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Abstract

In a previous cross sectional study, we found that non-demented elderly participants from the Rush 

Religious Orders Study (RROS) displayed a wide range of Braak neurofibrillary tangle and 

amyloid plaque pathology similar to that seen in prodromal and frank AD. Here, we examined 

longitudinal changes in cognitive domains in subjects from this RROS cohort grouped by Braak 

stage using linear mixed effects models. We found that the trajectory of episodic memory (EMC), 

executive function (EFC) and global cognitive composite scores (GCS: average of EMC and EFC 

scores) was significantly associated with age at visit over time, but not with Braak stage, APOE ε4 

status or plaque pathology alone. By contrast, the combined effects of Braak stage, APOE status 

and age at visit were strongly correlated with the trajectory of EMF, EFC and GCS performance 

over time. These data suggest that age and APOE ε4 status, rather than AD-related pathology, play 

a more prominent role in the trajectory of cognitive decline over time in this elderly non-demented 

population. However, the findings reported require confirmation in a larger cohort of cases.
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Introduction

Older people without dementia display neurofibrillary tangles (NFTs) and beta amyloid (A 

β) plaques, the two neuropathology hallmarks of Alzheimer’s disease (AD) (Bennett et al., 

2002; Guillozet et al., 2003; Markesbery, 2010; Morris and Price, 2001; Morris et al., 2001; 
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Mufson et al., 2016, 1999; Price et al., 2009; Tomlinson et al., 1970; Wilson et al., 2006). 

However, there are relatively few prospective studies on the association between premortem 

cognitive function and AD pathology in people who died with a clinical diagnosis of no 

cognitive impairment but display extensive NFT deposition within the medial temporal lobe 

(MTL) memory circuit. The Braaks (Braak and Braak, 1991) proposed a neuropathological 

staging to differentiate initial, intermediate and advanced AD based upon the spread of 

NFTs within the MTL memory circuit: Braak Stage 0 corresponds to an absence of NFTs, 

Stages I–II displays NFTs within the entorhinal-perirhinal cortex, Stages III–IV shows NFTs 

additionally in hippocampus and, Stages V-VI, NFTs are widely distributed in neocortical 

areas. Although previous studies evaluated the association between the Consortium to 

Establish a Registry in Alzheimer’s Disease (CERAD) (Mirra et al., 1991) and NIA Reagan 

AD (The National Institute on Aging, 1997) pathological criteria and clinical findings in 

older people without cognitive impairment (Bennett et al., 2002; Guillozet et al., 2003; 
Markesbery, 2010; Morris and Price, 2001; Morris et al., 2001), there is limited information 

on the relationship between Braak staging and longitudinal neurocognitive measure changes 

in this type of population (Bennett et al., 2002; Erten-Jones et al., 2009; Guillozet et al., 

2003; Markesbery, 2010; Morris et al., 2001; Mufson et al., 1999; Nelson et al., 2009).

Previously, we performed clinical molecular pathobiological investigations regarding the 

onset of dementia in the elderly using tissue obtained from the Rush Religious Orders Study 

(RROS), a longitudinal clinic-pathologic investigation of aging and AD (Mufson et al., 

2012b, 2008, 1999). In these studies, subjects with a premortem clinical diagnosis of no 

cognitive impairment (NCI) were classified postmortem with a wide range of Braak scores 

(I–V) (Gilmor et al, 1999; Mufson et al, 2012b, 1999; Perez et al, 2015). Recently, we 

reported in a cross section study that elderly RROS participants without dementia and free of 

other neurological disorders or pathologies who at autopsy were classified as Braak NFT 

stages of I–V displayed preserved cognitive function (Mufson et al., 2016). Here, we extend 

this investigation to a longitudinal examination of changes in cognitive domains in this 

cohort of cases grouped by Braak stage. Linear mixed effects models were used to assess 

differences in the trajectory of change for cognitive composite scores between the Braak 

stage groups and to determine the association between amyloid load and neuritic and diffuse 

plaque counts with longitudinal changes in episodic memory and executive function.

Methods

Braak staging and cognitive status were examined in 106 older deceased and autopsied 

persons with no cognitive impairment and no coexisting clinical or neurological condition 

judged to contribute to cognitive impairment at the last clinical evaluation (Bennett et al., 

2005; Mufson, et al., 1999). The participants agreed to annual clinical evaluations and 

signed an informed consent and an Anatomic Gift Act donating their brains at time of death 

(see Table 1). Data from these subjects have been used in numerous clinical pathological 

studies supported by our ongoing NIA program project grant entitled the “Neurobiology of 

Mild Cognitive Impairment in the Elderly” (PO1AG14449) over the last almost twenty 

years. Individuals were chosen from all RROS brains that came to autopsy during a rolling 

admission (Bennett et al., 2006). Neuropathological procedures used to determine these 

conditions have been reported (Bennett et al., 2006, 2005, 2004). The cases chosen for this 
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study were derived from the RROS cohort based upon a strict exclusion criteria. Cases with 

small or large vascular infarcts, strokes, Parkinson’s disease, Lewy body pathology or 

hippocampal sclerosis were excluded. In addition, those taking anticholinesterases or 

medication for depression were also excluded. The average interval from last evaluation to 

brain autopsy was 0.73+0.79 years. The Human Investigation Committee of Rush University 

Medical Center approved the study.

Clinical Evaluation

Participants underwent a uniform, structured, clinical evaluation and self-report medical 

history obtained by a team led by a neurologist, and cognitive function was determined by a 

trained neuropsychological test technician (Bennett, et al., 2006, 2005). Medications used by 

the subjects within the previous fourteen days of the examination were reviewed and 

classified. After review of all clinical data and examination of the participant, a clinical 

diagnosis was made by a board certified neurologist or geriatrician with expertise in the 

evaluation of elderly persons with dementia. Diagnostic classification of no cognitive 

impairment was performed as described previously (Bennett et al., 2006, 2005). A 

neurologist reviewed the medical history, medication use, neurologic examination, results of 

cognitive performance testing and the neuropsychologist’s opinion of cognitive impairment 

and dementia. Each participant was evaluated in their home, emphasizing findings deemed 

clinically relevant.

Cognitive Composite Scores

The Episodic Memory Composite (EMC) score was derived from the results of the 

following tests: WMS-R Logical Memory Story, Immediate and Delayed Recall, CERAD 

Word List Immediate Recall, CERAD Word List Delayed Recall, CERAD Word List 

Recognition. The Executive Function Composite (EFC) used the Symbol Digit Modalities 

Test, Category Fluency Test, and Ravens Progressive Matrices. Composite scores were 

derived by first converting raw test scores into z-scores using the sample mean and sample 

standard deviation for each test. The resulting z-scores from each test were then averaged to 

create the composite score (Episodic Memory and Executive Function). The Global 

Cognitive Score (GCS) was created by taking an average of the Episodic and Executive 

Composite scores.

Tissue Accruement and Neuropathological Diagnosis

Brain accruement and processing have been described previously (Mufson, et al., 1999). 

Briefly, one hemisphere of the brain was cut into 1 cm thick coronal slabs using a plastic 

brain slicer and immersion fixed in 4% paraformaldehyde for at least 72 hours. Tissue 

blocks including the midfrontal cortex, middle or superior temporal cortex, entorhinal 

cortex, hippocampus, inferior parietal cortex were paraffin embedded and cut at 6 μm. 

Examination for cerebral infarctions was conducted on these fixed slabs (Bennett et al., 

2006) and the Bielschowsky silver stain was used to visualize NPs, DPs and NFTs 

(Schneider et al., 2009). Paired helical filament tau (AT8; 1:800, Covance) 

immunohistochemistry (Bennett et al., 2004) was also used to label NFTs and for 

quantitation (see below). Other blocks were used to collect data on amyloid load from the 

hippocampus and entorhinal cortex. Sections were stained for amyloid load using A β 
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antibodies (6F/3D, 1:50; DAKO, CA and 4G8, 1:9000, Covance, WI) (Bennett et al., 2004). 

Neuropathological diagnoses were determined according to CERAD (Mirra et al., 1991) and 

Braak staging (Braak et al., 2006; Braak and Braak, 1991) as recommended by the NIA-

Reagan criteria (1997).

Pathologic Quantitation

A board-certified neuropathologist or trained technician blinded to all clinical data counted 

total number of NPs, DPs, and NFTs in one square mm area (100x magnification) per 

cortical region examined as reported previously (Mufson et al., 1999). Quantitation of 

amyloid load was performed using a scheme to capture images of A β stained sections 

employing a custom algorithm as described previously (Mitchell, et al., 2000). Briefly, 

following camera and illumination calibration, 24-bit color images obtained at each 

sampling site were converted to 8-bit gray scale images. Calculation of percent area 

occupied by A β immunopositive pixels using the public domain Object-Image 1.62p15. 

This analysis algorithm segmented labeled images and background compartments using 1 of 

2 histogram-dependent automatic thresholding methods (Iterative Self-Organizing Data 

Analysis) and triangulation. The percent areas for each section were averaged and the 

number used for analyses. Since the distribution of plaques and NFTs count values did not 

follow a normal distribution, standardized plaque and tangle count from each area were 

converted to standard scores by dividing the standard deviation (SD) of mean raw counts per 

marker and region from the entire deceased cohort. Scaled scores for NPs and DPs, and 

NFTs for each region were averaged across the four brain regions examined to develop a 

summary AD pathology score for each subject. Cronbach’s coefficient alpha, a measure of 

internal consistency, was 0.90 for the 12 postmortem indices, supporting the formation of the 

global measure of AD pathology.

Following pathological evaluation, the cases were divided into three groups based on each 

individual’s Braak score (0 to II, III, IV to V). None of the individuals in the sample had a 

Braak stage of VI.

Statistical Analysis

Chi-square analyses were used to determine significant differences in gender and APOE ε4 

allele status among the different clinical groups. The non-parametric Kruskall-Wallis test 

was used to examine differences in age at death, education, and post-mortem interval 

between the Braak stage groups.

Linear mixed effects models that were fit by restricted maximum likelihood (REML) were 

used to assess differences in the trajectory of change for the cognitive composite scores 

between the Braak stage groups. Braak stage group, age at visit, education, gender, APOE ε4 

carrier status, and time between last clinical assessment and death were used as fixed effects 

with the following interaction terms: Braak stage group x APOE ε4 carrier status and Braak 

stage group x APOE ε4 carrier status x age at visit. Three separate models were run which 

used the EMC, EFC, and the GCS each as outcome variables. Additional linear mixed 

effects models that used CERAD neuropathological diagnoses and NIA Reagan diagnoses in 

place of Braak stage were also carried out. For the NIA Reagan analyses, subjects were 
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collapsed into two groups (Not AD and Low Likelihood, Intermediate and High Likelihood) 

due to the small number of individuals in the Not AD and High Likelihood groups. CERAD 

and NIA-Reagan analyses were performed separately using the same covariates and 

interaction terms in place of Braak stage. Linear mixed models using the z-scores for the 

individual cognitive tests were also used to determine their relative sensitivity to cognitive 

decline with age. The first model used the five EMC tests as predictors with age at visit as 

the outcome while a second model used the three EFC tests as predictors with age at visit as 

the outcome.

Linear mixed effects models were also used to assess the association between neuritic and 

diffuse plaque counts with longitudinal changes in episodic memory and executive function. 

For each model, age at visit, gender, education, APOE ε4 status, and time between last 

assessment and death were included to account for their effects. A mean composite of the 

hippocampal and entorhinal cortex plaque counts was used with the EMC score while mid-

frontal plaque counts was used with the EFC score. Linear mixed models that were adjusted 

for the same covariates examined in the plaque count analysis were used to test the 

association between amyloid load and the cognitive domains. Statistical analyses were 

carried out using JMP 10.0 with the significance level set at α ≤ 0.05.

Results

Demographics

A total of 842 person-years were contributed by the 106 individuals in the sample. The 

average duration of follow-up was 7.94±4.47 years, average age at death was 84.42±6.97 

years and average post-mortem interval was 5.64±6.87 hours. The sample cohort had an 

average of 18.02±3.57 years of education, average time between last clinical assessment and 

death was less than one year (0.70±0.62 years) and had a relatively even gender distribution 

(51% male) (see Table 1). Quantile-quantile (QQ) plots for episodic memory, executive 

function, and GCS composite scores did not deviate from the normal distribution.

There was a significant gender imbalance among the Braak groups (χ2 = 6.17, p = 0.05) as 

females were more likely to be in the Braak III group [OR = 3.00, 95% CI: (1.12, 8.06), p = 

0.03] or the Braak IV–V group [OR = 2.62, 95% CI: (1.03, 6.66), p = 0.04]. There was no 

significant difference in the distribution of APOE ε4 carriers and non-carriers among the 

three Braak groups. However, when the Braak 0–II and III groups were combined the Braak 

IV–V group had a significantly higher frequency of ε4 carriers (p = 0.05). Post-mortem 

interval and education level were not significantly different between the groups. Age at 

death for the Braak 0–II (81.42±5.65) was significantly lower than the Braak III 

(85.68±5.66), (p<0.001) and IV–V groups (86.13±4.25), (p < 0.001; see Table 1). 

Frequencies for the different CERAD and NIA-Reagan neuropathologic diagnoses among 

the Braak groups are shown in Tables 2A and 2B, respectively. According to CERAD 

classifications, 39% were No AD, 37% were Probable AD, 13% Possible AD and 11% 

Definite AD. For NIA-Reagan diagnosis, 52% had the Intermediate Likelihood classification 

while 44% were classified as Low Likelihood of AD. The Not AD and High Likelihood 

classifications consisted of less than 2%.
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Cognitive test scores and Braak pathology

Linear mixed effect models for the different cognitive domains revealed a significant 

interaction between EMC score and age at visit (p = 0.03; Table 3), Braak stage, APOE ε4 

carrier status and age at visit (p = 0.04; Table 3). Braak stage 0–II APOE ε4 carriers and 

non-carriers as well as Braak stage IV to V non-carriers showed an increase in EMC 

performance over time (Figure 1A), whereas EMC performance declined over time in the 

Braak stage IV–V APOE ε4 carriers (Figure 1A). Braak stage III APOE ε4 carriers and non-

carriers declined over time with carriers showing a steeper decline (Figure 1A). Among the 

five EMC tests, the CERAD word list delayed recall was the most sensitive to cognitive 

decline over time (p = 0.003), while the other four tests had p-values above 0.05.

EFC score, age at visit (p < 0.001), education (p = 0.02), gender (p = 0.01), and interaction 

between APOE ε4 status, Braak stage, and age at visit (p = 0.001) showed statistically 

significant effects (Table 3). All groups showed a descending trajectory of EFC score over 

time except that the Braak stage 0 to II ε4 carriers maintained stable EFC performance over 

time (Figure 1B). Category fluency and the symbol digit modalities test components of the 

EFC showed significant decline over time (p<0.001), while the Ravens progressive matrices 

did not (p = 0.11).

GCS showed significant effects for age at visit (p = 0.03), education (p = 0.04) and gender (p 

= 0.05) (Table 3) as well as an interaction between APOE ε4 status, Braak stage, and age at 

visit (p = 0.001) (Table 3). GCS scores declined over time for both Braak stage III ε4 

carriers and non-carriers and the Braak stage IV–V ε4 carriers (Figure 1C). Braak stages 0–

II and IV–V APOE ε4 non-carriers showed stable GCS performance over time while ε4 

carriers in the Braak 0 to II group improved over time (Figure 1C). Slope estimates for the 

Braak stage/APOE subgroups in each of the cognitive domains are shown in Table 4.

A linear mixed-effects model using EFC as the outcome and gender as the predictor variable 

revealed significant effects for age at visit (p<0.001), education (p = 0.01) and APOE ε4 

carrier status (p = 0.01). None of the interaction terms showed significant associations 

suggesting that gender is independently associated with EFC performance with females 

performing significantly better than males (p=0.05) (Figure 2).

Cognitive Test Scores, CERAD, NIA-Reagan and APOE Status

We found a significant interaction between CERAD diagnosis, APOE ε4 carrier status, and 

age at visit with EMC (p = 0.005) and GCS (p = 0.006), but not EFC (p = 0.16). Although 

the Possible AD group declined with age, the Not, Probable, and Definite AD groups 

showed improved EMC performance (Figure 3A), whereas EFC declined in all groups 

(Figure 3B). GCS declined for all CERAD criteria with age, but Possible AD declined faster 

than the other groups (Figure 3C). Slope estimates for each of the CERAD diagnoses in each 

of the cognitive domains are shown in Table 4.

There was a significant three-way interaction between NIA-Reagan diagnosis, APOE ε4 

carrier status, and age at visit for performance on EMC (p = 0.03), but not EFC (p = 0.74) or 

GCS (p = 0.09) (Figure 4). EMC performance in the Not AD/Low Likelihood group was 

more pronounced relative to the Intermediate/High Likelihood group (Figure 4A) but 
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declined over time for the Not AD/Low Likelihood and Intermediate/High Likelihood 

groups (Figure 4B). GCS scores in AD/Low Likelihood and Intermediate/High Likelihood 

groups showed a slower declined compared to EFC (Figure 4C). Slope estimates for each of 

the NIA-Reagan diagnoses in each of the cognitive domains are shown in Table 4.

Plaque Count and Amyloid Load Associations with Cognition

Analyses of the NPs and DPs counts with the cognitive domains failed to reveal any 

significant associations (Table 5). In addition, no interactions were found between plaque 

counts, Braak stage, and APOE ε4 status with any of the cognitive domains. Amyloid load 

alone and its interactions with Braak stage or APOE status were not significantly associated 

with any of the cognitive domains examined (Table 6).

Discussion

The present study, found that changes in episodic memory, executive function, and global 

cognition are dependent upon the combined effects of age, NFT pathology and APOE ε4 

status in elderly non-cognitively impaired individuals. Braak 0–II cases tended to display 

better longitudinal cognitive performance than Braak III and Braak IV–V subjects among 

the cognitive domains examined. APOE ε4 carrier status also effected the trajectories of 

cognitive performance within each Braak group. In this regard, the Braak 0–II ε4 carriers 

and non-carriers and Braak IV–V ε4 non-carriers showed an increase in episodic memory 

performance similar to previous reports (Balasubramanian et al., 2012). Interestingly, there 

was a more pronounced decline in EMC performance for Braak III compared to Braak IV–V 

in the APOE ε4 carriers, suggesting that APOE ε4 status in conjunction with age play a 

greater role in cognitive decline than AD-related pathology alone. On the other hand, 

longitudinal decreases in executive function performance were found in most Braak groups 

with the exception of Braak 0–II APOE ε4 carriers that remained stable. Interestingly, it has 

been suggested that lower Braak stage (I and II) cases without Aβ deposition represent a 

pathologic classification termed primary age-related tauopathy (PART) and are not 

representative of early AD (Giaccone, 2015). Since the present subjects displayed both Aβ 

and tau pathology, they would not fall into this new category of tauopathy.

Although others have shown that increased levels of AD pathology are associated with 

significantly lower domain-specific cognitive performance over time (Balasubramanian et 

al., 2012; Bennett et al., 2006; Boyle et al., 2006; Caselli et al., 2009; Monsell et al., 2014; 
Price et al., 2009), APOE ε4 status was not considered. However, reports indicate that 

cognitively normal ε4 carriers are more likely to have significant AD-related pathology 

relative to non-carriers, but rates of cognitive decline were not significantly different 

between carriers and non-carriers (Vos et al., 2013). By contrast, others found that both the 

onset and trajectory of cognitive decline is effected by the mediation of AD-related 

neuropathology via APOE status (Caselli et al., 2009; Yu et al., 2014). APOE ε4 carriers 

display a significantly greater amyloid load measured by PiB retention and significantly 

lower cognitive test scores relative to non-carriers in non-demented elderly subjects (Yu et 

al., 2014) suggesting that APOE ε4 modifies the harmful effect of Aβ on cognition (Kantarci 

et al., 2012). It has been suggested that the effect of APOE on late life cognitive decline 
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depends on Aβ and NFTs within the cortex (Yu et al., 2014). This interaction is not 

supported by the current findings showing that neuritic and diffuse plaque counts were not 

associated with cognitive decline and that there were no interactions between plaque counts, 

amyloid load, Braak stage, and APOE ε4 status with any of the test of cognition examined.

Braak stage and APOE ε4 status were not independently associated with longitudinal change 

in any of the cognitive domains tested, however, age played a more prominent role in the 

underlying cognitive decline observed in our cohort of non-demented elderly individuals. 

Therefore, the interaction between cognition and AD-pathology alone may not be sufficient 

to affect the trajectory of cognitive change over time in cognitively intact older adults. Taken 

together, these results suggest that cognitive decline in the elderly is dependent upon an 

interaction between Braak stage, APOE status, and age. Perhaps some type of brain 

resilience/reserve allows individuals to withstand a significant degree of AD pathology 

without concomitant dementia (Dickson et al., 1992; Negash et al., 2013; O’Brien et al., 

2009; Stern, 2009). Brain reserve postulates that these individuals have a greater quantity of 

either neurons or synapses at the initiation of the disease allowing the performance of 

cognitive tasks (Katzman et al., 1988; Stern, 2009). On the other hand, cognitive reserve 

may involve the recruitment of other brain regions not severely affected by the disease 

process to aid in task performance and even in the creation of new brain connections (Stern, 

2009). Although the mechanism(s) initiating these constructs remain unknown, the MTL 

memory circuit is highly neuroplastic (DeKosky et al., 2002; Ikonomovic et al., 2003; 
Mufson, et al., 2015). For example, we reported similarities in entorhinal cortex amyloid 

load between aged non-cognitively impaired individuals, MCI and AD cases obtained from 

the RROS (Mufson et al., 1999). Other studies using hippocampal tissue revealed a 

preservation of synapse number (Scheff et al., 2007), synaptic protein levels (Counts et al., 

2012), and neurotrophic factor receptor levels (Mufson et al., 2012a) in non-demented aged 

subjects with a wide range of Braak stages as well as an increase in dendritic spine size in 

prodromal AD (Mufson et al., 2015). Clinical pathological investigations also indicate 

preserved numbers and larger neuronal size in the hippocampus in “asymptomatic AD” 

compared with normal, MCI and clinical AD (Iacono et al., 2009; Riudavets et al., 2007) 

indicating early reorganizational responses to the AD process. The hippocampus displays a 

significant up regulation of choline acetyltransferase activity during the prodromal phase of 

AD (DeKosky et al., 2002). Together, these biochemical and structural compensatory 

responses in the face of extensive NFT pathology underscores the neural reorganizational 

capacity of the MTL. Early MTL plasticity may represent a time point for potential 

therapeutic strategies aimed at restoring or maintaining neuronal function in the elderly 

(Mufson et al., 2015). Moreover, whether the presence of the APOE ε2 allele, which is 

thought to be protective against the risk of AD (Strittmatter and Roses, 1995) has a 

mitigating effect on AD pathology, cognitive decline (Driscoll et al., 2011) and brain 

plasticity remains an open question. In addition to neural plasticity, educational level may 

play a role in masking the effects of the AD related neuropathology upon cognition. In this 

study, virtually all of the subjects had at least 18 years of education. However, it is possible 

that individuals with only a high school education or less, would have reduced cognitive 

reserve and thus reduced ability to mask the effect of AD pathology upon cognition 

(Satizabal et al., 2016).
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We further examined the interaction of CERAD and NIA-Reagan neuropathological criteria 

and APOE ε4 status, age, AD pathology and cognition. Episodic memory performance was 

the only cognitive domain to show a significant interaction between CERAD and NIA-

Reagan criteria as well as with APOE ε4 status and age. Interestingly, age also mediates the 

effect of macroscopic infarcts upon cognition, whereas APOE ε4 status influences the effect 

of Lewy body pathology and cognitive status (Yu et al., 2014). AD pathologies and 

macroscopic infarcts were also reported to be associated with declines in episodic and 

semantic memory (Bennett et al., 2012). Since the cases used here were screened for Lewy 

bodies, vascular pathologies and other neurodegenerative disorders that may affect 

cognition, our findings suggest that longitudinal changes in cognition observed in non-

cognitively impaired older people are significantly affected by the interaction between AD-

related tau pathology, age and APOE status. Interestingly, we found cases with probable/

definite AD vs intermediate/high likelihood AD vs low (0–III) Braak scores. These 

discrepancy may be related to the way these pathological criteria are derived. Both the 

CERAD and NIA-Reagan criterion include measures of amyloid pathology whereas Braak 

stage is independent of these lesions and only depends upon the topographical distribution of 

NFTs beginning within the medial temporal lobe. Moreover, it is possible that classic AD 

pathology is not a direct correlate of clinical AD. This issue remains to be fully investigated.

Finally, this study has several limitations. The individuals were from a community based 

cohort of highly educated retired clergy who had excellent health care and nutrition. People 

who volunteer may introduce bias by decreasing pathology but this is partially mitigated by 

high RROS follow-up and autopsy rates (Schneider et al., 2009). None of the cases evaluated 

were Braak stage VI, which is highly associated with AD-dementia (Braak and Braak, 

1991). Although subtle changes in neuropsychological testing may fail to detect cognitive 

impairment in non-demented people (Bennett et al., 2005), our cognitive tests are standard in 

the field (Bennett et al., 2006). Data interpretation was limited by the use a three-way 

interaction term (i.e., categorical and continuous variables), which allows for the analysis of 

the combined effects of age, Braak stage, and APOE status upon cognitive decline over time, 

but does not provide post-hoc comparisons involving the interaction term. When the sample 

was grouped by both APOE ε4 status and Braak stage, select subgroups contained small 

subject numbers, which may affect the reliability of the reported cognitive decline estimates, 

although others have reported similar findings (Riley et al., 2011; Vos et al., 2013). However, 

we are aware that the small sample size examined in this study may affect the reliability of 

the reported associations, particularly the evaluation of the influence of APOE status. The 

findings reported here require confirmation in a larger cohort of subjects. Despite these 

caveats, study strengths include uniform premortem clinical and postmortem pathological 

evaluation and that final pathologic classification was performed without knowledge of 

clinical evaluation. The subjects here have been used in multiple clinical pathological 

investigations (Mufson et al., 2012b). Overall, these characteristics lend strength to our 

previous observation that elderly people can withstand the onslaught of AD pathology 

without a significant degradation in cognition (Mufson et al., 2016).

The present findings indicate that intermediate to high levels of NFT pathology in the MTL 

alone may not be sufficient to affect cognition in non-demented elderly individuals. On the 

other hand, our data suggest that age and APOE ε4 status play a more prominent role in the 
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trajectory of cognitive decline over time in elderly non-demented individuals. The cascade(s) 

of neurobiological events/factors that underlie the onset of frank dementia in the elderly 

remains to be determine.
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Highlights

1. Braak stage or APOE ε4 status was not associated with changes in the trajectory 

of cognitive decline over time in non-demented elders.

2. Age at visit was significantly associated with the trajectory of cognitive scores 

over time in non-demented elders.

3. Combining Braak stage, age and APOE ε4 status revealed a strong correlation 

with the trajectory of cognitive performance over time in non-demented elders.
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Figure 1. 
Trajectory of Episodic Memory (A), Executive Function (B), and Global Cognitive (C) 

Scores for Braak Stage Groups by APOE ε4 Carrier Status.

—Braak 0–II + ε4 Carriers, ---Braak 0–II + ε4 Non-Carriers, —Braak III + ε4 Carriers, ---

Braak III+ ε4 Non-Carriers, —Braak IV–V+ ε4 Carriers, ---Braak IV–V + ε4 Non-Carriers
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Figure 2. 
Longitudinal Executive Function Composite Score for Males and Females.
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Figure 3. 
Trajectory of Episodic Memory (A), Executive Function (B), and Global Cognitive (C) 

Scores for Braak Stage Groups by CERAD Neuropathological Diagnosis.
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Figure 4. 
Trajectory of Episodic Memory (A), Executive Function (B), and Global Cognitive (C) 

Scores for Braak Stage Groups by NIA-Reagan Neuropathological Diagnosis.
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Table 2A

Frequency of CERAD Neuropathological Diagnoses by Braak Stage.

Braak 0–II Braak III Braak IV–V

No AD 23 11 7

Possible AD 7 6 1

Probable AD 6 11 22

Definite AD 3 2 7
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Table 2B

Frequency of NIA-Reagan Neuropathological Diagnoses by Braak Stage.

Braak 0–II Braak III Braak IV–V

Not AD 2 0 0

Low Likelihood 34 13 8

Intermediate Likelihood 3 17 27

High Likelihood 0 0 2
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Table 3

Linear Mixed Effect Models for Global Cognitive, Episodic Memory, and Executive Function

Cognitive Domain Variable F-value p-value

Episodic Memory

Braak Stage 0.65 0.52

APOE ε4 Status 0.75 0.39

Age at Visit 4.67 0.03

Gender 0.54 0.46

Education 1.41 0.24

Time Between Last Assessment and Death 1.95 0.17

Braak Group x APOE ε4 Status 0.14 0.87

Braak Stage x APOE ε4 Status x Age at Visit 3.36 0.04

Executive Function

Braak Stage 0.55 0.58

APOE ε4 Status 0.08 0.78

Age at Visit 35.18 <0.001

Gender 6.88 0.01

Education 5.78 0.02

Time Between Last Assessment and Death 0.02 0.90

Braak Group x APOE ε4 Status 1.02 0.36

Braak Stage x APOE ε4 Status x Age at Visit 6.96 0.001

Global Cognitive Score

Braak Stage 0.72 0.49

APOE ε4 Status 0.40 0.53

Age at Visit 4.90 0.03

Gender 3.82 0.05

Education 4.36 0.04

Time Between Last Assessment and Death 0.71 0.40

Braak Group x APOE ε4 Status 0.60 0.55

Braak Stage x APOE ε4 Status x Age at Visit 8.91 <0.001
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Table 5

Linear Mixed Effect Models for Neuritic and Diffuse Plaque Count Interactions with Braak Group and APOE 

ε 4 Carrier Status on Episodic Memory and Executive Function.

Cognitive Domain Variable F-value p-value

Episodic Memory

EH Neuritic Plaque Count 0.07 0.79

EH Diffuse Plaque Count 0.12 0.73

Braak Group x EH Neuritic Plaque Count 0.30 0.74

Braak Group x EH Diffuse Plaque Count 0.60 0.55

APOE ε 4 Status x EH Neuritic Plaque Count 0.02 0.90

APOE ε 4 Status x EH Diffuse Plaque Count 0.51 0.48

Executive Function

MF Neuritic Plaque Count 1.74 0.19

MF Diffuse Plaque Count 0.13 0.72

Braak Group x MF Neuritic Plaque Count 0.01 0.99

Braak Group x MF Diffuse Plaque Count 0.62 0.54

APOE ε 4 Status x MF Neuritic Plaque Count 0.01 0.94

APOE ε 4 Status x MF Diffuse Plaque Count 0.33 0.57

Both models included age at visit, gender, education, and time between last assessment and death; EH – entorhinal-hippocampal; MF – mid-frontal
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Table 6

Linear Mixed Effect Models for Amyloid Load Interactions with Braak Group and APOE ε 4 Carrier Status on 

Episodic Memory, Executive Function, and Global Cognitive Score.

Cognitive Domain Variable F-value p-value

Episodic Memory

Amyloid Load 1.12 0.29

Braak Group x Amyloid Load 0.76 0.47

APOE ε 4 Status x Amyloid Load 1.03 0.31

Executive Function

Amyloid Load 0.18 0.67

Braak Group x Amyloid Load 0.49 0.62

APOE ε 4 Status x Amyloid Load 0.07 0.79

Global Cognitive Score

Amyloid Load 0.14 0.71

Braak Group x Amyloid Load 0.44 0.65

APOE ε 4 Status x Amyloid Load 0.17 0.68

All models included age at visit, gender, education, and time between last assessment and death
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