  

− 0.23 
0.02 

Tau uptake β 
p- 
value  

− 1.81 
0.03  

− 0.99 
0.05 

− 1.79 
0.03  

− 1.75 
0.02 

R2   0.31  0.29 0.30  0.31 
F(5,40)   3.14  2.93 3.12  3.27 

Memory change = follow-up minus baseline, the more negative, the greater the 
decline. Each column represents a separate model. 
Key: C/P, cingulate/parietal lobe; LTL, lateral temporal lobe; MTL, medial 
temporal lobe. 
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we used the PET tracer 18F-MK-6240, shown to be sensitive to cognitive 
decline in cognitively intact older adults (Betthauser et al., 2020; Kwan 
et al., 2023). Moreover, the associations observed were unique to tau 
and not β-amyloid, which strengthens the value of specifically investi-
gating tau levels and cognitive decline. 

This study has several limitations that may limit the generalizability 
of the findings. We assessed the relationships between tau tracer 
retention and cognitive decline retrospectively rather than prospectively 
because of the more recent implementation of tau PET in our studies. 
Although consideration of the time interval between PET tau scan and 
MRI/cognitive exams did not significantly change our results or mod-
erate the association between tau and cognitive change, the intervals 
were large for some participants, especially for those who were amyloid- 
β negative. It is worth mentioning that our studies (RANN/CR) were 
originally designed to investigate cognitive aging and not AD pathology, 
and therefore our sample size was limited, particularly for amyloid-β 
positive individuals. In addition, while we observed the influence of the 
higher tau values in our results, the sensitivity analysis suggests that this 
issue was difficult to disentangle from our overall low power due to the 
relatively small sample size. Although we took advantage of the avail-
able amyloid-β data to better describe our sample, the fact that most 
participants were amyloid-β negative made it difficult to have a 
balanced sample and enough power to detect amyloid-β moderation 
effects on the findings. Therefore, the observation that tau deposition 
was associated with memory and speed decline regardless of amyloid-β 
levels should be considered with caution, although it is consistent with 
previous reports (Maass et al., 2018; Sperling et al., 2019). Furthermore, 
although our exploratory analysis provides more specific information 
regarding relevant brain areas for tau-cognition associations and may 
better inform future studies, the observed pattern did not survive mul-
tiple comparisons and should be interpreted with caution. Lastly, the 
present results need to be confirmed with larger and more diverse 
samples. 

Fig. 4. Scatterplot diagrams illustrating the relationship between tau PET uptake [18F-MK-6240] and memory change across brain regions. (A–D) The associations 
considering regional tau uptake (meta-ROIs). (E) A forest plot representing the unstandardized betas and 95% interval confidence for each linear regression 
considering 36 brain areas. The results highlighted (*) are not corrected for multiple comparisons. All regressions accounted for age at follow-up, sex/gender, 
education, and baseline memory performance. Abbreviations: C/P, cingulate/parietal lobe; LTL, lateral temporal lobe; MTL, medial temporal lobe; ROI, region of 
interest; SUVR, standardized uptake value ratio. 

Table 4 
Association of tau uptake ([18F]MK-6240 SUVR) with change in speed as 
outcome  

Models: 
N = 41  

Global tau 
uptake 

MLT tau 
uptake 

LTL tau 
uptake 

C/P tau 
uptake 

Age β 
p- 
value  

− 0.006 
0.17  

− 0.006 
0.22 

− 0.006 
0.18  

− 0.006 
0.18 

Sex/Gender β 
p- 
value  

− 0.04 
0.40  

− 0.01 
0.70 

− 0.04 
0.38  

− 0.04 
0.37 

Education β 
p- 
value  

0.007 
0.52  

0.008 
0.47 

0.007 
0.55  

0.007 
0.54 

Speed 
Baseline 

β 
p- 
value  

− 0.004 
0.93  

0.01 
0.73 

− 0.003 
0.94  

0.003 
0.94 

Tau uptake β 
p- 
value  

− 0.53 
0.04  

− 0.36 
0.02 

− 0.55 
0.04  

− 0.52 
0.05 

R2   0.17  0.20 0.17  0.16 
F(5,40)   1.43  1.78 1.52  1.40 

Speed change = follow-up minus baseline, the more negative, the greater the 
decline. Each column represents a separate model. 
Key: C/P, cingulate/parietal lobe; LTL, lateral temporal lobe; MTL, medial 
temporal lobe; SUVR, standardized uptake value ratio. 
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5. Conclusion 

Overall, our findings reinforce the notion that pathological tau in 
areas of early deposition may influence cognitive changes known to be 
affected in AD even in a sample of cognitively unimpaired older adults 
and low amyloid-β level. In addition, our data suggest that tau burden 
may, in part, underlie memory and speed decline typically seen in 
normal aging. Critically, the present results highlight the relevance of 
investigating longitudinal tau-cognition relationships beyond memory, 
and processing speed seems to be a promising marker of tau burden. This 
path of research may contribute to a better understanding of the dif-
ferences between AD, primary age-related tauopathy (Crary et al., 
2014), and normal aging, with the impact of future interventions. 
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