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a b s t r a c t 

Our study compared brain MRI with neuropathological findings in patients with primary age-related 

tauopathy (PART) and Alzheimer’s disease (AD), while assessing the relationship between brain atrophy 

and clinical impairment. We analyzed 233 participants: 32 with no plaques (“definite” PART—BRAAK stage 

higher than 0 and CERAD 0), and 201 cases within the AD spectrum, with 25 with sparse (CERAD 1), 76 

with moderate (CERAD 2), and 100 with severe (CERAD 3) degrees of neuritic plaques. Upon correcting 

for age, sex, and age difference at MRI and death, there were significantly higher levels of atrophy in 

CERAD 3 compared to CERAD 1–2 and a trend compared to PART ( p = 0.06). In the anterior temporal 

region, there was a trend for higher levels of atrophy in PART compared to Alzheimer’s disease spectrum 

cases with CERAD 1 ( p = 0.08). We then assessed the correlation between regional brain atrophy and 

CDR sum of boxes score for PART and AD, and found that overall cognition deficits are directly correlated 

with regional atrophy in the AD continuum, but not in definite PART. We further observed correlations 

between regional brain atrophy with multiple neuropsychological metrics in AD, with PART showing spe- 

cific correlations between language deficits and anterior temporal atrophy. Overall, these findings support 

PART as an independent pathologic process from AD. 

© 2022 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

1. Introduction 

Primary age-related tauopathy (PART) is a pathological process

characterized by the presence of tau-positive neurofibrillary tan-
Abbreviations: A β , amyloid-beta; AC, anterior cingulate; ADCs, Alzheimer’s dis- 

ease centers; AT, anterior temporal; CDR, CDR Dementia Staging Instrument; CDR- 

SB, clinical dementia rating sum of boxes; CERAD, Consortium to Establish a 

Registry for Alzheimer’s disease; FI, frontoinsular; LATE, limbic-predominant age- 

related TDP-43 encephalopathy; MTA, medial temporal lobe atrophy; NACC, Na- 

tional Alzheimer’s Coordinating Center; NIA-AA, National Institute on Aging and 

Alzheimer’s Association; NFTs, neurofibrillary tangles; NP, neuritic plaque; OF, or- 

bitofrontal; PART, primary age-related tauopathy; Post, posterior region; TDP-43, 

TAR DNA-binding protein 43; UDS, uniform data set. 
∗ Corresponding author at: Life and Health Sciences Research Institute (ICVS), 

School of Medicine, University of Minho, Campus Gualtar, 4710-057 Braga, Portu- 

gal. Tel.: + 351253604923. 

E-mail address: tiago@med.uminho.pt (T.G. Oliveira). 

 

 

 

 

 

 

 

 

 

0197-4580/$ – see front matter © 2022 Elsevier Inc. All rights reserved. 

https://doi.org/10.1016/j.neurobiolaging.2022.04.013 
gles (NFTs) and no amyloid-beta (A β) deposition (“definite PART”)

( Crary et al., 2014 ). Currently, the diagnosis of PART is histologi-

cally assessed by the presence of tau positive NFT with Braak stag-

ing (which can generally go from I to IV), and a Thal A β phase

≤2 or a Consortium to Establish a Registry for Alzheimer’s disease

(CERAD) A β stage of 0 ( Crary et al., 2014 ). 

Alzheimer’s disease is clinically characterized by slowly pro-

gressive neurocognitive impairment predominantly characterized

by short-term memory loss (typical senile Alzheimer’s disease)

and with disease progression, multiple neurocognitive domains

can be involved, such as language impairment or mood disbal-

ance ( Kelley and Petersen, 2007 ). At the level of neuropathology,

Alzheimer’s disease diagnosis consists of grading the “ABC score,”

which is achieved by grading amyloid plaques (A) by Thal phases,

NFT by Braak staging (B) and the neuritic plaque score by CERAD

assessment (C) ( Hyman et al., 2012 ). 

https://doi.org/10.1016/j.neurobiolaging.2022.04.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuaging.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2022.04.013&domain=pdf
mailto:tiago@med.uminho.pt
https://doi.org/10.1016/j.neurobiolaging.2022.04.013
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The clinical characteristics of patients eventually identified as

having post mortem PART can be divided as “symptomatic” (when

dementia or cognitive deterioration were present up to the time of

death) or “asymptomatic” (with no cognitive deficits) ( Besser et al.,

2017 ). However, the clinical presentation and the specific types

of neuropsychological deficits in PART participants are still un-

der scrutiny. Regarding this, “definite” PART participants showed

sparing of semantic memory/language compared to Alzheimer’s

disease, and, when stratified by global Clinical Dementia Rating

(CDR), presented sparing of memory (CDR of 0.5 or 1) or atten-

tion (CDR of 2 or 3), when compared to Alzheimer’s disease pa-

tients ( Besser et al., 2019 ). Moreover, it was shown that patients

with PART had slower cognitive decline than Alzheimer’s disease

patients across multiple neuropsychological domains ( Bell et al.,

2019 ; Teylan et al., 2020 ). Alzheimer’s disease patients showed

a significantly steeper decline after becoming clinically symp-

tomatic than those with PART ( Teylan et al., 2020 ) and temporal

lobe atrophy in PART specifically correlated with semantic mem-

ory/language deficits ( Quintas-Neves et al., 2019 ). Also, it was

shown that PART patients had significantly slower rates of de-

cline on measures of memory, language and visuospatial perfor-

mance, when compared to Alzheimer’s disease patients ( Bell et al.,

2019 ). Furthermore, PART with dementia was originally described

as being a disorder that typically affects older patients than the

ones with Alzheimer’s disease ( Crary et al., 2014 ), which is sup-

ported by follow-up studies that included a higher number of cases

( Besser et al., 2019 ; Teylan et al., 2020 ). 

Given that Alzheimer’s disease is diagnosed more than 50% of

the time in PART cases with mild cognitive impairment or de-

mentia ( Teylan et al., 2019 ), there is a need for in vivo diagnostic

tools to differentiate PART from other dementias during life, par-

ticularly Alzheimer’s disease, by assessing the cognitive domains

involved, cerebrospinal fluid (CSF) biomarkers, and brain magnetic

resonance imaging (MRI) findings, in accordance with the research

framework recommended by the National Institute on Aging and

Alzheimer’s Association (NIA-AA), specifically the AT(N) criteria

( Jack et al., 2018 ). In line with this, brain MRI of “definite” PART pa-

tients showed an association between Braak staging and atrophy of

the left head of the hippocampus, which was correlated with the

preservation of episodic memory ( Josephs et al., 2017b ). Moreover,

MRI of “definite” PART participants showed a correlation between

Braak staging and aging with atrophy of the medial temporal lobe

( Quintas-Neves et al., 2019 ). Despite these results, few studies have

assessed the relationship between brain MRI and neuropathologi-

cal findings of patients with PART and Alzheimer’s disease. 

Here, we compared the in vivo brain MRI findings with neu-

ropathological findings in patients with definite PART (i.e., BRAAK

stage higher than 0 and CERAD = 0) and Alzheimer’s disease

(i.e., CERAD = 1–3), using visual rating regional atrophy scales

( Harper et al., 2016 ). Additionally, we assessed the relationship be-

tween brain atrophy and the degree of clinical impairment in all

groups, based on CDR metrics ( Morris, 1993 ) and neuropsycholog-

ical testing ( Weintraub et al., 2018 ). 

2. Methods 

2.1. Participants 

Data was obtained from the National Alzheimer’s Coordinating

Center (NACC), a repository for data collected at the Alzheimer’s

Disease Centers (ADCs) located across the United States of Amer-

ica. Such ADCs collect standardized clinical data via the Uniform

Data Set (UDS) and neuropathological evaluations obtained at au-

topsy to the Neuropathology Data Set. The UDS and Neuropathol-

ogy Data Set data have been described in detail ( Beekly et al.,
2007 ; Besser et al., 2018 ; Morris et al., 2006 ; Weintraub et al.,

2009 , 2018 ). 

2.2. Selection criteria 

Our sample was obtained from the September 2019 data freeze

( n = 38,836 patients), which included 4192 patients with clini-

cal UDS data within 2 years from death and neuritic plaque (NP)

burden assessed at autopsy. At this point, all UDS visits of par-

ticipants with MRI scans performed no more than 4 years be-

fore the date of death and who had neuropathology data avail-

able were collected ( n = 334 patients); only the last UDS visit

and respective brain MRI scan before death were considered for

the analysis. We excluded participants: (a) with neuropathological

evidence of frontotemporal lobar degeneration, Lewy body disease,

amyotrophic lateral sclerosis, prion disease, or argyrophilic grains;

(b) with clinical evidence of dementia with Lewy bodies, Parkinson

disease, Down syndrome, Huntington disease, prion disease, corti-

cobasal degeneration, or progressive supranuclear palsy; (c) with

other brain lesions that biased atrophy assessment (e.g., brain tu-

mor; brain herniation; vascular malformation; lymphocytic menin-

goencephalitis; traumatic brain injury; demyelinating disease). Pa-

tients with a BRAAK stage of 0 (without evidence of neurofibrillary

tangles), and a simultaneous CERAD score of 0 (absence of neu-

ritic plaques on autopsy) were excluded. With the application of

these exclusion criteria, 233 participants remained ( Table 1 ). PART

patients were defined as having a higher BRAAK stage than 0, con-

sidered as having neuropathological evidence of varying degrees of

neurofibrillary tangles, and a CERAD score of 0 (absence of neuritic

plaques). 

2.3. Neuropathology data 

As referred above, the neuropathological data was collected by

the ADCs by using a standardized Neuropathology Form on those

patients who died and consented to autopsy and neuropathologic

examination. With such data, participants were categorized accord-

ing to the Braak stage for neurofibrillary degeneration and CERAD

stage. TAR DNA-binding protein 43 (TDP-43) data was considered

in a small subset of cases that had been assessed by the ADCs. De-

tails on brain tissue preparation and staining within the NACC Neu-

ropathology dataset have been previously described ( Besser et al.,

2018 ). 

2.4. Brain MRI data 

The MRI examinations were performed on 1.5T or 3T scanners,

both from Philips, Siemens, or GE manufacturers. Although there

were several imaging protocols performed by different centers, for

our imaging analysis we used T1-weighted acquisitions in order to

grade the degree of regional brain atrophy. 

2.5. Image analysis 

We previously applied validated visual rating scales to as-

sess brain atrophy of the following regions: anterior cingulate, or-

bitofrontal, anterior temporal, frontoinsular, medial temporal, and

posterior regions ( Quintas-Neves et al., 2019 ). Here we define atro-

phy as cross-sectional, corresponding to the score attributed on the

basis of these rating scales. As previously described by the simpli-

fied version: orbitofrontal (OF) and anterior cingulate (AC) regions

were rated on the first anterior slice where the corpus callosum

becomes visible; the frontoinsular (FI) was rated over three slices,

starting on the first anterior slice where the anterior cingulate be-

comes visible and moving posteriorly; the anterior temporal (AT)
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Table 1 

Characterization of patients according to the density of neocortical neuritic plaques (CERAD score) 

PART AD spectrum 

CERAD 0 (None) 

( n = 32) 

CERAD 1 (Sparse) 

( n = 25) 

CERAD 2 (Moderate) 

( n = 76) 

CERAD 3 (Severe) 

( n = 100) p 

Male sex, n (%) a 24 (75) 11 (44.0) 48 (63.2) 64 (64.0) X 2 (3) = 11.34; 

p = 0.01 

Age at death, mean (SD) b 79.0 ( ±11.06) 87.7 ( ±6.29) 82.2 ( ±8.84) 77.4 ( ±11.15) F (3, 229) = 8.464, 

p < 10 −3 

Age at last MRI, mean (SD) c 77.2 ( ±11.3) 85.9 ( ±5.75) 80.1 ( ±8.75) 75.0 ( ±11.1) F (3, 229) = 9.95, 

p < 10 −3 

Age MRI-death, mean (SD) d 2.0 ( ±1.05) 1.8 ( ±1.40) 2.1 ( ±1.18) 2.4 ( ±1.14) F (3, 229) = 2.557, 

p = 0.06 

CDR-SB e 6.6 ( ±5.54) 3.8 ( ±4.83) 5.9 ( ±4.57) 8.5 ( ±4.24) F (3, 229) = 9.77, 

p < 10 −3 

Global CDR e 1.2 ( ±0.89) 0.7 ( ±0.8) 1.1 ( ±0.75) 1.4 ( ±0.73) F (3, 229) = 8.529, 

p < 10 −3 

Braak stage, n (%) f 

None 0 (0) 0 (0.0) 1 (1.3) 0 (0.0) 

I 14 (43.8) 3 (12.0) 4 (5.3) 1 (1.0) 

II 12 (37.5) 8 (32.0) 10 (13.2) 0 (0.0) 

III 3 (9.37) 8 (32.0) 13 (17.1) 2 (2.0) 

IV 3 (9.37) 4 (16.0) 18 (23.7) 8 (8.0) 

V 0 (0.0) 2 (8.0) 17 (22.4) 24 (24.0) 

VI 0 (0.0) 0 (0.0) 13 (17.1) 65 (65.0) 

Braak stage, mean (SD) 1.8 ( ±0.95) 2.8 ( ±1.13) 3.9 ( ±1.5) 5.5 ( ±0.86) F (3, 229) = 100.5, p < 

10 −3 

The table shows the summarized demographic characteristics of a total cohort of 245 patients, separated according to PART (CERAD 0 and BRAAK stage higher than 0) or AD 

spectrum with presence (CERAD 1—mild; CERAD 2—moderate; CERAD 3—severe) of neocortical neuritic plaques after neuropathological evaluation. 
∗p < 0.05 considered as significant for one-way ANOVA or χ 2 test, as appropriate. 
a Male sex refers to the absolute mean and relative percentage of male patients in a given group, represented as n (%). 
b Age at death is the subject age at the time of death. 
c Age at last MRI is the subject age at the time the last MRI was performed. 
d Age MRI-death is the difference between the subject age at the last performed MRI and time of death. These three variables are reported in years as a continuous variable 

with mean and standard deviation (SD). 
e CDR-SB refers to the sum of boxes score from the CDR Dementia Staging Instrument and global CDR refers to the global Clinical Dementia Rating s core; they are both 

attributed to the subject in the last clinical visit and are also reported as continuous variables with mean and standard deviation. 
f For each Braak stage (from none to VI) values are represented as number of cases and percentage of total. Data presented as n (%) and mean ( ±SD). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was rated at the level of the temporal pole, just anterior to where

the “temporal stem” connects the frontal and temporal lobes; the

medial temporal was rated according to the medial temporal lobe

atrophy (MTA) score—performed on the hippocampus at the level

of the anterior pons; the posterior region (Post) was rated accord-

ing to the four-point posterior atrophy scale described by Koedam

( Koedam et al., 2011 )—overall score based on the presence of atro-

phy in sagittal (widening of the posterior cingulate and parieto-

occipital sulcus, and atrophy of the precuneus on left and right

by considering paramedian sagittal images), axial (widening of the

posterior cingulate sulcus and sulcal dilatation in parietal lobes on

axial images) and coronal (widening of the posterior cingulate sul-

cus and parietal lobes on coronal images) orientations, assessed

for left and right separately ( Harper et al., 2016 ). Two independent

classifiers with 7 years and 4 years, respectively, of experience in

clinical neuroradiology were responsible for rating the images. Vi-

sual raters were blind to clinical diagnosis. For each brain region

scale, the average of both hemispheres was calculated and an av-

erage of both classifiers was used. In order to aid the rating pro-

cess, reference images for each rating scale were provided to the

classifiers based on Harper et al. ( Harper et al., 2016 ). 

2.6. Neuropsychological assessment 

Local ADCs assessed participants using the CDR and the UDS

version 2 neuropsychological test battery ( Weintraub et al., 2009 ).

Here, we used the global CDR, CDR-SB, and neuropsychological

tests conducted at the last UDS visit prior to death. The so-called

Washington University CDR was reviewed by Morris and collabora-

tors in 1993. ( Morris et al., 1993 ) with the purpose of staging the

severity of Alzheimer’s disease, and takes into consideration the
following six cognitive categories: memory, orientation, judgment

and problem solving, community affairs, home and hobbies, and

personal care; it is based on a five point scale in which none = 0,

questionable = 0.5, mild = 1, moderate = 2, and severe = 3. The

global CDR is calculated using a proprietary algorithm according to

clinical scoring rules, with CDR 0 = no dementia, CDR 0.5 = ques-

tionable dementia, CDR 1 = mild dementia, CDR 2 = moderate de-

mentia and CDR 3 = severe dementia. The CDR-SB is calculated

by summing the ratings of each of the six cognitive domains and

it reflects a more quantitative global measure; it ranges from 0

(normal) to 18 (severe dementia) ( O’Bryant et al., 2008 ). Several

other tests of memory, executive function, language and process-

ing speed were considered in our analysis. Executive function was

assessed by the Trail Making Test (TMT) A and B, which globally

tests attention, visual scanning and search skills, and psychomotor

speed and coordination ( Reitan, 1955 ); TMT A can independently

assess processing speed, while TMT B assesses set switching; on

both parts of this test (i.e., A and B), the total number of sec-

onds to complete the test, the number of commission errors, and

number of correct lines were recorded; the Wechsler Adult Intel-

ligence Scale digit symbol test (WAIS) was also considered to pro-

vide an estimate of processing speed ( Wechsler, 1939 ). Semantic

memory/language was assessed by category (vegetables and ani-

mals) verbal fluency ( Lezak and Lezak, 2004 ), consisting of a test

on registering the total number of vegetables and animals named

in 60 s; the Boston naming test ( Kaplan et al., 1983 ), which also

assesses the effect of language function, more precisely the con-

frontational word retrieval, was included in this evaluation, and

consisted of showing pictures (up to 60) to the patient, and wait

up to 20 seconds for the patients to name them. Attention and

working memory was evaluated by Digit span forward (DSF) and
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backward test (DSB) ( Jensen and Figueroa, 1975 ), consisting on

registering the ability of recalling a sequence of numbers shown,

and the total length of numbers successfully achieved (DSF L and

DSB L, respectively). Logical memory was evaluated using Logical

Memory Immediate and Delayed Recall tests (Logical Mem; Mem

Unit), in which an orally presented verbal story is asked to be

recalled immediately and 20 minutes after ( Abikoff et al., 1987 ).

Mini-Mental State Examination (MMSE) ( Folstein et al., 1975 ) was

performed as a brief cognitive screening instrument that provides

a measure of global cognition. 

2.7. Statistical analysis 

We divided our data into four groups of participants according

to the CERAD score (i.e., density of neocortical neuritic plaques):

CERAD 0 (None); CERAD 1 (Sparse); CERAD 2 (Moderate); CERAD 3

(Severe); “definite” PART being considered CERAD 0. To assess po-

tential differences between these groups in terms of baseline char-

acteristics, one-way analysis of variance (ANOVA) was performed,

followed by a Tukey post hoc analysis whenever these characteris-

tics were significantly different between groups ( p < 0.05). With

the purpose of assessing the rating acuity between both classi-

fiers, Spearman’s correlation coefficient was calculated for the pair

of classifiers per each region, and no significant differences were

found between each observer. The standardized residuals for age

and Braak were calculated after linear regression for sex, age dif-

ference at MRI and death and BRAAK staging or age at MRI, respec-

tively. Correlation data analysis for regional brain atrophy scores

and CDR-SB score for groups with absent (i.e., definite PART) ver-

sus present (i.e., Alzheimer’s disease) neuritic plaques was per-

formed using the linear regression model and Pearson correlation

coefficients and values expressed as ( R ) and statistically significant

values considered for p < 0.05. Moreover, multiple linear regres-

sion was used to compare slopes between groups for each brain

area with CDR-SB as a continuous independent variable. Z-scores

for each neuropsychological test were calculated by subtracting

the score from the mean test score among cognitively unimpaired

participants and dividing it by the standard deviation. Tests were

then grouped by cognitive domains (i.e., episodic memory, atten-

tion, language/semantic memory, executive function) ( Teylan et al.,

2020 ), which were established by ( Hayden et al., 2011 ) using factor

analysis. Tests within a cognitive domain were averaged to calcu-

late a domain z-score. A global composite score was created by av-

eraging the domain z-scores (Global). These were then correlated

with the residuals of the visual rating scores for each brain region

after linear regression with age, in PART and Alzheimer’s disease

using the Pearson coefficient. SPSS Statistics version 26, and Graph-

Pad Software version 9.0.0 were used for Figs. 1 and 2 , and RStudio

Version 1.4.1103 was used for Figs. 3 and 4 . 

2.8. Standard protocol approvals, registrations, and patient consents 

All participants provided written informed consent at each local

ADC, and the study protocols were approved by the respective in-

stitutional review boards. The participants that contributed to the

Neuropathology Data Set gave consent for autopsy. All participants

provided written informed consent at each ADC. 

2.9. Data availability 

The datasets used and/or analyzed during the current study are

available upon request on the NACC database. 
3. Results 

About 233 participants were included in this study: 32 with

no (“definite” PART—CERAD 0 and BRAAK stage higher than 0),

25 with sparse (“possible” PART or mild Alzheimer’s disease—

CERAD 1), 76 with moderate (CERAD 2), and 100 with severe

(CERAD 3) neuritic plaques. There was a global male predomi-

nance among groups (more than 50%), with significant changes in

sex proportions across groups due to the Alzheimer’s disease spec-

trum CERAD 1 group, where we found a slight female preponder-

ance ( Table 1 ). The mean age at death was significantly lower for

groups CERAD 0 and 3 (79.0 ± 11.06 and 77.4 ± 11.15 years old,

respectively), and higher for group CERAD 1 (87.7 ± 6.29 years

old) ( Table 1 ). Braak staging was also statistically different between

groups, with a predominance of lower grades (Braak - I and II) in

PART and higher grades (Braak - V and VI) in the Alzheimer’s dis-

ease spectrum CERAD 3 cases ( Table 1 ). The global CDR and CDR-

SB were significantly higher for the Alzheimer’s disease spectrum

CERAD 3 group (1.4 ± 0.73 and 8.5 ± 4.24, respectively) ( Table 1

and Supplementary Table 1). 

After calculating the standardized residuals for age, sex and dif-

ference between age of death and age at MRI, there was a statis-

tically significant higher brain atrophy on the AT in CERAD 3 ver-

sus CERAD 1 ( p < 0.01; diff = 0.74; 95%CI [0.18; 1.31], Fig. 1 C).

There was a nonsignificant trend for higher atrophy in PART ver-

sus Alzheimer’s disease spectrum cases with CERAD 1 ( p = 0.08;

diff = −0.63; 95%CI [ −1.30; 0.04], Fig. 1 C). In MTA, brain atrophy

was higher in CERAD 3 versus CERAD 2 ( p < 0.01; diff = 0.47;

95%CI [0.089; 0.84], Fig. 1 E) and CERAD 3 versus CERAD 1 ( p <

0.01; diff = 0.87; 95%CI [0.31; 1.42], Fig. 1 E). There was also a

nonsignificant trend in Alzheimer’s disease spectrum with CERAD

3 versus PART ( p = 0.06; diff = 0.49; 95%CI [ −0.013; 0.99], Fig. 1 E).

For the other regions, there were no significant differences in rel-

ative atrophy between groups ( Fig. 1 A, B, D, F). Upon correction

for Braak stage, the AT region showed a nonsignificant trend for

higher brain atrophy in PART versus Alzheimer’s disease spectrum

cases with CERAD 1 ( p = 0.09, diff = −0.62; 95%CI [ −1.30; 0.059],

Fig. 2 C). For the other regions, there were no significant differ-

ences in relative atrophy between groups ( Fig. 2 ). Since TDP-43 has

been proposed to be a relevant determinant of atrophy in PART

( Josephs et al., 2020 ), in the small subset of cases that had TDP-43

data available, we observed that indeed “TDP-43 positive / PART”

showed higher relative medial temporal lobe atrophy compared to

the “TDP-43 negative / PART” group ( p < 0.01; diff = 53.03; 95%CI

[10.85; 95.21]; Supplementary Fig. 1). On the other hand, we do

not find statistically significant differences for the Alzheimer’s dis-

ease group. 

After computing the correlation between regional brain atrophy

scores and CDR-SB scores for PART (CERAD 0) and Alzheimer’s dis-

ease (CERAD 1–3) ( Fig. 3 A–F), significant correlations were found

between CDR-SB and relative atrophy in all the brain regions eval-

uated in patients with Alzheimer’s disease ( R = 0.2, p = 0.0045;

R = 0.17, p = 0.016; R = 0.3, p = 1.4e −05; R = 0.29, p = 3.9e −05;

R = 0.3, p = 1.3e −06; R = 0.34, p = 7.3e −0.7; for AC, OF, AT,

FI, medial temporal and posterior regions, respectively). On the

other hand, patients with PART showed no significant correlations

between relative regional brain atrophy and CDR-SB ( R = 0.23,

p = 0.2; R = 0.24, p = 0.19; R = −0.07, p = 0.7; R = 0.015,

p = 0.94; R = 0.034, p = 0.85; R = −0.12, p = 0.52; for AC, OF,

AT, FI, medial temporal, and posterior regions, respectively). More-

over, significant differences were found between the regression

lines of both groups in the AT and posterior regions ( Fig. 3 ; Sup-

plementary Table 2). After correcting for age, brain atrophy scores

were correlated with z-scores for the neuropsychological tests. We

found that AD shows a widespread pattern of negative correlations
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Fig. 1. Age-c relative regional brain atrophy shows differential patterns in PART and Alzheimer’s disease spectrum CERAD groups. Standardized residuals corrected for age 

for each specific region of brain atrophy among 4 groups of participants, distributed according to PART (CERAD 0 and BRAAK stage higher than 0) or Alzheimer’s disease 

spectrum with presence (CERAD 1—mild; CERAD 2—moderate; CERAD 3—severe) of neocortical neuritic plaques after neuropathological evaluation. The regions evaluated 

are (A) anterior cingulate, (B) orbitofrontal, (C) anterior temporal, (D) frontoinsular, (E) medial temporal, and (F) posterior. ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001. “ns”

represents nonsignificant differences between groups. 
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Fig. 2. Braak-corrected relative regional brain atrophy shows no significant changes in PART and Alzheimer’s disease spectrum CERAD groups. Standardized residuals cor- 

rected for Braak for each specific region of brain atrophy among 4 groups of participants, distributed according to PART (CERAD 0 and BRAAK stage higher than 0) or 

Alzheimer’s disease spectrum with presence (CERAD 1—mild; CERAD 2—moderate; CERAD 3—severe) of neocortical neuritic plaques after neuropathological evaluation. The 

regions evaluated are (A) anterior cingulate, (B) orbitofrontal, (C) anterior temporal, (D) frontoinsular, (E) medial temporal, and (F) posterior. ∗ p < 0.05. “ns” represents 

nonsignificant differences between groups. 
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Fig. 3. Correlation analysis between relative regional brain atrophy and CDR shows differential patterns in Alzheimer’s disease and PART. Pearson correlation analysis and 

linear regressions of relative brain atrophy per region versus CDR Dementia Staging Instrument (CDR) Sum of Boxes among 2 groups of participants, distributed according 

to the absence (PART) or presence (Alzheimer’s disease) of neocortical neuritic plaques after neuropathological evaluation. The regions evaluated are (A) anterior cingulate 

(AC), (B) orbitofrontal (OF), (C) anterior temporal (AT), (D) frontoinsular (FI), (E) medial temporal, and (F) posterior. Correlation coefficients ( R ). p values of the correlation 

analysis considered significant if p < 0.05. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 represent statistically significant differences between the regression lines of both groups 

in multiple linear regression. “ns” represents nonsignificant differences between the regression lines of both groups. 
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Fig. 4. Correlation analysis between relative regional brain atrophy and neuropsychological assessment shows differential patterns in Alzheimer’s disease and PART. Pearson 

correlation analysis of relative brain atrophy residuals after linear regression with age per region versus z -scores of neuropsychological test composites among 2 groups of 

participants, distributed according to the absence (PART) or presence (Alzheimer’s disease) of neocortical neuritic plaques after neuropathological evaluation. Only showing 

pairs with p < 0.05 in the correlational analysis. Color indicates R Pearson coefficient. Anterior cingulate (AC), orbitofrontal (OF), anterior temporal (AT), frontoinsular (FI), 

medial temporal (MT), and posterior (Post). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

between regional atrophy and z-scores of most neuropsychologi-

cal tests ( Fig. 4 ; Supplementary Fig. 2). On the other hand, PART

showed a specific negative correlation between AT atrophy and z-

scores on the Boston naming test ( R = −0.554, p = 0.003; Supple-

mentary Fig. 2), which is reflected on the language composite score

( R = −0.397; p = 0.045; Fig. 4 ). When comparing the z-scores be-

tween PART and AD, the latter group is more deeply affected in

practically all tests, but not in the language composite (Table S3). 

4. Discussion 

The main goal of this study was to compare in vivo brain MRI

findings of PART and Alzheimer’s disease participants using pre-

viously validated visual rating scales that are commonly deployed

in clinical settings ( Harper et al., 2016 ). Additionally, we assessed

the relationship between brain atrophy and the degree of clini-

cal impairment, based on CDR-SB. Our results suggest that while

Alzheimer’s disease participants show a stepwise increase in rel-

ative age-corrected atrophy in the medial temporal lobe region

with increasing CERAD scores (1 to 3), PART cases present in-

termediate relative atrophy levels ( Fig. 1 ). A similar nonsignifi-

cant trend was also observed for AT regions ( Fig. 1 ). Since there

has been debate whether PART is a pre-Alzheimer’s disease con-

dition ( Duyckaerts et al., 2015 ; Weigand et al., 2020 ), these find-

ings indicate that PART could be an independent pathologic pro-

cess from Alzheimer’s disease ( Bell et al., 2019 ; Besser et al., 2019 ;

Crary et al., 2014 ; Josephs et al., 2020 ; Teylan et al., 2019 , 2020 ). 

Overall, “definite” PART patients (i.e., CERAD 0 and BRAAK stage

higher than 0) showed higher mean relative age-corrected atro-

phy than CERAD 1 group (i.e., sparse NP—“possible” PART / mild

Alzheimer’s disease) in all brain regions evaluated, and lower mean

relative age-corrected atrophy than the CERAD 3 group (i.e., ad-

vanced Alzheimer’s disease) in the medial temporal region. This

supports a more benign nature of this pathology when compared

to severe Alzheimer’s disease, but more severe when compared to

mild Alzheimer’s disease. It is interesting to observe that CERAD 1

cases are older at death, have a slight female preponderance and

have lower levels of age-corrected relative atrophy when compared

to the other pathological groups. This is in accordance with re-

cent observations that show that disease onset at a younger age

tends to be associated with more advanced pathology ( Jack et al.,

2020 ; Vogel et al., 2021 ; Whitwell et al., 2019 ). This suggests that

CERAD 1, also considered “possible PART” by some authors, could

be the basis to identify a state of Alzheimer’s disease pathology

resistance, while CERAD 0, corresponding to “definite PART,” could

represent an entirely different pathological process. 
Given that NPs are only present in mild Alzheimer’s disease,

other pathophysiological mechanisms might explain this differ-

ence, such as deposition of TDP-43. This protein was first de-

scribed in 2006 as a main component of the ubiquitinated inclu-

sions found at autopsy of patients with frontotemporal lobar de-

generation (FTLD) ( Neumann et al., 2006 ). Over time, it has been

described to be present in several other pathologies (so-called

TDP-43 proteinopathies), and can be divided in two groups: pri-

mary and mixed (i.e., secondary). PART and Alzheimer’s disease

are considered within the mixed group. In Alzheimer’s disease,

TDP-43 has been found to be associated with worse memory loss

( Josephs et al., 2014 ), atrophy of the hippocampus ( Josephs et al.,

2014 ), and faster rates of hippocampal atrophy ( Josephs et al.,

2017a ). Concomitantly, in patients with PART, TDP-43 is strikingly

associated with amygdala and hippocampal atrophy ( Josephs et al.,

2019 ), which supports TDP-43 as being associated with tempo-

ral lobe atrophy across the entire range of A β and NFT deposi-

tion. Interestingly, in PART patients, there seems to be a topo-

graphic predilection for TDP-43 accumulation, as more inclusions

were found in the atrophic left anteromedial temporal lobe re-

gion, compared to the right ( Josephs et al., 2019 ). This is different

from what is found in Alzheimer’s disease patients, where a bilat-

eral pattern of atrophy is associated with TDP-43 ( Josephs et al.,

2014 ), and similar to what is found in FTLD type C, a disorder clin-

ically associated with semantic dementia, as seems to be the case

with PART ( Josephs et al., 2017b ; Quintas-Neves et al., 2019 ). More-

over, high TDP-43 levels in PART was associated with smaller brain

volumes, faster rates of brain atrophy and acceleration of atrophy

rates, more than a decade prior to death, with deceleration occur-

ring closer to death, particularly in the hippocampus compared to

neocortical regions ( Josephs et al., 2020 ). Additionally, TDP-43 and

brain atrophy association in PART occurred 3 years later than in

Alzheimer’s disease ( Josephs et al., 2020 ). Even though we were

only able to analyze the impact of TDP-43 in a small subset of

cases, our data further supports that TDP-43 contributes to atro-

phy in PART, but to a lesser extent in Alzheimer’s disease. Overall,

these observations suggest that tau (i.e., Braak stage) and TDP-43

contribute differently to the rate of brain atrophy over time in pa-

tients with PART or Alzheimer’s disease. 

Globally, after controlling for Braak, we found no major differ-

ences in the mean relative atrophy of the several regions eval-

uated between the four groups, suggesting that atrophy patterns

are mainly Braak-dependent (i.e., dependent on the NFT deposition

grade) and nondependent of the A β deposition. Since correcting

for the effect of Braak staging globally nullifies the differences be-

tween PART and Alzheimer’s disease spectrum CERAD 1–3 groups,
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these observations remarkably confirm the widely known correla-

tion between tau NFTs with regional brain atrophy and cognitive

deficits, when compared to A β plaque distribution ( Nelson et al.,

2012 ). In the AT region, we found a nonsignificant trend for higher

atrophy in “definite” PART versus the CERAD 1 group. This an inter-

esting finding, which could be partially explained by the fact that

Braak staging does not consider the most anterior part of the tem-

poral lobe for grading ( Braak and Braak, 1991 ). The fact that PART

patients show a level of atrophy comparable to higher CERAD lev-

els indicates that tau itself can exert neurodegenerative effects in

PART without the concomitant presence of neuritic plaques. This is

in agreement with animal studies showing increased brain atrophy

in mice overexpressing human tau and in patients with tauopathy

conditions ( Wang and Mandelkow, 2016 ). 

Interestingly, patients diagnosed with PART and dementia were

previously shown to be older (eighth to ninth decades) than

Alzheimer’s disease patients, making unlikely the A β deposition

starting at that point ( Crary, 2016 ; Crary et al., 2014 ). In our study,

patients with PART presented a mean age at death significantly

lower than the sparse (CERAD 1) group and not significantly dif-

ferent from the moderate (CERAD 2) and severe (CERAD 3) groups.

Moreover, despite not being older than the CERAD 1 and 2 groups,

there was a tendency for PART patients to die at the same age (77.1

± 12.4) as patients with severe Alzheimer’s disease (77.4 ± 11.2).

It has been shown that PART patients have slower cognitive de-

cline than Alzheimer’s disease patients across multiple neuropsy-

chological domains ( Teylan et al., 2020 ). Additionally, both “def-

inite” and “possible” PART patients exhibit longitudinal cognitive

decline that increases in severity with higher levels of NFT pathol-

ogy ( Jefferson-Geor ge et al., 2017 ). 

The previously mentioned differences in the patterns of atro-

phy between PART and Alzheimer’s disease patients are potentially

important, as it has been described that, although clinicians recog-

nize a distinction in the clinical presentation between Alzheimer’s

disease and PART, diagnosing Alzheimer’s disease less frequently

in patients with PART, clinical Alzheimer’s disease can be diag-

nosed more than 50% of the time in PART patients with mild cog-

nitive impairment or dementia ( Teylan et al., 2019 ). This clinical

remark makes brain MRI an important tool to differentiate PART

from Alzheimer’s disease, or to follow longitudinally PART patients

identified by other biomarkers such as CSF or PET. However, given

the scarcity of PART patients with Braak stages of III and IV, this

is something to be tackled by future studies. We believe that in

order to validate MRI as a clinical routine tool to use in PART pa-

tients, an easy to apply and practical visual rating scale could be a

relevant tool to be used. Importantly, our results are globally in ac-

cordance with what others observed using volumetric approaches

( Josephs et al., 2017b ). 

PET studies assessing in vivo A β and tau deposition are over-

all in agreement with our results showing that concomitant A β
and tau pathology synergizes to lead to higher levels of brain atro-

phy and worse clinical outcome ( Jack et al., 2019 ; Weigand et al.,

2020 ). However, these studies do not segregate A β deposition, as

performed for the CERAD staging. In the present study, we identi-

fied different pathological characteristics based on different CERAD

stages, and in light of recent observations in PET-MRI studies that

there are 4 subtypes of tau spreading patterns that also differ in

their clinical characteristics ( Vogel et al., 2021 ), it would be inter-

esting to assess how these CERAD stages correlate with those iden-

tified tau pathology subtypes, that challenge the concept of “typi-

cal Alzheimer’s disease.”

Studies that assessed cognitive status using the CDR scoring

system found that within the same stratum of CDR scores, individ-

uals with PART had relative sparing of semantic memory/language

in comparison to Alzheimer’s disease ( Besser et al., 2019 ). More-
over, participants with Alzheimer’s disease had a significantly

steeper decline after becoming clinically symptomatic than those

with PART ( Teylan et al., 2020 ). Our results showed that overall

cognition deficits (given by CDR-SB) are directly correlated with

regional atrophy in patients with Alzheimer’s disease, but not in

patients with PART ( Fig. 3 A–F). Additionally, we observe signifi-

cant differences between the regression lines of both groups (i.e.,

PART vs. Alzheimer’s disease) for the AT and posterior regions.

These results indicate that PART and Alzheimer’s disease show dif-

ferent atrophy patterns, which correlate poorly with global cogni-

tive deficits in patients with PART. This is in accordance with the

previously mentioned steeper decline that Alzheimer’s disease pa-

tients experience, when compared to PART ( Teylan et al., 2020 ).

This dissociation might be due to other comorbid pathologies that

were shown to contribute to cognitive impairment in patients with

PART, such as cerebrovascular disease ( Fulcher et al., 2014 ). There-

fore, in the future, it would be relevant to identify and characterize

how brain MRI markers of vascular pathology affect the brains of

patients with PART. 

Additionally, our results focusing on a broader neuropsychologi-

cal assessment show a focal deficit of language in PART correlating

with AT atrophy, whereas in AD we find widespread correlations

between regional atrophy and cognitive deficits. This is in accor-

dance with our previous study showing that the anterior tempo-

ral region in PART correlates with semantic memory/fluency tests

( Quintas-Neves et al., 2019 ) and other reports showing longitudi-

nal semantic cognitive decline ( Jefferson-Geor ge et al., 2017 ) and

higher deficits in PART compared to neuropathology negative con-

trols ( Weigand et al., 2020 ). Importantly, the more widespread and

differential pattern of cognitive impairment in Alzheimer’s disease

is in line with the literature ( Savola et al., 2021 ; Teylan et al., 2020 ;

Weigand et al., 2020 ). 

This study had important limitations. First, it was based on a

convenience, autopsy-based sample, which limits its extrapolation.

The NACC database has limitations in its generalizability, given

that participants tend to be more often Caucasian and more af-

fluent than the general population. However, there was no addi-

tional selection bias of the participants considered in our sample,

as we chose all eligible participants with neuropathologically de-

fined PART or Alzheimer’s disease who had an MRI available at

most 4 years before death. Second, the use of visual rating scales,

even when performed by trained neuroradiologists, is associated

with interobserver variability. However, with training and neurora-

diologic experience, using a reference visual scale during the rat-

ing process reduces this bias effect. Third, the variability in scan-

ner manufacturers and field strengths were potential sources of bi-

ases/variability. Fourth, the patients included in our sample had in-

complete clinical information on other co-morbidities that could

be associated with brain atrophy, such as hypertension or dys-

lipidemia, or on other neuropathologic features, such as TDP-43

pathology. Fifth, Braak staging is considered an incomplete mea-

sure of tau burden and it would be beneficial to have additional

quantitative measures of such parameter. However, this requires

additional special staining, a process that is time-consuming and

not currently performed at most centers. Furthermore, it is not

available in the NACC neuropathology database ( Neltner et al.,

2012 ; Walker et al., 2017 ). Finally, the retrospective nature of the

study is also a potential source of bias. For instance, since the only

difference in selecting the participants was having performed an

MRI scan, we hypothesize this contingency in patient selection,

could partially explain the discrepancies in the age at death com-

paring with other studies using the NACC database ( Teylan et al.,

2019 ). Despite the aforementioned limitations, this study has sev-

eral major strengths: the use of multicentric data on a large group

of individuals across the USA, the constantly performed standard-
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ized process of collecting global CDR (among other clinical vari-

ables) in every UDS visit, the use of standardized neuropatho-

logical criteria to assess pathology at autopsy ( Montine et al.,

2016 ), the preferential use of volumetric acquisitions, and a

relevant number of participants with PART and Alzheimer’s

disease. 

In conclusion, the findings of this study support the hypothesis

that PART is a separate pathological process from the Alzheimer’s

disease “continuum.” Future studies should address and expand:

the independent or cumulative impact of A β , tau and other ag-

gregates, such as TDP-43, on brain regional atrophy, using cases

of Alzheimer’s disease, PART and, eventually, the recently pro-

posed pathological entity limbic-predominant age-related TDP-43

encephalopathy (LATE) ( Nelson et al., 2019 ). Finally, the character-

ization of PET and CSF findings in symptomatic and asymptomatic

PART patients could provide diagnostic biomarkers to follow their

longitudinal evolution. 

Disclosure statement 

The authors report no conflicts of interest. 

Authors’ contributions 

T.G.O. and J.F.C. conceived the idea. T.G.O., J.F.C., C.M., F.A., R.M.,

M.A.T., and M.Q. designed and planned the analysis. T.G.O. and

M.Q. performed neuroimaging analysis. W.A.K., C.M., and MAT con-

tributed with subject data. 

T.G.O., M.Q., R.M., and F.A. conducted data analysis. T.G.O., M.Q.,

and F.A. wrote the manuscript. All authors reviewed and cor-

rected the manuscript. All authors read and approved the final

manuscript. 

Acknowledgements 

The NACC database is funded by NIA/ NIH Grant U01 AG016976

and U24 AG072122 . NACC data are contributed by the NIA-funded

ADCs: P30 AG019610 (PI Eric Reiman, MD), P30 AG013846 (PI

Neil Kowall, MD), P30 AG062428-01 (PI James Leverenz, MD)

P50 AG008702 (PI Scott Small, MD), P50 AG025688 (PI Allan

Levey, MD, PhD), P50 AG047266 (PI Todd Golde, MD, PhD), P30

AG010133 (PI Andrew Saykin, PsyD), P50 AG005146 (PI Marilyn Al-

bert, PhD), P30 AG062421-01 (PI Bradley Hyman, MD, PhD), P30

AG062422-01 (PI Ronald Petersen, MD, PhD), P50 AG005138 (PI

Mary Sano, PhD), P30 AG008051 (PI Thomas Wisniewski, MD),

P30 AG013854 (PI Robert Vassar, PhD), P30 AG008017 (PI Jeffrey

Kaye, MD), P30 AG010161 (PI David Bennett, MD), P50 AG047366

(PI Victor Henderson, MD, MS), P30 AG010129 (PI Charles DeCarli,

MD), P50 AG016573 (PI Frank LaFerla, PhD), P30 AG062429-01(PI

James Brewer, MD, PhD), P50 AG023501 (PI Bruce Miller, MD),

P30 AG035982 (PI Russell Swerdlow, MD), P30 AG028383 (PI Linda

Van Eldik, PhD), P30 AG053760 (PI Henry Paulson, MD, PhD), P30

AG010124 (PI John Trojanowski, MD, PhD), P50 AG005133 (PI Oscar

Lopez, MD), P50 AG005142 (PI Helena Chui, MD), P30 AG012300

(PI Roger Rosenberg, MD), P30 AG049638 (PI Suzanne Craft, PhD),

P50 AG005136 (PI Thomas Grabowski, MD), P30 AG062715-01 (PI

Sanjay Asthana, MD, FRCP), P50 AG005681 (PI John Morris, MD),

P50 AG047270 (PI Stephen Strittmatter, MD, PhD); R01 AG054008,

R01 NS095252, R01 AG060961, R01 NS086736, and the Tau Con-

sortium (PI John F. Crary MD, PhD). This work was funded by the

Portuguese Foundation for Science and Technology (FCT) - project

UIDB/50026/2020 and UIDP/50026/2020. 
Supplementary materials 

Supplementary material associated with this article can be

found, in the online version, at doi: 10.1016/j.neurobiolaging.2022.

04.013 . 

References 

Abikoff, H. , Alvir, J. , Hong, G. , Sukoff, R. , Orazio, J. , Solomon, S. , Saravay, S. , 1987. Log-

ical memory subtest of the Wechsler Memory Scale: age and education norms

and alternate-form reliability of two scoring systems. J. Clin. Exp. Neuropsychol.
9 (4), 435–448 . 

Beekly, D.L. , Ramos, E.M. , Lee, W.W. , Deitrich, W.D. , Jacka, M.E. , Wu, J. , Hubbard, J.L. ,
Koepsell, T.D. , Morris, J.C. , Kukull, W.A . , Centers, N.I.A .A .s.D. , 2007. The Na-

tional Alzheimer’s Coordinating Center (NACC) database: the Uniform Data Set.
Alzheimer Dis. Assoc. Disord. 21 (3), 249–258 . 

Bell, W.R. , An, Y. , Kageyama, Y. , English, C. , Rudow, G.L. , Pletnikova, O. , Tham-
bisetty, M. , O’Brien, R. , Moghekar, A.R. , Albert, M.S. , Rabins, P.V. , Resnick, S.M. ,

Troncoso, J.C. , 2019. Neuropathologic, genetic, and longitudinal cognitive profiles

in primary age-related tauopathy (PART) and Alzheimer’s disease. Alzheimers
Dement. 15 (1), 8–16 . 

Besser, L.M. , Crary, J.F. , Mock, C. , Kukull, W.A. , 2017. Comparison of symptomatic and
asymptomatic persons with primary age-related tauopathy. Neurology 89 (16),

1707–1715 . 
Besser, L.M. , Kukull, W.A. , Teylan, M.A. , Bigio, E.H. , Cairns, N.J. , Kofler, J.K. , Mon-

tine, T.J. , Schneider, J.A. , Nelson, P.T. , 2018. The revised National Alzheimer’s Co-

ordinating Center’s Neuropathology Form—available data and new analyses. J.
Neuropathol. Exp. Neurol. 77 (8), 717–726 . 

Besser, L.M. , Mock, C. , Teylan, M.A. , Hassenstab, J. , Kukull, W.A. , Crary, J.F. , 2019.
Differences in cognitive impairment in primary age-related tauopathy versus

Alzheimer disease. J. Neuropathol. Exp. Neurol. 78 (3), 219–228 . 
Braak, H. , Braak, E. , 1991. Neuropathological stageing of Alzheimer-related changes.

Acta Neuropathol. 82 (4), 239–259 . 

Crary, J.F. , 2016. Primary age-related tauopathy and the amyloid cascade hypothesis:
the exception that proves the rule? J. Neurol. Neuromed. 1 (6), 53–57 . 

Crary, J.F. , Trojanowski, J.Q. , Schneider, J.A. , Abisambra, J.F. , Abner, E.L. , Alafuzoff, I. ,
Arnold, S.E. , Attems, J. , Beach, T.G. , Bigio, E.H. , Cairns, N.J. , Dickson, D.W. , Gear-

ing, M. , Grinberg, L.T. , Hof, P.R. , Hyman, B.T. , Jellinger, K. , Jicha, G.A. , Kovacs, G.G. ,
Knopman, D.S. , Kofler, J. , Kukull, W.A. , Mackenzie, I.R. , Masliah, E. , McKee, A. ,

Montine, T.J. , Murray, M.E. , Neltner, J.H. , Santa-Maria, I. , Seeley, W.W. , Serra-

no-Pozo, A. , Shelanski, M.L. , Stein, T. , Takao, M. , Thal, D.R. , Toledo, J.B. , Tron-
coso, J.C. , Vonsattel, J.P. , White 3rd, C.L. , Wisniewski, T. , Woltjer, R.L. , Yamada, M. ,

Nelson, P.T. , 2014. Primary age-related tauopathy (PART): a common pathology
associated with human aging. Acta Neuropathol. 128 (6), 755–766 . 

Duyckaerts, C. , Braak, H. , Brion, J.P. , Buee, L. , Del Tredici, K. , Goedert, M. , Halliday, G. ,
Neumann, M. , Spillantini, M.G. , Tolnay, M. , Uchihara, T. , 2015. PART is part of

Alzheimer disease. Acta Neuropathol. 129 (5), 749–756 . 

Folstein, M.F. , Folstein, S.E. , McHugh, P.R. , 1975. "Mini-mental state". A practical
method for grading the cognitive state of patients for the clinician. J. Psychi-

atr. Res. 12 (3), 189–198 . 
Fulcher, K.K. , Alosco, M.L. , Miller, L. , Spitznagel, M.B. , Cohen, R. , Raz, N. , Sweet, L. ,

Colbert, L.H. , Josephson, R. , Hughes, J. , Rosneck, J. , Gunstad, J. , 2014. Greater
physical activity is associated with better cognitive function in heart failure.

Health Psychol. 33 (11), 1337–1343 . 
Harper, L. , Fumagalli, G.G. , Barkhof, F. , Scheltens, P. , O’Brien, J.T. , Bouwman, F. , Bur-

ton, E.J. , Rohrer, J.D. , Fox, N.C. , Ridgway, G.R. , Schott, J.M. , 2016. MRI visual rating

scales in the diagnosis of dementia: evaluation in 184 post-mortem confirmed
cases. Brain 139, 1211–1225 Pt 4 . 

Hayden, K.M. , Jones, R.N. , Zimmer, C. , Plassman, B.L. , Browndyke, J.N. , Pieper, C. ,
Warren, L.H. , Welsh-Bohmer, K.A. , 2011. Factor structure of the National

Alzheimer’s Coordinating Centers uniform dataset neuropsychological battery:
an evaluation of invariance between and within groups over time. Alzheimer

Dis. Assoc. Disord. 25 (2), 128–137 . 

Hyman, B.T. , Phelps, C.H. , Beach, T.G. , Bigio, E.H. , Cairns, N.J. , Carrillo, M.C. , Dick-
son, D.W. , Duyckaerts, C. , Frosch, M.P. , Masliah, E. , Mirra, S.S. , Nelson, P.T. ,

Schneider, J.A. , Thal, D.R. , Thies, B. , Trojanowski, J.Q. , Vinters, H.V. , Montine, T.J. ,
2012. National Institute on Aging-Alzheimer’s Association guidelines for the

neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement. 8 (1),
1–13 . 

Jack Jr., C.R. , Bennett, D.A. , Blennow, K. , Carrillo, M.C. , Dunn, B. , Haeberlein, S.B. ,

Holtzman, D.M. , Jagust, W. , Jessen, F. , Karlawish, J. , Liu, E. , Molinuevo, J.L. ,
Montine, T. , Phelps, C. , Rankin, K.P. , Rowe, C.C. , Scheltens, P. , Siemers, E. ,

Snyder, H.M. , Sperling, R. Contributors, 2018. NIA-AA research framework: to-
ward a biological definition of Alzheimer’s disease. Alzheimers Dement. 14 (4),

535–562 . 
Jack Jr., C.R. , Wiste, H.J. , Therneau, T.M. , Weigand, S.D. , Knopman, D.S. , Mielke, M.M. ,

Lowe, V.J. , Vemuri, P. , Machulda, M.M. , Schwarz, C.G. , Gunter, J.L. , Senjem, M.L. ,

Graff-Radford, J. , Jones, D.T. , Roberts, R.O. , Rocca, W.A. , Petersen, R.C. , 2019.
Associations of amyloid, tau, and neurodegeneration biomarker profiles with

rates of memory decline among individuals without dementia. JAMA 321 (23),
2316–2325 . 

https://doi.org/10.1016/j.neurobiolaging.2022.04.013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0001
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0002
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0003
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0004
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0004
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0004
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0004
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0004
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0005
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0006
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0007
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0007
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0007
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0008
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0008
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0009
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0010
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0011
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0011
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0011
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0011
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0012
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0013
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0014
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0016
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0017


M. Quintas-Neves, M.A. Teylan, R. Morais-Ribeiro et al. / Neurobiology of Aging 117 (2022) 1–11 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jack, C.R. , Wiste, H.J. , Weigand, S.D. , Therneau, T.M. , Lowe, V.J. , Knopman, D.S. ,

Botha, H. , Graff-Radford, J. , Jones, D.T. , Ferman, T.J. , Boeve, B.F. , Kantarci, K. , Ve-

muri, P. , Mielke, M.M. , Whitwell, J. , Josephs, K. , Schwarz, C.G. , Senjem, M.L. ,
Gunter, J.L. , Petersen, R.C. , 2020. Predicting future rates of tau accumulation on

PET. Brain 143 (10), 3136–3150 . 
Jefferson-George, K.S. , Wolk, D.A. , Lee, E.B. , McMillan, C.T. , 2017. Cognitive de-

cline associated with pathological burden in primary age-related tauopathy.
Alzheimers Dement. 13 (9), 1048–1053 . 

Jensen, A.R. , Figueroa, R.A. , 1975. Forward and backward digit span interaction

with race and IQ: predictions from Jensen’s theory. J. Educ. Psychol. 67 (6), 
882–893 . 

Josephs, K.A. , Dickson, D.W. , Tosakulwong, N. , Weigand, S.D. , Murray, M.E. , Petru-
celli, L. , Liesinger, A.M. , Senjem, M.L. , Spychalla, A.J. , Knopman, D.S. , Parisi, J.E. ,

Petersen, R.C. , Jack Jr., C.R. , Whitwell, J.L. , 2017a. Rates of hippocampal atrophy
and presence of post-mortem TDP-43 in patients with Alzheimer’s disease: a

longitudinal retrospective study. Lancet Neurol. 16 (11), 917–924 . 
Josephs, K.A. , Martin, P.R. , Weigand, S.D. , Tosakulwong, N. , Buciuc, M. , Murray, M.E. ,

Petrucelli, L. , Senjem, M.L. , Spychalla, A.J. , Knopman, D.S. , Boeve, B.F. , Pe-

tersen, R.C. , Parisi, J.E. , Dickson, D.W. , Jack, C.R. , Whitwell, J.L. , 2020. Protein
contributions to brain atrophy acceleration in Alzheimer’s disease and primary

age-related tauopathy. Brain 143 (11), 3463–3476 . 
Josephs, K.A. , Murray, M.E. , Tosakulwong, N. , Weigand, S.D. , Knopman, D.S. , Pe-

tersen, R.C. , Jack Jr., C.R. , Whitwell, J.L. , Dickson, D.W. , 2019. Brain atrophy in
primary age-related tauopathy is linked to transactive response DNA-binding

protein of 43 kDa. Alzheimers Dement. 15 (6), 799–806 . 

Josephs, K.A. , Murray, M.E. , Tosakulwong, N. , Whitwell, J.L. , Knopman, D.S. ,
Machulda, M.M. , Weigand, S.D. , Boeve, B.F. , Kantarci, K. , Petrucelli, L. , Lowe, V.J. ,

Jack Jr., C.R. , Petersen, R.C. , Parisi, J.E. , Dickson, D.W. , 2017b. Tau aggregation in-
fluences cognition and hippocampal atrophy in the absence of beta-amyloid:

a clinico-imaging-pathological study of primary age-related tauopathy (PART).
Acta Neuropathol. 133 (5), 705–715 . 

Josephs, K.A. , Whitwell, J.L. , Weigand, S.D. , Murray, M.E. , Tosakulwong, N. ,

Liesinger, A.M. , Petrucelli, L. , Senjem, M.L. , Knopman, D.S. , Boeve, B.F. , Ivnik, R.J. ,
Smith, G.E. , Jack Jr., C.R. , Parisi, J.E. , Petersen, R.C. , Dickson, D.W. , 2014. TDP-43

is a key player in the clinical features associated with Alzheimer’s disease. Acta
Neuropathol. 127 (6), 811–824 . 

Kaplan, E. , Goodglass, H. , Weintraub, S. , Brand, S. , 1983. Boston Naming Test. Lea &
Febiger, Philadelphia, PA. . 

Kelley, B.J. , Petersen, R.C. , 2007. Alzheimer’s disease and mild cognitive impairment.

Neurol. Clin. 25 (3), 577–609 v . 
Koedam, E.L. , Lehmann, M. , van der Flier, W.M. , Scheltens, P. , Pijnenburg, Y.A. ,

Fox, N. , Barkhof, F. , Wattjes, M.P. , 2011. Visual assessment of posterior atrophy
development of a MRI rating scale. Eur. Radiol. 21 (12), 2618–2625 . 

Lezak, M.D. , Lezak, M.D. , 2004. Neuropsychological Assessment, fourth ed. Oxford
University Press, Oxford; New York . 

Montine, T.J. , Monsell, S.E. , Beach, T.G. , Bigio, E.H. , Bu, Y. , Cairns, N.J. , Frosch, M. ,

Henriksen, J. , Kofler, J. , Kukull, W.A. , Lee, E.B. , Nelson, P.T. , Schantz, A.M. , Schnei-
der, J.A. , Sonnen, J.A. , Trojanowski, J.Q. , Vinters, H.V. , Zhou, X.H. , Hyman, B.T. ,

2016. Multisite assessment of NIA-AA guidelines for the neuropathologic evalu-
ation of Alzheimer’s disease. Alzheimers Dement. 12 (2), 164–169 . 

Morris, J.C. , 1993. The Clinical Dementia Rating (CDR): current version and scoring
rules. Neurology 43 (11), 2412–2414 . 

Morris, J.C. , Edland, S. , Clark, C. , Galasko, D. , Koss, E. , Mohs, R. , van Belle, G. ,

Fillenbaum, G. , Heyman, A. , 1993. The consortium to establish a registry for
Alzheimer’s disease (CERAD). Part IV. Rates of cognitive change in the lon-

gitudinal assessment of probable Alzheimer’s disease. Neurology 43 (12), 
2457–2465 . 

Morris, J.C. , Weintraub, S. , Chui, H.C. , Cummings, J. , Decarli, C. , Ferris, S. , Foster, N.L. ,
Galasko, D. , Graff-Radford, N. , Peskind, E.R. , Beekly, D. , Ramos, E.M. , Kukull, W.A. ,

2006. The Uniform Data Set (UDS): clinical and cognitive variables and descrip-
tive data from Alzheimer Disease Centers. Alzheimer Dis. Assoc. Disord. 20 (4),

210–216 . 

Nelson, P.T. , Alafuzoff, I. , Bigio, E.H. , Bouras, C. , Braak, H. , Cairns, N.J. , Castel-
lani, R.J. , Crain, B.J. , Davies, P. , Del Tredici, K. , Duyckaerts, C. , Frosch, M.P. ,

Haroutunian, V. , Hof, P.R. , Hulette, C.M. , Hyman, B.T. , Iwatsubo, T. , Jellinger, K.A. ,
Jicha, G.A. , Kovari, E. , Kukull, W.A. , Leverenz, J.B. , Love, S. , Mackenzie, I.R. ,

Mann, D.M. , Masliah, E. , McKee, A.C. , Montine, T.J. , Morris, J.C. , Schneider, J.A. ,
Sonnen, J.A. , Thal, D.R. , Trojanowski, J.Q. , Troncoso, J.C. , Wisniewski, T. , Wolt-

jer, R.L. , Beach, T.G. , 2012. Correlation of Alzheimer disease neuropathologic

changes with cognitive status: a review of the literature. J. Neuropathol. Exp.
Neurol. 71 (5), 362–381 . 
Nelson, P.T. , Dickson, D.W. , Trojanowski, J.Q. , Jack, C.R. , Boyle, P.A. , Arfanakis, K. ,

Rademakers, R. , Alafuzoff, I. , Attems, J. , Brayne, C. , Coyle-Gilchrist, I.T.S. ,

Chui, H.C. , Fardo, D.W. , Flanagan, M.E. , Halliday, G. , Hokkanen, S.R.K. , Hunter, S. ,
Jicha, G.A. , Katsumata, Y. , Kawas, C.H. , Keene, C.D. , Kovacs, G.G. , Kukull, W.A. ,

Levey, A.I. , Makkinejad, N. , Montine, T.J. , Murayama, S. , Murray, M.E. , Nag, S. ,
Rissman, R.A. , Seeley, W.W. , Sperling, R.A. , White Iii, C.L. , Yu, L. , Schneider, J.A. ,

2019. Limbic-predominant age-related TDP-43 encephalopathy (LATE): consen-
sus working group report. Brain 142 (6), 1503–1527 . 

Neltner, J.H. , Abner, E.L. , Schmitt, F.A. , Denison, S.K. , Anderson, S. , Patel, E. , Nel-

son, P.T. , 2012. Digital pathology and image analysis for robust high-throughput
quantitative assessment of Alzheimer disease neuropathologic changes. J. Neu-

ropathol. Exp. Neurol. 71 (12), 1075–1085 . 
Neumann, M. , Sampathu, D.M. , Kwong, L.K. , Truax, A.C. , Micsenyi, M.C. , Chou, T.T. ,

Bruce, J. , Schuck, T. , Grossman, M. , Clark, C.M. , McCluskey, L.F. , Miller, B.L. ,
Masliah, E. , Mackenzie, I.R. , Feldman, H. , Feiden, W. , Kretzschmar, H.A. , Tro-

janowski, J.Q. , Lee, V.M. , 2006. Ubiquitinated TDP-43 in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis. Science 314 (5796), 130–133 . 

O’Bryant, S.E. , Waring, S.C. , Cullum, C.M. , Hall, J. , Lacritz, L. , Massman, P.J. , Lupo, P.J. ,

Reisch, J.S. , Doody, R. , Texas Alzheimer’s Research, C. , 2008. Staging dementia
using Clinical Dementia Rating Scale Sum of Boxes scores: a Texas Alzheimer’s

research consortium study. Arch Neurol. 65 (8), 1091–1095 . 
Quintas-Neves, M. , Teylan, M.A. , Besser, L. , Soares-Fernandes, J. , Mock, C.N. ,

Kukull, W.A. , Crary, J.F. , Oliveira, T.G. , 2019. Magnetic resonance imaging brain
atrophy assessment in primary age-related tauopathy (PART). Acta Neuropathol.

Commun. 7 (1), 204 . 

Reitan, R.M. , 1955. The relation of the trail making test to organic brain damage. J.
Consult. Psychol. 19 (5), 393–394 . 

Savola, S. , Kaivola, K. , Raunio, A. , Kero, M. , Makela, M. , Parn, K. , Palta, P. , Tanska-
nen, M. , Tuimala, J. , Polvikoski, T. , Tienari, P.J. , Paetau, A. , Myllykangas, L. , 2021.

Primary age-related tauopathy in a Finnish population-based study of the oldest
old (Vantaa 85 + ). Neuropathol. Appl. Neurobiol. 48 (3), e12788 . 

Teylan, M. , Besser, L.M. , Crary, J.F. , Mock, C. , Gauthreaux, K. , Thomas, N.M. ,

Chen, Y.C. , Kukull, W.A. , 2019. Clinical diagnoses among individuals with pri-
mary age-related tauopathy versus Alzheimer’s neuropathology. Lab. Invest. 99

(7), 1049–1055 . 
Teylan, M. , Mock, C. , Gauthreaux, K. , Chen, Y.C. , Chan, K.C.G. , Hassenstab, J. ,

Besser, L.M. , Kukull, W.A. , Crary, J.F. , 2020. Cognitive trajectory in mild cogni-
tive impairment due to primary age-related tauopathy. Brain 143 (2), 611–621 . 

Vogel, J.W. , Young, A.L. , Oxtoby, N.P. , Smith, R. , Ossenkoppele, R. , Strandberg, O.T. , La

Joie, R. , Aksman, L.M. , Grothe, M.J. , Iturria-Medina, Y. , Alzheimer’s Disease Neu-
roimaging, I. , Pontecorvo, M.J. , Devous, M.D. , Rabinovici, G.D. , Alexander, D.C. ,

Lyoo, C.H. , Evans, A.C. , Hansson, O. , 2021. Four distinct trajectories of tau depo-
sition identified in Alzheimer’s disease. Nat. Med. 27 (5), 871–881 . 

Walker, L. , McAleese, K.E. , Johnson, M. , Khundakar, A .A . , Erskine, D. , Thomas, A.J. ,
McKeith, I.G. , Attems, J. , 2017. Quantitative neuropathology: an update on auto-

mated methodologies and implications for large scale cohorts. J. Neural Transm.

(Vienna) 124 (6), 671–683 . 
Wang, Y. , Mandelkow, E. , 2016. Tau in physiology and pathology. Nat. Rev. Neurosci.

17 (1), 5–21 . 
Wechsler, D. , 1939. The Measurement of Adult Intelligence. The Williams & Wilkins

Company, Baltimore . 
Weigand, A.J. , Bangen, K.J. , Thomas, K.R. , Delano-Wood, L. , Gilbert, P.E. , Brick-

man, A.M. , Bondi, M.W. , Alzheimer’s Disease Neuroimaging, I. , 2020. Is tau in

the absence of amyloid on the Alzheimer’s continuum?: A study of discordant
PET positivity. Brain Commun. 2 (1) fcz046 . 

Weintraub, S. , Besser, L. , Dodge, H.H. , Teylan, M. , Ferris, S. , Goldstein, F.C. , Gior-
dani, B. , Kramer, J. , Loewenstein, D. , Marson, D. , Mungas, D. , Salmon, D. ,

Welsh-Bohmer, K. , Zhou, X.H. , Shirk, S.D. , Atri, A. , Kukull, W.A. , Phelps, C. , Mor-
ris, J.C. , 2018. Version 3 of the Alzheimer Disease Centers’ neuropsychological

test battery in the Uniform Data Set (UDS). Alzheimer Dis. Assoc. Disord. 32 (1),
10–17 . 

Weintraub, S. , Salmon, D. , Mercaldo, N. , Ferris, S. , Graff-Radford, N.R. , Chui, H. ,

Cummings, J. , DeCarli, C. , Foster, N.L. , Galasko, D. , Peskind, E. , Dietrich, W. ,
Beekly, D.L. , Kukull, W.A. , Morris, J.C. , 2009. The Alzheimer’s Disease Centers’

Uniform Data Set (UDS): the neuropsychologic test battery. Alzheimer Dis. As-
soc. Disord. 23 (2), 91–101 . 

Whitwell, J.L. , Martin, P. , Graff-Radford, J. , Machulda, M.M. , Senjem, M.L. ,
Schwarz, C.G. , Weigand, S.D. , Spychalla, A.J. , Drubach, D.A. , Jack Jr., C.R. ,

Lowe, V.J. , Josephs, K.A. , 2019. The role of age on tau PET uptake and gray

matter atrophy in atypical Alzheimer’s disease. Alzheimers Dement. 15 (5),
675–685 . 

http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0018
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0019
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0019
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0019
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0019
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0019
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0020
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0020
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0020
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0021
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0022
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0023
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0024
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0025
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0026
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0026
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0026
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0026
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0026
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0027
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0027
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0027
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0028
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0029
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0029
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0029
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0030
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0031
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0031
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0032
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0033
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0034
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0035
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0036
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0037
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0038
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0039
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0040
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0040
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0041
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0042
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0043
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0044
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0045
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0046
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0046
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0046
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0047
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0047
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0048
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0049
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0050
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051
http://refhub.elsevier.com/S0197-4580(22)00090-2/sbref0051

	Divergent magnetic resonance imaging atrophy patterns in Alzheimer’s disease and primary age-related tauopathy
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Selection criteria
	2.3 Neuropathology data
	2.4 Brain MRI data
	2.5 Image analysis
	2.6 Neuropsychological assessment
	2.7 Statistical analysis
	2.8 Standard protocol approvals, registrations, and patient consents
	2.9 Data availability

	3 Results
	4 Discussion
	Disclosure statement
	Authors’ contributions
	Acknowledgements
	Supplementary materials
	References


