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IMPORTANCE Apolipoprotein E ε4 (APOEε4) is the single most important genetic risk factor

for Alzheimer disease. While APOEε4 is associated with increased amyloid-β burden, its

association with cerebral tau pathology has been controversial.

OBJECTIVE To determine whether APOEε4 is associated with medial temporal tau pathology

independently of amyloid-β, sex, clinical status, and age.

DESIGN, SETTING, AND PARTICIPANTS This is a study of 2 cross-sectional cohorts of volunteers

who were cognitively normal, hadmild cognitive impairment (MCI), or had Alzheimer disease

dementia: the Translational Biomarkers in Aging and Dementia (TRIAD) study (data collected

between October 2017 and July 2019) and the Alzheimer’s Disease Neuroimaging Initiative

(ADNI) (collected between November 2015 and June 2019). The first cohort (TRIAD)

comprised cognitively normal elderly participants (n = 124), participants with MCI (n = 50),

and participants with Alzheimer disease (n = 50) who underwent tau positron emission

tomography (PET) with fluorine 18–labeledMK6240 and amyloid-β PET with [18F]AZD4694.

The second sample (ADNI) was composed of cognitively normal elderly participants (n = 157),

participants with MCI (n = 83), and participants with Alzheimer disease (n = 25) who

underwent tau PET with [18F]flortaucipir and amyloid-β PET with [18F]florbetapir. Exclusion

criteria were a history of other neurological disorders, stroke, or head trauma. There were

489 eligible participants, selected based on availability of amyloid-PET, tau-PET, magnetic

resonance imaging, and genotyping for APOEε4. Forty-five young adults (<30 years) from the

TRIAD cohort were not selected for this study.

MAIN OUTCOMES ANDMEASURES Amain association between APOEε4 and tau-PET

standardized uptake value ratio, correcting for age, sex, clinical status, and neocortical

amyloid-PET standardized uptake value ratio.

RESULTS Themean (SD) age of the 489 participants was 70.5 (7.1) years; 171 were APOEε4

carriers (34.9%), and 230 of 489weremen. In both cohorts, APOEε4was associated in

increased tau-PET uptake in the entorhinal cortex and hippocampus independently of

amyloid-β, sex, age, and clinical status after multiple comparisons correction (TRIAD:

β = 0.33; 95% CI, 0.19-0.49; ADNI: β = 0.13; 95% CI, 0.08-0.19; P < .001).

CONCLUSIONS AND RELEVANCE Our results indicate that the elevated risk of developing

dementia conferred by APOEε4 genotype involves mechanisms associated with both

amyloid-β and tau aggregation. These results contribute to an evolving framework in which

APOEε4 has deleterious consequences in Alzheimer disease beyond its link with amyloid-β

and suggest APOEε4 as a potential target for future disease-modifying therapeutic trials

targeting tau pathology.
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O
f genetic risk factors for sporadic Alzheimer disease,1

the apolipoprotein E ε4 (APOEε4) allele is the most

well established. The presence of 1 ε4 allele is linked

with earlier development of Alzheimer disease,2 and homo-

zygosity forAPOEε4 is associatedwithonset ofAlzheimerdis-

ease 10 years earlier compared with non-ε4 carriers.3 The

APOEε4 allele is associated with increased production of

amyloid-β4 as well as with diminished clearance of cerebral

amyloid-β compared with ε3 and ε2 alleles.5,6 Consequently,

individuals with the APOEε4 genotype demonstrate in-

creased cerebral amyloid-β deposition as measured by amy-

loid positron emission tomography (PET),7 with amyloid-β

positivity beginning earlier in life in APOEε4 carriers than

noncarriers.8

However, the APOEε4 allele has been implicated in nu-

merousother processes independent of amyloid-β inpreclini-

cal models of Alzheimer disease,9,10 including neuroinflam-

mationandneurodegeneration. Inhumans, theAPOEε4 allele

is linked with medial temporal hypometabolism in cogni-

tively normal elderly individuals11 and individuals with Alz-

heimer disease12 independently of amyloid-β burden, al-

thoughthemechanismsunderlying theprocessarenotknown.

Becauseof the spatiotemporal associationbetween tauaggre-

gation andneurodegeneration,13-15 aggregation of tau pathol-

ogy presents a potential pathway for the specific patterns of

neurodegeneration observed in APOEε4 carriers.

The goal of this study is therefore to determine whether

APOEε4 is associated with cerebral tau pathology, indepen-

dently of age, sex, clinical status, and amyloid-β deposition.

Building on previous reports of specific patterns of neurode-

generation in APOEε4 carriers,11,12,16 we hypothesize that

APOEε4 is associated with tau pathology in medial temporal

structures.

Methods

Participants

Translational Biomarkers in Aging and Dementia

TheTranslational Biomarkers inAging andDementia (TRIAD)

cohort aims at describing biomarker trajectories and interac-

tions as drivers of dementia. The TRIAD study was launched

in 2017 as part of the McGill Centre for Studies in Aging. We

assessed cognitively normal participants (n = 124), partici-

pantswithmild cognitive impairment (MCI) (n = 50), andpar-

ticipants with Alzheimer disease dementia (n = 50) who un-

derwent amyloid-β PET with fluorine 18–labeled [18F]

AZD4694, tauPETwith[18F]MK6240,structuralmagnetic reso-

nance imaging, and genotyping for APOEε4. All participants

haddetailed clinical assessments includingMini-Mental State

Examination, Clinical Dementia Rating (CDR), and cerebro-

vascular disease riskwith theHachinski Ischemic scale.17Cog-

nitively normal control individuals had a CDR of 0, partici-

pants with MCI had a CDR of 0.5, and participants with

Alzheimer disease had a CDR between 1 and 2, in addition to

meeting standard diagnostic criteria.18 Similar to other longi-

tudinal cohort studies of aging and Alzheimer disease,19 the

TRIAD cohort is enriched for APOEε4 carriers. Inclusion cri-

teria for all participants are the ability to speak English or

French, good general health (no diseases expected to inter-

fere with study participation over time), absence of claustro-

phobia, and adequate visual and auditory capacities to fol-

low neuropsychologic evaluation. This study’s protocol was

approvedbyMcGillUniversity’s institutional reviewboard,and

informed written consent was obtained from each partici-

pants. There was no attempt to match cases between co-

horts.

Alzheimer’s Disease Neuroimaging Initiative

In this study, we assessed cognitively normal individuals

(n = 157), individuals with amnestic mild cognitive impair-

ment (n = 83), and individualswithAlzheimerdisease (n = 25)

from theAlzheimer’s DiseaseNeuroimaging Initiative (ADNI)

cohort who underwent amyloid-β PET with [18F]florbetapir,

tau PET with [18F]flortaucipir, structural MRI, and genotyp-

ing forAPOEε4. Cognitively normal control individuals had a

CDRof 0, participantswithMCI had a CDRof 0.5, and partici-

pants with Alzheimer disease had a CDR of 1 or greater in ad-

dition to meeting standard diagnostic criteria.18 The Alzhei-

mer’s Disease Neuroimaging Initiative (ADNI) study was

approved by the institutional review boards of all of the par-

ticipating institutions. Informed written consent was ob-

tained from all participants at each site. Full information re-

garding the ADNI inclusion and exclusion criteria can be

accessed at http://adni.loni.usc.edu/.

Genetic Analyses

TRIAD

DeterminationofAPOEgenotypes forpatients recruitedatMc-

Gill was performed using the polymerase chain reaction am-

plification technique, followed by restriction enzyme diges-

tion, standard gel resolution andvisualizationprocesses. Full

details of this procedure can be found elsewhere.20

ADNI

DeterminationofAPOEgenotypes forADNIpatients tookplace

at the University of Pennsylvania Alzheimer Disease Bio-

marker Laboratory. Completedetails of geneticmethodsused

in ADNI can be accessed at http://adni.loni.usc.edu/data-

samples/clinical-data/.

Key Points

Question Is the apolipoprotein E ε4 (APOEε4) genotype

associated with tau pathology independently of amyloid-β?

Findings In this study of 2 cross-sectional cohorts (total n = 489),

individuals who were APOEε4 carriers had significantly higher

entorhinal and hippocampal tau positron emission tomography

signal than APOEε4 noncarriers, controlling for cortical amyloid-β

burden, age, sex, and clinical status.

Meaning Carriership of APOEε4 is associated with tau pathology

in medial temporal structures independently of amyloid-β,

extending previous reports of greater medial temporal

neurodegeneration andmemory impairment in APOEε4 carriers.
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Positron Emission Tomography Image Acquisition

and Processing

TRIAD

All participantshadaT1-weightedMRI thatwasused for coreg-

istration. Full details of MRI acquisition and processing is de-

scribedintheeMethods1 intheSupplement.ThePETscanswere

acquiredwithaSiemensHighResolutionResearchTomograph.

The[18F]MK6240imageswereacquired90to110minutespostin-

jection,andscanswerereconstructedwiththeorderedsubsetex-

pectationmaximization algorithmon a 4-dimensional volume

with4frames(4 × 300seconds).21The[18F]AZD4694imageswere

acquired40to70minutesfollowinginjection,andscanswerere-

constructedwith theorderedsubsetexpectationmaximization

algorithm on a 4-dimensional volume with 3 frames (3 × 600

seconds).22 Immediately following each PET acquisition, a

6-minutetransmissionscanwasconductedwitharotatingcesium

137pointsource forattenuationcorrection.Additionally, the im-

agesunderwentcorrectionfordeadtime,decay,andrandomand

scatteredcoincidences.T1-weightedimageswerenonuniformity

and field-distortion corrected andprocessedusing an in-house

pipeline.Then,PETimageswereautomatically registeredto the

T1-weighted imagespace, andtheT1-weighted imageswere lin-

earlyandnonlinearlyregisteredtotheADNItemplatespace.Sub-

sequently,aPETnonlinear registrationwasperformedusingthe

linear andnonlinear transformations fromtheT1-weighted im-

age to the ADNI space and the PET to T1-weighted image regis-

trationusingadvancednormalizationtools.ThePETimageswere

spatiallysmoothedtoachieveafinalresolutionof8mmfullwidth

athalfmaximum.ThePET imagepartialvolumecorrectionwas

carriedoutusingthePETPVCtoolbox.23Briefly, theregion-based

voxelwisecorrectiontechniquewasusedtoperformpartialvol-

umecorrectionusing10tissuepriorswithagaussiankernelwith

afullwidthathalfmaximumof2.4mm.The[18F]MK6240stan-

dardizeduptakevalue ratio (SUVR)mapswere generatedusing

the inferior cerebellar gray matter as a reference region, and

[18F]AZD4694 SUVRmapswere generated using the cerebellar

graymatter as a reference region. A global [18F]AZD4694 SUVR

valuewasestimated foreachparticipantbyaveraging theSUVR

from the precuneus, prefrontal, orbitofrontal, parietal, tempo-

ral, anterior, and posterior cingulate cortices.24

ADNI

Full information regarding acquisition and preprocessing of

PETdata inADNI is provided at http://adni.loni.usc.edu/data-

samples/pet/. Preprocessed PET images downloaded from

ADNIunderwent spatial normalization to theADNI standard-

ized space using the transformations of PETnative toMRI na-

tive space and MRI native to the ADNI space. Partial volume

correction was carried out using the PETPVC toolbox23 de-

scribed previously in an effort to diminish off-target binding

tothechoroidplexus. [18F]flortaucipir (alsoknownas[18F]T807

and/or [18F]AV1451) SUVRmaps were generated using the in-

feriorcerebellargraymatterasareferenceregion,25and[18F]flo-

rbetapir SUVRmapswere generated using the cerebellar gray

matter as a reference region. A global [18F]florbetapir SUVR

valuewasestimatedforeachparticipantbyaveraging theSUVR

from the precuneus, prefrontal, orbitofrontal, parietal, tem-

poral, anterior, and posterior cingulate cortices.24

Statistical Analyses

Two independent sampleswere investigated: (1) theTRIADco-

hort assessedwith [18F]MK6240and [18F]AZD4694and (2) an

ADNI cohort assessedwith [18F]flortaucipir and [18F]florbeta-

pir. The primary outcome measure of the study was tau pa-

thologyasmeasuredbyvoxelwise [18F]MK6240SUVR(TRIAD)

and [18F]flortaucipir SUVR (ADNI). In each cohort, we tested

whether APOEε4 is associated with tau pathology indepen-

dently of amyloid-β, sex, or age using voxelwisemultivariate

linear regression models.

Baselinedemographicandclinicaldatawereassessedusing

t testsandχ2 tests.Neuroimaginganalyseswerecarriedoutusing

the VoxelStats toolbox (https://github.com/sulantha2006/

VoxelStats), aMATLAB-basedanalytical framework thatallows

for the execution of multimodal voxelwise neuroimaging

analyses.26Allneuroimaginganalysesdescribed insubsequent

paragraphswere repeatedusingpartial volume–correcteddata.

Other statistical analyseswereperformedusing theRStatistical

Software Package, version 3.5.3 (the R Foundation). Given the

large number of covariates in the statistical models, model

diagnostics were carried out using the car package in R to

determine the presence ofmulticollinearity.We computed the

variance inflation factor, ameasurementofhowmuchvariance

in regressioncoefficientsare inflatedowing tomulticollinearity

in the statistical models.27

In theTRIADcohort, thevoxel-basedmodel outlinedhere

was built to test whether main effects between APOEε4 car-

riership are associated with [18F]MK6240 uptake indepen-

dentlyof [18F]AZD4694uptake.Toensure that the resultswere

not driven by an effect of clinical status (ie higher frequency

ofAPOEε4 carriers in theMCI andAlzheimer disease groups),

we adjusted the model for clinical diagnosis. The model was

also adjusted for age.BecauseAPOEε4 is associatedwith amy-

loid-PETuptake, amyloid-βwas included as a covariate in ev-

ery analysis. Sexwas included as a covariate owing to sex dif-

ferences in entorhinal tau aggregation28 and stronger

associations between APOEε4 and tau in women.29 Statisti-

cal parametric maps were corrected for multiple compari-

sons using random field theory,30 with a cluster threshold of

P < .001. The analysis was repeated using partial volume–

correcteddata. Ineverybrainvoxel, themodelwasof the form:

[18F]MK6240 SUVR = βo+ β1([
18F]AZD4694 SUVR) +

β2(APOEε4) + β3(Clinical Status)+ β4(Age) + β5(Sex)+ ε

Next, we tested the samehypothesis in theADNI database, ex-

aminingwhetherAPOEε4carriership isassociatedwith[18F]flo-

rtaucipir uptake independently of [18F]florbetapir uptake. This

modelwasalsoadjustedforamyloid-β, sex,age,andclinical sta-

tus.Statisticalparametricmapswerecorrectedformultiplecom-

parisons using random field theory,30 with a cluster threshold

of P < .001. The analysis was repeated using partial volume–

correcteddata. Ineverybrainvoxel, themodelwasof the form:

[18F]Flortaucipir SUVR = β0 + β1([
18F]Florbetapir SUVR) +

β2(APOEε4) + β3(Clinical Status)+ β4(Age) + β5(Sex)+ ε

TobetterunderstandtheassociationbetweenAPOEε4andme-

dial temporal tau aggregation,we conducted subgroup analy-

ses, stratifying individuals according to the presence of cog-
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nitive impairment (ie, in cognitively unimpaired individuals

and cognitively impaired individuals). The cognitively im-

paired groups consisted of the individuals with MCI and AD

pooled together. These models were adjusted for amyloid-β,

sex, andage.Theanalyseswere repeatedusingpartial volume–

corrected data.

Toderive an estimate of the association betweenAPOEε4

and medial temporal tau-PET SUVR across both cohorts, we

used the Metafor package in R. We fit a meta-analytic fixed-

effects model using β weights and standard errors for the es-

timates from each population, analyzed using the rma func-

tion. The sameprocesswas repeated for gene-dose andvoxel-

based morphometry analyses described subsequently.

ThePvalue levelof significancewas .001, andall testswere

2-sided. Exploratory gene-dose analyses, APOEε4–voxel-

basedmorphometryanalyses,APOEε4 × age interactionanaly-

ses,APOEε4 × amyloid-PET interactionanalyses, andAPOEε4

unadjusted for amyloid-PET analyses are described in

eMethods 2 in the Supplement.

Results

Demographic and clinical information for both samples ex-

amined in this study is summarized in Table 1. Demographic

comparisons between cohorts are reported in eTable 1 in the

Supplement. Variance inflation factors (VIFs) for all variables

werebetween1and2, indicating thatproblematic levelsofmul-

ticollinearity are not present in our analyses.27

We tested the hypothesis that APOEε4 is associated with

greater [18F]MK6240 uptake independently of global

[18F]AZD4694 uptake. Voxelwise analyses revealed that

APOEε4 carriership was associated with increased

[18F]MK6240SUVR in the bilateral entorhinal cortex andhip-

pocampus (random field theory corrected at P < .001; signifi-

cant clusters: P <.001; t = 4.42; β = 0.33; 95% CI, 0.19-0.49)

(Figure 1A). These results are independent of amyloid-β, clini-

cal diagnosis, age, and sex. Results remained similar when

usingpartial volume–correcteddata (eFigure 1A in theSupple-

ment; full model statistics of PVC data presented in Table 2).

No statistically significant associations were observed be-

yond the medial temporal lobes.

We also tested the hypothesis that APOEε4 is associated

with greater [18F]flortaucipir uptake independently of global

[18F]florbetapir uptake. Voxelwise analyses revealed that

APOEε4 carriership was associated with increased [18F]flor-

taucipir SUVR in the bilateral entorhinal cortex (random field

theory corrected at P < .001; significant clusters: t = 4.527;

β = 0.13;95%CI,0.08-0.19) (Figure 1B).Results remainedsimi-

larwhenusingpartial volume–correcteddata (eFigure 1B in the

Supplement; full model statistics of PVC data presented in

Table 2). These results are independent of amyloid-β, clinical

diagnosis, age, and sex. No statistically significant associa-

tions were observed beyond the medial temporal lobes.

Scatterplots of the association between neocortical amy-

loid-PET SUVR andmedial temporal tau-PET SUVR stratified

by APOEε4 status are displayed in Figure 2. Density plots are

also provided to visualize distribution of the data.

Fullmodel statistics are presented in Table 2.While t val-

ues for the APOEε4 medial temporal tau–PET SUVR associa-

tions were similar across studies, the regression β estimates

for theTRIADcohortwerehigher (TRIAD:P < .001; t = 4.464;

β = 0.33; 95% CI, 0.19-0.49; ADNI: P < .001, t = 4.52; β= 0.13;

95%CI,0.08-0.19).While theassociationbetweenAPOEε4and

medial temporal tau–PET SUVR was significant in both co-

horts, β estimates forAPOEε4–medial temporal tau-PETSUVR

associationswere smaller than thoseof amyloid-PET inTRIAD

(P < .001, t = 14.49; β = 0.93; 95%CI,0.81-1.05) or a clinical di-

agnosis of Alzheimer disease in ADNI (P < .001, t = 10.27;

β = 0.49; 95% CI, 0.4-0.59).

Table 1. Demographic and Key Characteristics of the Samples

Cohort CU MCI P Valuea AD P Valuea

TRIAD cohort

No. 124 50 NA 50 NA

Age, mean (SD), y 70.41 (6.5) 70.88 (7.7) .007 66.69 (9.93) .005

Male, No. (%) 53 (43) 25 (50) .69 20 (40) .61

Education, mean (SD), y 15.52 (3.86) 14.26 (3.79) .06 14.2 (3.75) .04

APOE ε4 carriers, No. (%), % 38 (31) 18 (36) .49 26 (52) .008

MMSE, mean (SD) 29.05 (1.25) 27.13 (2.39) <.001 19.1 (7.31) <.001

CDR SoB, mean (SD) 0.18 (0.45) 1.47 (1.23) <.001 6.48 (4.08) <.001

[18F]AZD4694 SUVR, mean (SD) 1.48 (0.42) 1.86 (0.54) <.001 2.42 (0.63) <.001

ADNI cohort

No. 157 83 NA 25 NA

Age, mean (SD), y 70.98 (5.91) 70.57 (7.09) .63 74.11 (7.65) .02

Male, No. (%) 71 (45) 49 (59) .04 12 (48) .66

Education, mean (SD), y 16.65 (2.5) 15.84 (2.85) .02 16.26 (2.51) .47

APOE ε4 carriers, No. (%) 49 (31) 27 (32.5) .83 13 (52) .04

MMSE, mean (SD) 28.97 (1.33) 28.05 (2.15) <.001 19.67 (5.28) <.001

CDR SoB, mean (SD) 0.009 (0.51) 1.46 (0.93) <.001 7.18 (2.67) <.001

[18F]Florbetapir SUVR, mean (SD) 1.2 (0.22) 1.26 (0.29) .07 1.47 (0.22) <.001

Abbreviations: AD, Alzheimer disease

dementia; ADNI, Alzheimer’s Disease

Neuroimaging Initiative; CDR SoB,

Clinical Dementia Rating sum of

boxes; CU, cognitively unimpaired;
18F, fluorine 18 labeled; MCI, mild

cognitive impairment; MMSE,

Mini-Mental State Examination;

SUVR, standardized uptake value

ratio; TRIAD, Translational

Biomarkers in Aging and Dementia.

a P values reported are for

comparisons with cognitively

unimpaired participants. P values

indicate values assessed with

independent-samples t tests for

each variable except sex and APOE

ε4 status, where contingency χ2

tests were performed.
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Tobetterunderstand theassociationbetweenAPOEε4and

medial temporal tau aggregation, we conducted subgroup

analyses by stratifying individuals according to cognitive im-

pairment.When stratifying analyses by cognitive status in the

TRIAD cohort, we observed thatAPOEε4was associatedwith

medial temporal [18F]MK6240 SUVR independently of

[18F]AZD4694 SUVR in cognitively normal elderly individu-

als (n = 124) and in cognitively impaired individuals (n = 100)

(Figure 3). When conducting subgroup analyses in the ADNI

cohort, we found that APOEε4was associated with [18F]flor-

taucipir SUVR in the left entorhinal cortex in cognitively un-

impaired elderly individuals (n = 157). The APOEε4 carrier-

ship was also associated with [18F]flortaucipir SUVR

independently of [18F]florbetapir SUVR in the bilateral ento-

rhinal cortices in cognitively impaired individuals (n = 108).

Full model statistics are presented in eTable 2 in the Supple-

ment. Fullmodel statistics for all exploratory analyses are re-

ported in eTables 3-7 in the Supplement. Gene-dose associa-

tions are reported in eFigure 2 in the Supplement and

associationsunadjusted for amyloid-PETare reported in eFig-

ure3 in the Supplement.

Meta-analytic Estimates

When fitting a fixed-effect rmamodel to the coefficients and

standarderrors fromthemodels inbothcohorts,we foundthat

themain association ofAPOEε4 onmedial temporal tau–PET

SUVR was significant (P < .001, meta-analytic β = 0.22; 95%

CI, 0.15-0.29).

Figure 1. Association ofMedial Temporal Tau Positron Emission TomographyWith Apolipoprotein E ε4 (APOEε4) Independent of Amyloid-β

t Value

2 5

TRIADA ADNIB

T-statistical parametric maps were corrected for multiple comparisons using a

random field theory cluster threshold of P < .001, overlaid on the Alzheimer's

Disease Neuroimaging Initiative reference template. Age, sex, clinical diagnosis,

and amyloid-β standardized uptake value ratio were used as covariates the

model. A, Voxelwise analyses revealed that APOEε4 carriership was associated

with increased fluorine 18–labeled [18F] MK6240 in the bilateral entorhinal

cortex and hippocampus. B, Voxelwise analyses revealed that APOEε4

carriership was associated with increased [18F]flortaucipir in the bilateral

entorhinal cortex.

Table 2. Regression Coefficients of APOE4 onMedial Temporal Tau-PET

Variable

Medial Temporal Tau-PET Medial Temporal Tau-PET (PVC)

β (95% CI) t Value P Value β (95% CI) t Value P Value

TRIAD cohorta

APOE4 0.33 (0.19 to 0.49) 4.42 <.001 0.26 (0.14 to 0.37) 4.25 <.001

Neocortical [18F]AZD4694 SUVR 0.93 (0.81 to 1.05) 14.49 <.001 0.76 (0.65 to 0.87) 9.1 <.001

Male −0.17 (−0.31 to −0.04) −2.52 .01 −0.18 (−0.29 to 0.06) −3.01 .003

Age −0.008 (−0.02 to −0.0007) −2.18 .02 −0.008 (−0.01 to 0.0004) −2.12 .03

Clinical status

MCI 0.2 (0.02 to 0.38) 2.28 .02 0.18 (0.03 to 0.34) 2.41 .01

AD 0.64 (0.44 to 0.85) 6.2 <.001 0.53 (0.36 to 0.71) 6.07 <.001

ADNI cohortb

APOE4 0.13 (0.08 to 0.19) 4.53 <.001 0.12 (0.06 to 0.19) 3.95 <.001

Neocortical [18F]florbetapir 0.23 (0.11 to 0.34) 4.1 <.001 0.26 (0.13 to 0.38) 4.05 <.001

Male −0.02 (−0.004 to 0.004) 0.57 .57 −0.03 (0.02 to −0.09) −1.11 .27

Age −0.006 (−0.03 to 0.004) 0.28 .77 −0.001 (−0.006 to 0.003) −0.73 .46

MCI 0.13 (0.07 to 0.19) 4.51 <.001 0.15 (0.09 to 0.22) 4.65 <.001

AD 0.49 (0.4 to 0.59) 10.27 <.001 0.45 (0.34 to 0.56) 8.29 <.001

Abbreviations: AD, Alzheimer disease dementia; ADNI, Alzheimer’s Disease

Neuroimaging Initiative; APOE4, apolipoprotein E ε4; 18F, fluorine 18 labeled;

MCI, mild cognitive impairment; PET, positron emission tomography; PVC,

partial volume corrected data; SUVR, standardized uptake value ratio; TRIAD,

Translational Biomarkers in Aging and Dementia.

a Adjusted R2: 0.61, F = 58.61 (non-PVC); adjusted R2: 0.6, F = 56.39 (PVC).

bAdjusted R2: 0.42, F = 0.33 (non-PVC), adjusted R2: 0.35, F = 25.19 (PVC).
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Discussion

This studyprovides evidence from2 independent cohorts that

APOEε4 is associatedwith increased tau pathology in the en-

torhinal cortex andhippocampus independently of age, clini-

cal status, sex, and amyloid-β. Our study is in agreementwith

a growingbodyof researchdemonstrating greater vulnerabil-

ity of the medial temporal lobes to hypometabolism11,12 and

atrophy31-33 inAPOEε4 carriers comparedwithnoncarriers, in-

dependently of amyloid-β. Because of the topographical con-

cordancebetweentaupathologyandneurodegeneration,13,14,34

our results suggest greater tau pathologymay be responsible

for the medial temporal neurodegeneration observed in

APOEε4 carriers.

Our findingsofgreatermedial temporal tauopathyarecon-

sistentwith specific neuropsychologic profiles ofAPOEε4 car-

riers vs noncarriers. Patients with Alzheimer disease demen-

tia who areAPOEε4 carriers performworse onmemory tasks

than noncarriers at the same disease stage.35,36 Correspond-

ingly,memory tends to be relatively preserved in ε4-negative

patients, while deficits in executive function and processing

speedaremoresevere.37,38PatientswithAlzheimerdiseasede-

mentiawhodonot carryanε4allele arealsomore likely topre-

sent with nonamnestic phenotypes.39 Taken together, these

studies support a framework inwhichmedial temporal struc-

tures are specifically vulnerable to the deleterious effects of

APOEε4.

Anoutstandingquestion iswhyAPOEε4’s associationwith

taupathology is restricted to themedial temporal lobe.While

pyramidal neurons of the entorhinal cortex, subiculum, and

CA1 region of the hippocampus are vulnerable to early tau ac-

cumulation in Alzheimer disease,40-42 limited data exist as to

howAPOEε4may preferentially (or selectively) affect tau ag-

gregation in these structures.10 Data from the Allen Brain At-

las suggest that messenger RNA expression of APOE is high-

Figure 2. Associations BetweenMedial Temporal Tau Positron Emission Tomography (PET) and Neocortical Amyloid PET Stratified by Apolipoprotein
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A, Clusters that remained significant after multiple comparisons correction with

random field theory at P < .001 were used to extract tau-PET standardized

uptake value ratio (SUVR) values in the TRIAD cohort (left) and ADNI cohort

(right). B, Scatterplots displaying associations betweenmedial temporal tau

PET and neocortical amyloid PET stratified by APOEε4 genotype in TRIAD (left)

and ADNI (right). Density plots are provided along the x and y axes to visualize

the distribution of the data for neocortical amyloid PET andmedial temporal tau

PET SUVR, respectively. In the TRIAD cohort, APOEε4 carriership was

associated with medial temporal fluorine 18–labeled [18F] MK6240 SUVR

(t = 4.42; β = 0.33; 95% CI, 0.19-0.49). In the ADNI cohort, APOEε4 carriership

was significantly associated with medial temporal [18F]flortaucipir SUVR

(t = 4.527; β = 0.13; 95% CI, 0.08-0.19).
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est in the medial temporal lobes.43 Apolipoprotein E

immunoreactivity is observed inneurons bearingneurofibril-

lary tangles.44 Furthermore, greater expression of neuronal

APOE isassociatedwith increasedtauphosphorylation intrans-

genicanimalmodels45-47andhumanstemcellmodels.48Trun-

cated APOEε4 fragments are also associated with greater tau

hyperphosphorylation and neuronal cytoskeletal

disruption.49,50

Our studybuilds on studies of tau-PETdistribution across

the Alzheimer disease spectrum15 by identifying a unique re-

gional contribution of APOEε4 to tau pathology. Further-

more,neuropathologic14and tau-PET51 studies thathave iden-

tifiedmedial temporal tauopathy in the absence of amyloid-β

suggest that medial temporal tauopathy may be a conse-

quenceof aging. Correspondingly, later age at onset ofAlzhei-

mer disease dementia is linked to limbic-predominant or

memory-predominant clinical presentations.52 Even in cog-

nitivelynormal individuals, increased taupathology in theme-

dial temporal lobe is associated with declines in subjective53

andobjectivememory functionaswell asmedial temporalgray

matter volume.54 Our study extends these findings by iden-

tifying APOEε4 as a contributor to medial temporal tauopa-

thy, independent of age and amyloid-β.

While the results of our study implicate APOEε4 in the

pathogenesis of both pathological hallmarks of Alzheimer

disease,55 APOEε4 is not sufficient for a diagnosis of Alzhei-

mer disease nor to cause dementia. Instead, our study sup-

ports a framework inwhich isocortical/medial temporal (Braak

stage 1-2) taupathologymaybe a consequenceof specific vul-

nerability factors (suchas aging51,56or genotype9),while amy-

loid-β facilitates the spread of tau pathology from themedial

temporal lobe to neocortical regions,57,58 associated with

greater cognitive decline. In fact, significant tau pathology in

neocortical regions is seldomobserved independentlyof amy-

loid-β pathology,59 although exceptions do exist.60 Because

acceptedAlzheimerdiseasemodels suggest that amyloid-βac-

cumulation occurs years before tau accumulation measured

with cerebrospinal fluid,61,62 longitudinal imaging studies are

needed to clarifyAPOEε4’s associationwithmedial temporal

tau pathology across disease stages.

Strengths and Limitations

Somemethodologic limitations shouldbeconsideredwhen in-

terpreting this study. The first is that this study is not de-

signed to discover a biologicalmechanismunderlying the as-

sociation between APOEε4 and tau independently of

amyloid-β. It is important to mention that both TRIAD and

ADNI cohorts are convenience samples of individuals moti-

vatedtoparticipate inastudyaboutAlzheimerdiseaseandthus

involve recruitment and sampling biases. Future work is

needed todeterminewhether the effects ofAPOEε4on tau re-

sult in increasedphosphorylation, conformational changes, or

increased cortical spreading. Future studies should also in-

vestigate possible associations between APOEε4 and amy-

loid-β in relation to tau pathology.Methodologic strengths of

this study include large sample sizes as well as a replication

in an independent cohort. In particular, replication of results

obtained with first-generation and second-generation tau-

PET ligands is an important methodological advance.

Figure 3. Association BetweenMedial Temporal Tau Positron Emission Tomography (PET) and Apolipoprotein E ε4 (APOEε4)

Stratified by Cognitive Status
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A, In cognitively unimpaired participants (n = 124), APOEε4 carriership was

associated with fluorine 18–labeled [18F] MK6240 standardized uptake value

ratio (SUVR) in the bilateral entorhinal cortex and hippocampus. In cognitively

impaired participants (n = 100), APOEε4 carriership was associated with

increased [18F]MK6240 in the bilateral hippocampus. B, In cognitively

unimpaired patients (n = 157), APOEε4 carriership was associated with

[18F]flortaucipir SUVR in the left entorhinal cortex. In cognitively impaired

patients (n = 109), APOEε4 carriership was associated with increased

[18F]flortaucipir in the bilateral entorhinal cortices and hippocampus. Age, sex,

and amyloid-β SUVRwere used as covariates in eachmodel. Results remained

similar when using partial volume–corrected PET data. CU indicates cognitively

unimpaired; CI, cognitively impaired.
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Conclusions

In summary, we found that APOEε4 is assoc iated

with increased tau pathology in medial temporal structures

independent of amyloid-β, sex, age, and cl inical

status. These results, in combination with preclinical

data,9,48 suggest that APOEε4 may be an important

therapeutic target for future disease-modifying clinical

trials.
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