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Abstract

Randomized trials of α-tocopherol supplements on cognitive decline are negative whereas studies 

of dietary tocopherols show benefit. We investigated these inconsistencies by analyzing the 

relations of α- and γ-tocopherol brain concentrations to Alzheimer disease (AD) neuropathology 

among 115 deceased participants of the prospective Rush Memory and Aging Project. 

Associations of amyloid load and neurofibrillary tangle severity with brain tocopherol 

concentrations were examined in separate adjusted linear regression models. γ-tocopherol 

concentrations were associated with lower amyloid load (β= −2.10; p=.002) and lower 

neurofibrillary tangle severity (β= −1.16; p=0.02). Concentrations of α-tocopherol were not 

associated with AD neuropathology except as modified by γ-tocopherol: high α-tocopherol was 

associated with higher amyloid load when γ-tocopherol levels were low and with lower amyloid 

levels when γ-tocopherol levels were high (P for interaction=0.03). Brain concentrations of γ- and 

α-tocopherols may be associated with AD neuropathology in interrelated, complex ways. 

Randomized trials should consider the contribution of γ-tocopherol.
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Key symbols

α-tocopherol = alpha tocopherol; γ-tocopherol=gamma tocopherol; δ-tocopherol=delta tocopherol; 
β= beta coefficient; r=Pearson’s r coefficient

BACKGROUND

There is an expansive literature on animal studies that demonstrate the importance of α-

tocopherol to the healthy functioning of the brain, including protection against lipid 

peroxidation,1;2 neuron loss,3;4 β-amyloid deposition,2;5 DNA damage,6–9 mitochondrial 

dysfunction,10;11 and decline in memory and learning.1;12 This literature is supported by 

prospective epidemiological studies linking dietary intake of vitamin E or combined 

tocopherols to slower rate of age-related cognitive decline13–15 and lower risk of 

Alzheimer’s disease.15–19 It is actually γ-tocopherol that constitutes much of the vitamin E 

content in the US food supply.20 The vast majority of studies do not show cognitive benefit 

from supplements of α-tocopherol.21–27 Recent completion of several randomized 

controlled trials,22;23;28 all with negative results for a beneficial effect of high-dose α-

tocopherol on cognitive decline, cast doubt in the scientific community on the potential 

beneficial effects of vitamin E. However, there are several points of issue with the design of 

the randomized trials that may have resulted in the negative findings.29 Among these are the 

trials’ focus on high-dose α-tocopherol for treatment therapy as opposed to other tocopherol 

forms and the lack of concern for baseline vitamin E status of the trial participants. At least 

one trial demonstrated a beneficial effect of α-tocopherol supplementation in the trial 

participants who had low dietary intakes (<6.1 mg/d).28

In this study, we examined the relations of the predominant tocopherols, α and γ, to 

measures of AD neuropathology in a community study of residents who were initially free 

of AD at enrollment. The results of the study help to shed light on the role of different levels 

and forms of tocopherols in human brain and in disease occurrence.

METHODS

Study Sample

The Rush Memory and Aging Project (MAP) is an ongoing clinical-neuropathological 

cohort study of persons living in Chicago continuous care retirement communities and 

subsidized housing that began in 1997.30 Volunteers are dementia free at enrollment and all 

agreed to annual clinical neurological evaluations and to brain autopsy at their death. 

Clinical diagnosis of AD is made by an expert neurologist blinded to neuropathologic 

findings and according to accepted criteria31 after review of annual clinical evaluations and 

neuropsychological performance testing as previously described.30 The average time 

interval between the last clinical evaluation and death was 10 months.

The ongoing tocopherol component to the MAP study began in 2004 and includes the 

assessment of dietary and brain tissue levels of tocopherols. Of the 1,555 individuals who 

have participated in MAP, 1,360 were alive and still actively participating (80 were 

deceased and 115 withdrew) and thus eligible to participate in the tocopherol study. Of 
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these, 1,089 (80%) agreed to be in the tocopherol study. Since 2004, 278 of those enrolled in 

the tocopherol study have died, 232 autopsies have been performed (83%), and 115 have 

been analyzed for both brain tocopherols and neuropathology. This study reports on the first 

consecutive brain cases analyzed as part of the ongoing study. The study was approved by 

the Institutional Review Board of Rush University Medical Center.

Brain Neuropathology Analyses

Brain autopsies were performed using standard procedures, as previously described.30 Slabs 

from one cerebral hemisphere were placed in a −80° C freezer. This tissue was used for 

tocopherol analyses as described below. Slabs from the contralateral hemisphere were fixed 

in 4% paraformaldehyde and stored in 20% glycerol and 2% DSMO. For 

immunohistochemistry we used paraffin-embedded 20 micron sections from 2 or more 

blocks of the following regions: hippocampus CA1/subiculum, entorhinal cortex (Brodmann 

Area or BA28), dorsolateral prefrontal, superior frontal (BA6/8), anterior cingulate (BA24), 

inferior temporal (BA20), angular/supramarginal (BA39/40), and calcarine (BA17) cortices. 

Aggregated amyloid beta was identified using 10D5, (courtesy of Elan Pharmaceuticals, 

South San Francisco, CA; dilution 1:300). Immunohistochemistry was performed on an 

Automated Leica Bond immunostainer (Leica Microsystems Inc., Bannockborn IL).

To measure amyloid load an investigator outlined the region of interest using a 

Microbrightfield Stereology System (MicroBrightfield Inc., Colchester, VT) and an 

Olympus BX-51 microscope with a motorized stage. We used the Stereo Investigator 9.0 

software program to systematically sample and then capture images. Area analysis was 

performed using Image J 1.42g (http://rsbweb.nih.gov/ij/). A composite measure of the 

percent area occupied by amyloid beta was computed by averaging the values obtained by 

systematic computerized sampling of amyloid load in 8 cortical regions.

Neurofibrillary tangles (NFT) were identified using Bielschowsky silver stained 6 micron 

sections from hippocampal, entorhinal, midfrontal, midtemporal, and inferior parietal 

cortices. We computed Braak NFT stage using recommended criteria32 that incorporates 

severity and regional progression of NFT into one score on a scale of 0 (no NFT in any 

region) to 6 (frequent tangles across multiple regions).

All pathologic data collection was performed blinded to the clinical and tocopherol data. 

Figure 1 shows examples of cases with low and high amyloid load in the neocortex and low 

and high Braak score in the hippocampus.

Brain Tocopherol Analyses

Frozen brain tissue was thawed and analyzed for tocopherol concentrations using high 

performance liquid chromatography coupled to electrochemical detection according to 

previously described methods.33;34 Tocopherol levels were measured in two cortical regions 

(inferior temporal and midfrontal) affected by Alzheimer disease and in two subcortical 

regions, the posterior putamen and ventromedial caudate, that are involved in motor function 

and cognitive behavior, respectively.35 For analyses, tocopherol concentrations are 

expressed as picomoles (pmoles) per mg protein. Extraction losses were corrected for 

recoveries of the internal standard, δ-tocopherol. We eliminated from the analyses two cases 
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with extreme values (α-tocopherol >10,000 pmole/mg; γ-tocopherol>900 pmole/mg 

protein).

Vitamin E Supplement Use

Self-reported vitamin E supplement use (α-tocopherol) and dosage from multivitamins and 

individual vitamin E supplements were obtained from a modified version of the Harvard 

food frequency questionnaire that was validated in a sample of older Chicago residents.36 

Data on α-tocopherol intake levels from supplements were available for these analyses but 

not information on tocopherol intakes from food sources or on non-α-tocopherol 

supplements. A variable for α-tocopherol vitamin supplement dose was computed by 

totaling the daily dosage levels from individual α-tocopherol supplements and multivitamins 

containing α-tocopherol as reported by participants at the last clinic visit before death that 

they were not demented. (Table 1) The length of time between the supplement reporting and 

death was a median of 1.5 years with an interquartile range of 1.9. Non-users of vitamin 

supplements containing α-tocopherol were assigned a value of 0. For linear correlation and 

regression analyses, we used the square root transformation of this highly skewed vitamin E 

supplement dose variable to approximate a normal distribution.

Statistical Methods

We used linear regression models to examine the associations of the neuropathological 

measures of Alzheimer’s disease with brain levels of the tocopherols. All models for the 

primary analyses were adjusted for age at death, sex, years of education, APOE-ε4, and the 

time interval from death to autopsy (hours). To improve normality, we performed common 

log transformations (log10) on the highly skewed variables of amyloid load and the brain 

tocopherol variables. We modeled the brain tocopherol variables both as continuous 

variables and in tertiles (to examine the possibility of non-linear associations); results of 

both models are presented. Tocopherol associations were investigated as average levels over 

all four brain regions. Because of the small sample and concerns with statistical power, an a 

priori decision was made to examine statistical interactions in age-adjusted models. These 

models also included terms for the two variables of interest and their multiplicative term. 

Model assumptions were tested graphically and diagnostically. Due to the highly skewed 

distributions of the brain and supplement tocopherol variables we performed both Pearson’s 

linear correlations with transformed variables and Spearman correlations that do not require 

normally distributed variables.

RESULTS

Based on the last clinical neurological evaluation before death, approximately two thirds of 

the sample was not demented. (Table 1) The characteristics of the analyzed sample were not 

materially different from that reported on much larger samples of MAP autopsied cases.37;38 

Compared to the entire MAP tocopherol sample, the analyzed deceased sample was older at 

the time of first FFQ completion (mean age 88.5 versus 81.6), less likely to be female (60% 

versus 74%), and had great likelihood of at least one APOE-ε4 allele (29% versus 23%), but 

had similar years of education (14.9 versus 14.8 years).
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The predominant tocopherol in the brain was α-tocopherol, representing 62% to 72% of the 

tocopherol concentrations across the 4 regions analyzed. Levels of -tocopherol had moderate 

correlations across regions (r = 0.4 - 0.5) but γ-tocopherol levels were not correlated except 

between the ventromedial caudate and posterior putamen regions (r = 0.4, p < .001). The 

correlation between the brain concentrations of α- and γ-tocopherols was 0.4 (p < .0001). 

Vitamin E (α-tocopherol) supplement use was reported by 39 of the participants at the last 

visit before death. An additional 43 participants were taking a multi-vitamin containing α-

tocopherol. The total supplement dose level of α-tocopherol was positively correlated with 

brain levels of α-tocopherol (Pearson’s r = 0.21, p = .03) and negatively correlated with 

brain levels of γ-tocopherol (Spearman correlation= −0.22, p=.02).

In linear regression models adjusted for age at death, α-tocopherol was not associated with 

amyloid load or with Braak score, a measure of the severity and regional progression of 

neurofibrillary tangles. (Table 2) Further adjustment for sex, education, APOE-ε4, and 

autopsy interval increased the beta coefficients for α-tocopherol concentrations but the 

estimates of association remained statistically non-significant. The results for α-tocopherol 

did not change with additional control for the dose level of α-tocopherol vitamin supplement 

intake. The summary measure of γ-tocopherol was also not associated with amyloid load or 

with Braak score in the age-adjusted models but when the models were adjusted for multiple 

confounders, the beta coefficients substantially increased indicating strong linear inverse 

associations with both amyloid load and Braak scores. (Table 2) These associations between 

γ-tocopherol and AD neuropathology did not materially change with additional adjustment 

for α-tocopherol vitamin supplement intake (β=−2.01, p=.04 for amyloid and β=−1.18, p=.

02 for Braak score).

Tocopherol Interactions

Based on previous evidence to suggest biological interactions among the tocopherols39 we 

investigated possible effect modification between levels of α-tocopherol and γ-tocopherol 

on the AD pathology measures. We observed a statistically significant interaction (p=.03) of 

the summary measures of α- and γ-tocopherols modeled as continuous variables on amyloid 

load but not on neurofibrillary tangle severity. Higher levels of α-tocopherol were associated 

with increased amyloid load except when the levels of γ-tocopherol were also high, at which 

point higher levels of α-tocopherol were associated with lower amyloid levels. (Figure 2) In 

further analyses, there was no evidence of effect modification on the brain tocopherol 

associations with amyloid load or neurofibrillary tangle severity by levels of APOE-ε4 

allele, sex, age, or education.

Clinical AD Effects

In an effort to determine whether the inverse associations that were observed between brain 

concentrations of γ-tocopherols and neuropathology may be due to disease effects on brain 

nutrient levels, we re-analyzed the data in two ways: first, by controlling for clinical 

diagnosis of Alzheimer’s disease at the time of death, and second, by testing whether the 

associations were modified by clinical AD diagnosis. In models adjusted for clinical AD 

diagnosis, the associations of γ-tocopherol remained with amyloid load (β = −2.11, p = .001) 

and with Braak score (β = −1.17, p = .01). Adjustment for clinical AD diagnosis resulted in a 
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statistically significant inverse association between α-tocopherol and Braak score (with 

tertile 1 as the referent, β = −0.56, p = .04 for tertile 3 and β = −0.61, p = .03 for tertile 2). 

However, with additional adjustment for γ-tocopherol in the model (which was positively 

correlated with α-tocopherol concentration), the estimated effects were diminished and 

became non-statistically significant (β = −0.39, p = .17 for tertile 3 and β = −0.43, p = .14 for 

tertile 2). The statistical interaction between α- and γ-tocopherol concentrations on amyloid 

load was slightly modified and became marginally statistically significant (p=.06) with 

adjustment of clinical AD diagnosis. There was no evidence of statistical interaction 

between clinical AD and either γ- or α-tocopherol on the neuropathology measures.

DISCUSSION

We are not aware of prior human studies that relate brain levels of tocopherols to AD 

neuropathology. Whereas, the vast majority of literature from animal studies and 

randomized trials has related α-tocopherol to brain function, our findings indicate that γ-

tocopherol plays an important role in brain neuropathology. Higher levels of γ-tocopherol 

were strongly associated with lower amyloid load as well as with less severe neurofibrillary 

tangle pathology. Brain concentrations of α-tocopherol were not independently associated 

with AD neuropathology. An apparent inverse association between α-tocopherol and 

neurofibrillary tangle severity with statistical adjustment for clinical AD was due to 

confounding by γ-tocopherol.

Several randomized controlled clinical trials have tested the effects of high-dose α-

tocopherol supplements on cognitive decline and AD progression with null results.22;23;28 

These negative trials convinced many that the protective relations observed in the 

epidemiological studies for food sources of tocopherols were due to confounding bias. 

Findings from the current neuropathological study support the epidemiological study 

findings and suggest that the high-dose α-tocopherol treatment that was used in the 

randomized trials may not be the correct tocopherol form or dose to provide 

neuroprotection. Interestingly, very few epidemiological studies observed protective 

associations of vitamin E supplements on cognitive decline40 or dementia incidence.41 One 

prospective epidemiological study40 and one randomized trial28 reported neuroprotective 

benefit of vitamin E supplements (high-dose α-tocopherol) only among the individuals who 

had low vitamin E food intake.

The literature on tocopherol forms other than α-tocopherol is limited. Indeed, α-tocopherol 

is the only form that is considered to meet criteria for the Dietary Reference Intakes by the 

Institute of Medicine Food and Nutrition Board,42 and it is this form that is generally known 

as most biologically active. However, a growing body of literature indicates that γ-

tocopherol, like α-tocopherol, has anti-inflammatory properties in addition to anti-oxidant 

capabilities.43 In a previous study of the Chicago Health and Aging Project, food intake 

levels of both γ-tocopherol and α-tocopherol were significantly associated with slower rate 

of cognitive decline and lower incidence of Alzheimer’s disease.15 These findings were 

confirmed in another prospective study that examined plasma levels of the tocopherols.17 

The present study highlights the importance of γ-tocopherol to neuroprotection in the brain.
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High-dose supplementation with α-tocopherol has been demonstrated to rapidly decrease 

circulating levels of γ-tocopherol perhaps because the tocopherol transport protein 

responsible for packaging tocopherol into very low density lipoproteins has a higher affinity 

for α-tocopherol.44 We observed a similar relation in brain tissue in that higher dose level of 

α-tocopherol supplement intake reported a median 1.5 years before death was positively 

associated with higher brain concentrations of α-tocopherol and with lower brain 

concentrations of γ-tocopherol. Our findings that the highest levels of α-tocopherol were 

associated with greater amyloid load in the brains that had intermediate or low levels of γ-

tocopherol supports the notion that high-dose α-tocopherol supplementation may be 

contraindicated for protection against Alzheimer’s disease. This finding is also supported by 

the many positive findings of neuroprotection from food sources of vitamin E which provide 

more comparable dose levels of the tocopherol forms.15–19;45 This concept is supported by a 

basic principle of nutrition that states that optimum physiological function occurs within a 

broad intermediate range of nutrient level and that both low and high levels can result in less 

than optimum function or even death.46

The MAP study of brain tocopherols has a number of strengths which lend confidence in the 

overall findings of the study. First, the study was based on autopsied brains from 

participants of a cohort study who were without a known dementia at enrollment. The cohort 

study design minimizes selection bias that is characteristic of case-control studies. Second, 

both the analyses of brain tocopherols and neuropathology were conducted by single 

laboratories using validated, standardized methods and blinded to clinical diagnosis, thus 

reducing measurement bias. Third, relative to most other autopsy studies, the well-

characterized analyzed sample of more than 100 brains allowed for the statistical control of 

the important confounding factors of AD neuropathology which helps to minimize 

confounding bias. Even so, the sample size was too small to lend strong confidence in the 

findings, particularly the tests for effect modification. The primary limitation of the study is 

the unpreventable cross-sectional design which makes it difficult to interpret the findings as 

cause or effect. However, for a number of reasons the data suggest that nutritional intake is 

responsible for the brain tocopherol levels rather than the effects of neurodegenerative 

disease. First, if the associations were due to the effects of AD on tocopherol levels then one 

would expect to observe associations for α-tocopherol as well. Second, AD neuropathology 

is present to varying degrees in many of the brains of the MAP cohort study, even the non-

demented participants.38 The study design allowed us to relate the continuum of tocopherol 

levels to the continuum of neuropathology in a sample in which two thirds of the deceased 

were not clinically demented at the time of their death. And, the observed protective 

relations withheld even after statistical control for AD clinical diagnosis. There was also no 

evidence that the observed inverse effects of the tocopherols on neuropathology were largely 

being driven by the deceased participants who had clinical AD when we investigated for 

statistical interactions by AD status. And finally, the dose level of α-tocopherol supplement 

consumed during life was positively correlated with post-mortem brain concentrations of α-

tocopherol and negatively correlated with γ-tocopherol concentrations. Tocopherols are 

essential nutrients, meaning that they cannot be metabolized in the human body and so must 

be consumed. However, the fact that we did not have available dietary intake levels of the 

tocopherols limited our ability to investigate the contribution of dietary contributions to the 
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tocopherol brain levels. The laboratory method we used to analyze tocopherols detected only 

α- and γ-tocopherols in the brain tissue. These are just three of the eight natural forms of 

vitamin E, including α-,γ-,β-, and δ-tocopherols and their associated tocotrienol forms. It is 

possible that other laboratory methods may detect some of these other tocopherol forms in 

brain tissue that are now known to also have neuroprotective activity, including anti-oxidant 

and anti-inflammatory properties,47;48 and modulation of signaling pathways involved in 

neurodegeneration.49 We15 and others17 have found that the combination of dietary 

tocopherols rather than individual tocopherols have the strongest protective relation with the 

development of Alzheimer’s disease. The MAP study cohort is not a representative sample 

from the U.S. population, thus the ability to generalize the findings beyond the sample is 

limited.

This study marks the first report suggesting protective effects of tocopherols on AD 

neuropathology in humans. The linear inverse associations observed for γ-tocopherol, and 

the observed increase in amyloid load with high α-tocopherol and low to intermediate γ-

tocopherol provide important information for future preventive therapies for Alzheimer’s 

disease. The study highlights the possible neuroprotective role of non-α-tocopherol forms of 

vitamin E, which is largely unexplored in human studies. The finding that high brain 

concentrations of α-tocopherol may be associated with increased AD neuropathology is of 

particular interest in light of the fact that many U.S. adults consume vitamin E supplements, 

usually containing only α-tocopherol in high doses.
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Research in Context

Systematic Review

Animal studies report preventive effects of vitamin E on AD neuropathology. Clinical 

trials and epidemiological studies of vitamin E supplements (containing only α-

tocopherol) have found negative relations to AD prevention and cognitive decline. 

However, epidemiological studies of dietary vitamin E (containing other tocopherols) 

have consistently shown positive relations with AD prevention. In other studies high-

dose α-tocopherol decreases the absorption of γ-tocopherol. We examined the 

interrelations of α- and γ-tocopherols to AD neuropathology in human brains.

Interpretation

Our findings that γ-tocopherol was associated with lower AD neuropathology, and that 

α-tocopherol was associated with greater neuropathology when γ-tocopherol levels were 

low, suggests that high-dose α-tocopherol alone may not be neuroprotective.

Future Directions

This is the first human study to examine the interactive effects of α- and γ-tocopherols on 

AD neuropathology, thus additional studies are needed to confirm or refute the findings 

with particular focus on the levels of these tocopherols.
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Figure 1. 
Two cases, one with low (A and C) and the other with high (B and D) Alzheimer’s 

pathology. A and B: Hippocampal neurofibrillary tangles, Braak score 2 (A) and Braak 

score 5 (B); Bielschowsky silver stain, at original magnification 10X.

D and C: Dorsolateral prefrontal cortex amyloid, low(C) vs. high(D) at magnification 4X.
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Figure 2. 
Statistical interaction effect between α-tocopherol and γ-tocopherol on amyloid load based 

on an age-adjusted linear regression model with log10 (α-tocopherol) and log10 (γ-

tocopherol) modeled as continuous variables in pmol/mg protein and their multiplicative 

term (p-value for interaction=0.03). The lines reflect the association between amyloid load 

and alpha tocopherol at three different values of gamma tocopherol: log10 =1.7 at the 33rd 

percentile (grey), log10 =1.8 at the 50th percentile (dotted), and log10 =1.9 at the 67th 

percentile (black). Higher levels of α-tocopherol were associated with increased amyloid 

load except when the levels of γ-tocopherol were also high, at which point higher levels of 

α-tocopherol were associated with lower amyloid levels.

Morris et al. Page 14

Alzheimers Dement. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Morris et al. Page 15

Table 1

Characteristics of 113 deceased MAP participants with measures of brain tocopherols and neuropathology

Model Covariates

  Age at Death (mean years, ±SD*) 88.5 ±5.9

  Females (%) 60

  Education (mean years, ±SD*) 14.9 ±2.6

  Post-mortem autopsy (mean hours, ±SD*) 6.4 ±3.2

  APOE-ε4 (% with at least one ε4 allele) 29.5

  α-tocopherol vitamin supplement dose daily intake** [n (%)]

None 33 (31)

<50 IU 43 (41)

50–250 IU 4 (4)

300–500 IU 21 (20)

600+ IU 5 (5)

Pathology

  Amyloid load (median area %,[ IQR*]) 2.8 [5.5]

  Braak score† for neurofibrillary tangle severity (mean, ±SD*) 3.3 ±1.3

    Score Range: 0–6

Clinical AD‡ Diagnosis

    No AD Dementia [n (%)] 75 (65)

    AD Dementia [n (%)] 40 (35)

*
SD=Standard deviation, 407 IQR=interquartile range

**
Total dose from multi-vitamins and individual α-tocopherol supplements

†
Higher scores represent more severe neuropathology

‡
Clinical AD diagnosis based on 410 NINCDS-ADRDA criteria
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Table 2

Age- and multiple-adjusted* estimates of association of brain levels of α-Tocopherol and γ-Tocopherol with 

measures of neuropathology based on linear regression models of 113 deceased participants of the Memory 

and Aging Project

α-TOCOPHEROL TERTILES

1 2 3

Log Median pmoles/mg protein 1.8 2.3 2.6 LINEAR TERM

MODEL β (p-value) β (p-value) β (p-value) β (p-value)

Amyloid Load

  Age-adjusted 1.0 −0.74 (.85) −0.31 (.94) −0.006 (.99)

  Multiple-adjusted 1.0 (referent) −0.35 (.38) −0.21 (.60) −0.27 (.56)

Neurofibrillary Tangle Severity (Braak Score)

  Age-adjusted 1.0 (referent) −0.27 (.34) −0.40 (.17) −0.36 (.45)

  Multiple-adjusted 1.0 (referent) −0.50 (.08) −.51 (.08) −0.55 (.12)

γ-TOCOPHEROL TERTILES

1 2 3

Log Median pmoles/mg protein 1.6 1.8 2.1 LINEAR TERM

MODEL β (p-value) β (p-value) β (p-value) β (p-value)

Amyloid Load

  Age-adjusted 1.0 (referent) 0.11 (.77) −0.59 (.14) −1.14 (.09)

  Multiple-adjusted 1.0 (referent) −0.03 (.94) −1.06 (.007) −2.10 (.002)

Neurofibrillary Tangle Severity (Braak Score)

  Age-adjusted 1.0 (referent) −0.13 (.66) −0.34 (.24) −0.87 (.09)

  Multiple-adjusted 1.0 (referent) −0.26 (.36) −0.60 (.04) −1.16 (.02)

*
Multiple-adjusted models adjusted for age at death (years), sex, education (years), APOE-ε4 (any ε4 versus none) and post-mortem autopsy time 

(hours)
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