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Abstract

Objective—Years of education are the most common proxy for measuring cognitive reserve (CR)
when assessing the relationship between Alzheimer’s disease (AD) neuropathology and cognition.
However, years of education may be limited as a CR proxy given that it represents a specific
timeframe in early life and is static. Studies suggest that measures of intellectual function provide
a dynamic estimate of CR that is superior to years of education since it captures the effect of
continued learning over time. The present study determined whether dynamic measures of CR
were better predictors of episodic memory and executive function in the presence of AD pathology
than a static measure of CR.

Methods—Subjects examined died with a pre-mortem clinical diagnosis of no cognitive
impaired, mild cognitive impairment and mild to moderate AD. CERAD and Braak stage were
used to stratify the sample by AD pathology severity. Linear regression analyses using CR by
CERAD and CR by Braak stage interaction terms were used to determine whether Extended
Range Vocabulary Test (ERVT) scores or years of education were significantly associated with
episodic memory composite (EMC) and executive function composite (EFC) performance. All
models were adjusted for clinical diagnosis, age at death, gender, APOE e4 carrier status and
Braak stage.

Results—For episodic memory, years of education by CERAD interaction were not statistically
significant (=-0.01, SE=0.01, p=0.53). By contrast, ERVT interaction with CERAD diagnosis
was statistically significant (B=-0.03, SE=0.01, p=0.004). Among the models using Braak stages,
none of the CR by pathology interactions were associated with EMC or EFC.
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Conclusion—Results suggest that a dynamic rather than a static measure is a better indicator of
CR and that the relationship between CR and cognition is dependent upon the severity of select
AD criteria.
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Introduction

Cognitive reserve (CR) refers to an individual’s ability to maintain cognitive function in the
presence of damaging brain pathology [1]. In the context of Alzheimer’s disease (AD), CR
has received a great deal of attention given the increasing interest in establishing
associations between cognition and AD pathology. During the past several years there has
been a shift towards identifying and studying individuals in the pre-clinical stages of AD.
Therefore, there is a need to accurately characterize and quantify CR as a risk factor for the
progression from no cognitive impairment (NCI) to mild cognitive impairment (MCI).

Although higher scores on CR proxy measures are generally associated with better cognitive
performance [2], the neural mechanisms underlying this association are not fully understood.
Evidence from neuroimaging studies [3-5] supports the concepts of brain reserve and neural
compensation as possible mechanisms underlying CR [6]. Brain reserve suggests that
greater efficiency and capacity of networks involved in cognition allow individuals to
maintain greater levels of cognitive function despite the presence of deleterious pathologies
[2]. Neural compensation posits that additional brain networks are recruited to maintain
cognitive function when previously established networks are degraded by neuropathology
[2]. Resting-state fMRI investigations provide evidence that greater CR were associated with
superior functional connectivity and higher efficiency in several cortical regions [7]. This
study revealed that MCI individuals with higher CR showed enhanced network connectivity
in fronto-parietal and decreased connectivity in fronto-temporo-cerebellar nodes, but not in
NCI and AD subjects [7].The latter finding suggests that the protective effect of CR occurs
during the prodromal phase(s) of AD [7], which is mitigated by increased neuropathological
burden during disease progression.

Moreover, CR was found to moderate the association between hippocampal volume and
episodic memory, but a significant association between hippocampal volume and episodic
memory was not reported in NCI individuals [7]. Education, a component of CR, interacted
with neuritic plaques (NPs) and dementia, but not with diffuse plaques (DPs) or
neurofibrillary tangles (NFTs) [8].

Since the mechanisms underlying the concept of CR are not directly measurable, proxy
determinants relating brain resilience to neuropathology and cognition require continued
investigation [2]. Although the most common CR proxy is the number of years of formal
education [8,9], measures of intelligence [10], occupational attainment [11], level of literacy
[12] and engagement in cognitively based activities [13] have been employed. Variables that
influence CR can be characterized as either static or dynamic measures. Occupational
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attainment and years of education usually remain static after a certain time whereas literacy,
engagement in cognitive activities, and general intellectual function are dynamic constructs
likely to be altered over time. As a result, the static versus dynamic characterizations of CR
may have different effects on the interaction between cognitive decline and AD
neuropathology.

It is possible that dynamic measures reflect enrichment of CR that occurs beyond
occupational and educational attainment, providing a better estimate of CR. In the present
study, we investigated whether 1) CR is better characterized by static or dynamic measures
and 2) whether interactions between static and dynamic measures of CR and AD
neuropathology affect cognition.

Study sample

Data examined was derived from 249 older deceased persons who were participants in the
Rush Religious Orders Study (RROS) [14,15] that died with a pre-mortem clinical diagnosis
of no cognitive impairment (NCI; n=123), MCI (n=79) and AD (n=47), that had no
coexisting clinical or neurological conditions judged to contribute to cognitive impairment at
their last clinical evaluation [16,17], agreed to an annual clinical evaluation and signed an
informed consent and an Anatomic Gift Act donating their brains at time of death. 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). At the time of these studies, individuals were
chosen from all available RROS participants that came to autopsy during a rolling admission
[16]. Subjects that were receiving anticholinesterases or medication for depression were
excluded.The Human Investigation Committee of Rush University Medical Center approved
this study.

Clinical evaluation

Participants underwent a uniform and structured clinical evaluation obtained by a team led
by a neurologist, and cognitive function was determined by a trained neuropsychological test
technician [15,16]. 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. 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. Clinical diagnostic classification was performed as described previously
[15,16].

Tissue preparation and neuropathological diagnosis

Brain accruement and processing was described previously [17,18]. Briefly, each brain was
cut into 1 cm thick coronal slabs using a brain slice apparatus and hemisected. One
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hemisphere was immersion fixed in 4% paraformaldehyde (24-72 h) and cryoprotected (10%
glycerol and 2% dimethyl sulfoxide in phosphate buffer solution) until processing for
immunohistochemistry and the other flash frozen.

Diagnostic blocks (mid-frontal, superior temporal, entorhinal cortex, hippocampus, inferior
parietal cortex, basal ganglia, thalamus and substantia nigra) from the opposite hemisphere
were paraffin embedded and sectioned at 6 pm. Examination for cerebral infarctions was
conducted as described previously [19]. Bielschowsky silver stain was used to visualize NPs,
DPs and NFTSs. Sections were also immunostained with the Ap M0872 antibody (1:100;
Dako, CA) rose against Ap1.40 and AB1.42. NFTs were also visualized using a paired helical
filament tau antibody (AT8; 1:800, Covance). Neuropathological diagnoses were determined
according to CERAD [20] and Braak staging [21] as recommended by the NIA-Reagan
criteria [22]. Exclusion criteria included mixed dementias, Parkinson’s disease,
frontotemporal dementia, argyrophilic grain disease, vascular dementia, hippocampal
sclerosis, stroke and Lewy body disease. Lewy bodies (LB) in the substantia nigra,
entorhinal, cingulate, midfrontal, middle temporal and inferior parietal cortex were detected
using a-synuclein (aSyn) immunohistochemistry as previously described [23]. Depending
upon the distribution of the aSyn-positive tissue was scored semi-quantitatively according to
the severity and anatomical distribution, separating brainstem predominant (PD), limbic/
transitional and difuse neocortical subtypes, [24,25]. A board-certified neuropathologist or
trained technician, blinded to clinical diagnosis, counted number of NPs, DPs revealed by
Bielschowsky silver stain and immunohistochemistry using the phosphorylated paired
helical filament tau AT8 marker for NFTSs, respectively, in one square mm area (100x
magnification) per cortical region as reported previously [16,26].

Cognitive composite scores

An 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 first derived by
converting raw test scores into z-scores using the sample mean and sample standard
deviation from the NCI group for each test.The resulting z-scores from each test were
averaged to create composite scores. Cognitive composite score data was derived from the
last clinic visit prior to autopsy.

Cognitive reserve proxy measures

Proxy measures of CR included years of completed formal education and the Extended
Range Vocabulary Test (ERVT) [27]. ERVT is a 15-item test that requires participants to
identify the correct synonym for a word from a group of five other words. Years of formal
education completed were obtained via self-report from each participant. For this analysis,
the baseline ERVT was used in order to provide the best estimate of pre-morbid CR as all
subjects were cognitively normal at study entry.
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Statistical Analysis

Results

For demographic and cognitive variables, one-way analysis of variance (ANOVA) test was
used to analyze group differences for continuous variables. Significant group wise
comparisons employed the Tukey HSD test. Chi-square test was used to analyze differences
in categorical variables.

Linear regression models were used to assess whether years of education and ERVT score
were significant predictors of EMC and EFC. For each model, clinical diagnosis, age at
death, gender, and APOE 4 carrier status were included to account for their effects.
CERAD diagnosis and Braak stage were assessed in separate models with each of the CR
measures. The models also included interaction terms for CERAD with CR and Braak stage
with CR. CERAD diagnosis was coded numerically using the following scheme: 1=No AD,
2=Possible AD, 3=Probable AD, 4=Definite AD. Braak stage was collapsed into three
categories and coded numerically: 1=Braak Stage 0-11, 2=Braak Stage I1l, 3=Braak Stage
IV-V. Adjusted R2 and Akaike’s Information Criteria (AIC) values were derived to assess
model fit. Linear relationships between the CR and cognitive measures were confirmed by a
comparison of linear and quadratic fits where the AIC values did not differ substantially
between these models.

Statistical significance was set at p < 0.05. Groupwise comparisons of demographic,
cognitive, and neuropathological variables were carried out using SYSTAT 13.0. Linear
regression analyses were carried out with R 3.4.0 using the ‘Im’ function.

The cohort examined was comprised of 109 males and 140 females with an average age at
death of 85.21 + 5.91 years and a mean of 18.26 + 3.39 years of education.The average
duration between last clinical assessment and autopsy was 0.73 + 0.67 years and average
post-mortem interval (PMI) was 7.63 £+ 7.01 h. Descriptive statistics by clinical group are
shown in Table 1. No significant differences in gender frequency were noted between the
groups while the APOE &4 allele was most prevalent in the AD cases (p=0.04). Education
levels were similar between groups (p=0.86) while AD and MCI had a significantly higher
age at death compared to NCI cases (p<0.001). PMI and brain weight at autopsy showed no
significant between-group differences (p=0.66, p=0.09, respectively).The duration between
the last clinical assessment and autopsy did not differ between clinical groups (p=0.97).

The NCI group had a significantly greater percentage (37%) of low Braak stages (0, I, I1)
compared to the MCI (22%) and AD (9%) groups.The prevalence of Braak stage 111 was
similar across groups (NCI-28%, MCI-24%, AD-23%) while more advanced Braak stages
(IV and V) were predominant in the AD group (68%) followed by MCI (54%) and NCI
(35%); (p<0.001).The NCI group contained a greater proportion of individuals with a
CERAD classification of ‘No AD’ compared to MCI and AD. For NIA Reagan diagnosis,
the classifications of “‘Not AD’ and ‘Low Likelihood” occurred more frequently in NCI
compared to the MCI and AD groups (Table 1). Descriptive statistics for the MMSE, ERVT,
EMC and EFC are shown in Table 2. All measures examined displayed significant
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differences (NCI>MCI>AD, p<0.001). Skewness values for the EMC and EFC were -0.45
and 0.33, respectively, indicating that both variables met the assumption of normality.

Results of the linear regression models using years of education and ERVT scores to predict
EMC and EFC scores are shown in Tables 3A and 3B. For the EMC, years of education by
CERAD interaction were not statistically significant (=-0.01, SE=0.01, p=0.53). For this
model the adjusted R2 was 0.58 and the AIC value was 450.06. By contrast, the ERVT and
its interaction with CERAD diagnosis was statistically significant (3=-0.03, SE=0.01,
p=0.004) (Figure 1). The adjusted RZ was 0.59, while the AIC value was 443.97 indicating a
slightly better fit for the ERVT model. A breakdown of the ERVT by CERAD interaction
found that the effect was likely driven by the positive association in the No AD pathology
group (p=0.14, SE=0.02, p<0.001; Figure 1A) as slopes for the other CERAD groups were
not significantly different [Possible AD (B=-0.04, SE=0.05, p=0.36; Figure 1B); Probable
AD (p=0.00, SE=0.03, p=0.97; Figure 1C); Definite AD (p=0.05, SE=0.05, p=0.26; Figure
1D)].

For EMC, the interaction of years of education and Braak stage (f=0.01, SE=0.01, p=0.66)
was also not statistically significant. The adjusted R was 0.59 and the AIC value was
447.69.The ERVT and Braak stage interaction ($=0.02, SE=0.01, p=0.20) also showed non-
significant results with an adjusted R? value 0.59 and an AIC value of 448.24 (Table 3B).

For the EFC, the interaction for years of education and CERAD (p=-0.01, SE=0.01, p=0.39)
was not statistically significant. The adjusted RZ was 0.47 and the AIC value was 512.40 for
this model. In contrast, the ERVT and CERAD interaction ($=-0.03, SE=0.01, p=0.01) was
statistically significant (Figure 2). A breakdown of the ERVT by CERAD interaction found
that the effect was likely driven by the positive association in the No AD pathology group
(B=0.11, SE=0.03, p<0.001; Figure 2A) as the slopes for the other CERAD groups were not
statistically significant [Possible AD (p=0.04, SE=0.05, p=0.39; Figure 2B); Probable AD
(p=0.01, SE=0.03, p=0.70; Figure 2C); Definite AD (p=0.03, SE=0.04, p=0.46; Figure
2D)].The adjusted R? was 0.48, while the AIC value was 506.34 indicating a slightly better
fit for the ERVT model.

For the EFC, the interaction of years of education and Braak stage (p=-0.01, SE=0.02,
p=0.33) was not statistically significant. The adjusted RZ was 0.47 and the AIC value was
512.86.The ERVT and Braak stage interaction was not significant (8=-0.03, SE=0.02,
p=0.09). For the ERVT and the Braak model, the adjusted R? was 0.47 and the AIC value
was 510.68 indicating a slightly better fit relative to the years of education model (Table
3B).

Discussion

The results of this study found that both episodic memory and executive function
performance are impacted by the interaction between CR and AD neuropathology.
Specifically, there was a positive association between ERVT and cognition among
individuals with lower plague pathology (CERAD-No AD). Among the CERAD groups that
had greater AD neuropathology, the slopes for the CR and cognition association were less
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steep and in some cases nearly flat suggesting that the protective effects of CR are most
pronounced in the early stages of AD pathogenesis. These results also suggest that when the
accumulation of AD pathology reaches a certain threshold the benefits of CR are negated.
None of the models using years of education as a CR proxy showed significant associations
with cognition while ERVT and its interaction with AD pathology showed significant
associations with episodic memory and executive function. This suggests that dynamic CR
measures are superior to static CR measures in their ability to predict cognitive performance
in the presence of AD pathology. Furthermore, the differences in AIC values, which favored
the ERVT models over the years of education models, provide evidence supporting the use
of CR proxy measures, which may indicate that development of dynamic CR occurs beyond
the completion of formal education.

Schwartz et al. [28] indicated that using years of education as a CR proxy is problematic
because it ignores cognitively enriching activities that occur both prior to and after the
completion of formal education. In addition, years of education may also be limited because
it conceptualizes CR as a function of academic intelligence and ignores other types of
intelligence [28]. Others have suggested that using education level as a CR proxy can vary
substantially based on the methods used to determine high and low levels of education [29]
raising uncertainty about the strength of the association between years of education and
cognition. It has been suggested that engagement in cognitively-based leisure activities in
adulthood are a better measure of CR than years of education and that the build-up of CR is
a fluid process that occurs throughout an individual’s lifetime [30].

The significant interactions between the ERVT and CERAD diagnosis on cognition found
here suggest that intellectually-based CR measures provide a more reliable measure of CR
than educational attainment, since the effect of continued learning over a lifetime might be
better taken into account. This is supported by findings showing that the interaction of
performance on the American National Reading Test (AMNART) and amyloid deposition
was significantly associated with cognitive performance in NCI individuals [31]. A recent
study found that NCI, MCI, and AD subjects with higher AMNART performance had higher
MMSE scores even in the presence of significant NFT pathology [32]. Although our results
did not demonstrate a significant interaction of CR and NFT pathology (Braak stage), we did
show that higher ERVT scores were associated with better executive function performance
after accounting for the interaction of Braak stage. This result is similar to other findings
showing that variability in cognitive performance among NCI individuals is associated with
AMNART performance and that this association is independent of AD pathology [33]. It
was also reported that the AMNART’s impact on cognition was additive, rather than
dependent, in the context of AD pathology [33].

Although our results show that the performance of dynamic CR proxies are superior to static
ones, their associations with cognition are likely influenced by a number of other
neuroprotective factors that underlie CR. For example, engagement in cultural, spiritual,
physical, intellectual, and communal activities may contribute to CR development [28]
suggesting that it is determined by multiple factors rather than a single factor. Others have
created a questionnaire that integrates the quantity and duration of various cognitive and
lifestyle activities to form a CR index [34], however a search of the literature did not yield
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any studies that tested this instrument’s interaction with AD pathology and cognition.
Perhaps studies using this index [34] would yield stronger associations between CR, AD
pathology and cognition.

With AD research shifting its focus toward prevention trials in asymptomatic individuals
[35,36], including a measure of CR may be important for defining the trajectory of cognitive
changes. Since increased CR mitigates the negative effect of AD neuropathology on
cognition, differing levels of CR among individuals in the placebo and treatment groups in
clinical trials may adversely impact the ability to detect a significant treatment effect [37].
Since effect sizes for cognitive tests are often small [38] and many clinical trials have shown
a lack of decline in their placebo groups [39], accounting for CR in the design of AD
prevention trials may help detect significant treatment effects. Recent evidence indicates that
utilizing Braak staging increases the ability to detect longitudinal differences in ante-mortem
cognitive performance [40], which may be complimented by /n vivo tau imaging [41].
Perhaps utilizing tau imaging in conjunction with CR measures would reduce the sample
size needed for AD prevention trials. However, previous findings have shown that NCI
individuals can display AD pathology similar to those with clinical MCI and AD [42,43],
suggesting that these individual have high levels of CR. How this effects subject selection
for clinical trials and its use with tau imaging remains to be determined.

Conclusion

A limitation to this study was its cross-sectional design, which limits its prognostic value. In
addition, our subjects were from a community-based group of highly educated retired clergy
who had excellent health care and nutrition. Individuals who volunteer may introduce bias
by decreasing pathology but this is partially mitigated by high follow-up and autopsy rates
[19]. Another limitation is the small number of APOE &4 carriers, particularly homozygous
individuals. Future studies with a greater balance of APOE &4 carriers and non-carriers will
extend these results. Strengths include uniform pre-mortem clinical and postmortem
pathological evaluation and that final pathologic classification was performed without
knowledge of clinical evaluation. Despite these caveats, we found that dynamic, compared to
static proxies of CR are superior in terms of predicting cognitive performance in the
presence of AD pathology.

Acknowledgments

This study was supported by grants PO1AG014449, RO1AG043375, P30AG010161, and P30AG042146 from the
National Institute on Aging, National Institutes of Health and Barrow Neurological Institute Barrow and Beyond.

We are indebted to the nuns, priests, and lay brothers who participated in the Rush Religious Orders Study and to

the members of the Rush ADC.

References

1. Stern Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol. 2012; 11:1006-1012.
[PubMed: 23079557]

2. Stern Y, Gurland B, Tatemichi TK, Tang MX, Wilder D, Mayeux. Influence of education and
occupation on the incidence of Alzheimer’s disease. JAMA. 1994; 271:1004-1010. [PubMed:
8139057]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Malek-Ahmadi et al.

11.

12.

13.

15.

16.

17.

18.

19.

20.

Page 9

. Steffener J, Stern Y. Exploring the neural basis of cognitive reserve in aging. Biochim Biophys Acta.

2012; 1822:467-473. [PubMed: 21982946]

. Marques P, Moreira P, Magalhdes R, Costa P, Santos N, et al. The functional connectome of

cognitive reserve. Hum Brain Mapp. 2016; 37:3310-3322. [PubMed: 27144904]

. Serra L, Mancini M, Cercignani M. Network-based substrate of cognitive reserve in Alzheimer’s

disease. J Alzheimers Dis. 2017; 55:421-430. [PubMed: 27662319]

. Opdebeeck C, Martyr A, Clare L. Cognitive reserve and cognitive function in healthy older people:

A meta-analysis. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. 2016; 23:40-60. [PubMed:
25929288]

. Vuoksimaa E, Panizzon MS, Chen CH, Eyler LT, Fennema-Notestine C, et al. Cognitive reserve

moderates the association between hippocampal volume and episodic memory in middle age.
Neuropsychologia. 2013; 51:1124-1131. [PubMed: 23499725]

. Roe CM, Xiong C, Miller JP, Morris JC. Education and Alzheimer disease without dementia:

Support for the cognitive reserve hypothesis. Neurology. 2007; 68:223-228. [PubMed: 17224578]

. Valenzuela MJ, Sachdev P. Brain reserve and cognitive decline: A non-parametric systematic review.

Psychol Med. 2006; 36:1065-1073. [PubMed: 16650343]

10. Adam S, Bonsang E, Grotz C, Perelman S. Occupational activity and cognitive reserve:

implications in terms of prevention of cognitive aging and Alzheimer’s disease. Clin Interv Aging.
2013; 8:377-390. [PubMed: 23671387]

Myung W, Lee C, Park JH, Woo SY, Kim S, et al. Occupational attainment as risk factor for
progression from mild cognitive impairment to Alzheimer’s disease: A CREDOS Study. J
Alzheimers Dis. 2017; 55:283-292. [PubMed: 27662289]

Contador I, Del Ser T, LIamas S, Villarejo A, Benito-Leon J, et al. Impact of literacy and years of
education on the diagnosis of dementia: A population-based study. J Clin Exp Neuropsychol.
2017; 39:112-119. [PubMed: 27484199]

Wilson RS, Barnes LL, Krueger KR, Hoganson G, Bienias JL, et al. Early and late life cognitive
activity and cognitive systems in old age. J Int Neuropsychol Soc. 2005; 11:400-407. [PubMed:
16209420]

14. Bennett DA, Schneider JA, Arvanitakis Z, Wilson RS. Overview and findings from the religious

order study. Curr Alzheimer Res. 2012; 9:628-645. [PubMed: 22471860]

Mufson EJ, Chen EY, Cochran EJ, Beckett LA, Bennett DA, et al. Entorhinal cortex beta-amyloid
load in individuals with mild cognitive impairment. Exp Neurol. 1999; 158:469-490. [PubMed:
10415154]

Bennett DA, Wilson RS, Schneider JA, Evans DA, Beckett LA, et al. Natural history of mild
cognitive impairment in older persons. Neurology. 2002; 59:198-205. [PubMed: 12136057]

Bennett DA, Schneider JA, Buchman AS, Mendes de Leon C, et al. The rush memory and aging
project: Study design and baseline characteristics of the study cohort. Neuroepidemiology. 2005;
25:163-175. [PubMed: 16103727]

Bennett DA, Schneider JA, Wilson RS, Bienias JL, Arnold SE. Neurofibrillary tangles mediate the
association of amyloid load with clinical Alzheimer disease and level of cognitive function. Arch
Neurol. 2004; 61:378-384. [PubMed: 15023815]

Schneider JA, Aggarwal NT, Barnes L, Boyle P, Bennett DA. The neuropathology of older persons
with and without dementia from community versus clinic cohorts. J Alzheimers Dis. 2009;
18:691-701. [PubMed: 19749406]

Mirra SS. The CERAD neuropathology protocol and consensus recommendations for the post-
mortem diagnosis of Alzheimer’s disease: A commentary. Neurobiol Aging. 1997; 18:S91-S94.
[PubMed: 9330994]

21. Braak H, Braak E. Neuropathological staging of Alzheimer-related changes. Acta Neuropathol.

1991; 82:239-259. [PubMed: 1759558]

22. Hyman BT, Trojanowski JQ. Consensus recommendations for the postmortem diagnosis of

Alzheimer’s disease. The National Institute on Aging and Reagan Institute Working Group on
diagnostic criteria for the neuropathological assessment of Alzheimer’s disease. J Neuropathol Exp
Neurol. 1997; 56:1095-1097. [PubMed: 9329452]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Malek-Ahmadi et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10

Schneider JA, Arvanitakis Z, Bang W, Bennett DA. Mixed brain pathologies account for most
dementia cases in community-dwelling older persons. Neurology. 2007; 69:2197-2204. [PubMed:
17568013]

McKeith IG, Galasko D, Kosaka K, Perry EK, Dickson DW, et al. Consensus guidelines for the
clinical and pathologic diagnosis of dementia with Lewy bodies (DLB): Report of the consortium
on DLB international workshop. Neurology. 1996; 47:1113-1124. [PubMed: 8909416]

Jellinger KA. A critical evaluation of current staging of a-synuclein pathology in Lewy body
disorders. Biochim Biophys Acta. 2009; 1792:730-740. [PubMed: 18718530]

Mitchell TW, Nissanov J, Han LY, Mufson EJ, Schneider JA, et al. Novel method to quantify
neuropil threads in brains from elders with or without cognitive impairment. J Histochem
Cytochem. 2000; 48:1627-1638. [PubMed: 11101631]

Ekstrom, RB., French, JW., Harman, HH., Dermen, D. Manual for kit of factor-referenced
cognitive Tests Princeton. NJ: Educational Testing Service; 1976.

Schwartz CE, Rapkin BD, Healy BC. Reserve and Reserve-building activities research: Key
challenges and future directions. BMC Neurosci. 2016; 17:62. [PubMed: 27633657]

Harrison SL, Sajjad A, Bramer WM, lkram MA, Tiemeier H, et al. Exploring strategies to
operationalize cognitive reserve: A systematic review of reviews. J Clin Exp Neuropsychol. 2015;
37:253-264. [PubMed: 25748936]

Reed BR, Dowling M, Tomaszewski Farias S, Sonnen J, Strauss M, et al. Cognitive activities
during adulthood are more important than education in building reserve. J Int Neuropsychol Soc.
2011; 17:615-624. [PubMed: 23131600]

Rentz DM, Locascio JJ, Becker JA, Moran EK, Eng E, et al. Cognition, reserve and amyloid
deposition in normal aging. Ann Neurol. 2010; 67:353-364. [PubMed: 20373347]

Rentz DM, Mormino EC, Papp KV, Betensky RA, Sperling RA, et al. Cognitive resilience in
clinical and preclinical Alzheimer’s disease: The association of amyloid and tau burden on
cognitive performance. Brain Imaging Behav. 2017; 11:383-390. [PubMed: 27738998]

Vemuri P, Weigand SD, Przybelski SA, Knopman DS, Smith GE, et al. Cognitive reserve and
Alzheimer’s disease biomarkers are independent determinants of cognition. Brain. 2011;
134:1479-1492. [PubMed: 21478184]

Nucci M, Mapelli D, Mondini S. Cognitive Reserve Index questionnaire (CRIq): A new instrument
for measuring cognitive reserve. Aging Clin Exp Res. 2012; 24:218-226. [PubMed: 21691143]

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, et al. Toward defining the preclinical
stages of Alzheimer’s disease: Recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011; 7:280-292. [PubMed: 21514248]

Langbaum JB, Fleisher AS, Chen K, Ayutyanont N, Lopera F, et al. Ushering in the study and
treatment of preclinical Alzheimer disease. Nat Rev Neurol. 2013; 9:371-381. [PubMed:
23752908]

Stern Y. Cognitive reserve: Implications for assessment and intervention. Folia Phoniatr Logop.
2013; 65:49-54. [PubMed: 23941972]

Cummings JL. Controversies in Alzheimer’s disease drug development. Int Rev Psychiatry. 2008;
20:389-395. [PubMed: 18925488]

Schneider LS, Sano M. Current Alzheimer’s disease clinical trials: Methods and placebo outcomes.
Alzheimers Dement. 2009; 5:388-397. [PubMed: 19751918]

Qian J, Hyman BT, Betensky RA. Neurofibrillary tangle stage and the rate of progression of
Alzheimer symptoms: Modelling using an autopsy cohort and application to clinical trial design.
JAMA Neurol. 2017; 74:540-548. [PubMed: 28288263]

Scholl M, Lockhart SN, Schonhaut DR, O’Neill JP, Janabi M, et al. PET imaging of tau deposition
in the aging human brain. Neuron. 2016; 89:971-982. [PubMed: 26938442]

Mufson EJ, Malek-Ahmadi M, Snyder N, Ausdemore J, Chen K, et al. Braak stage and trajectory
of cognitive decline in non-cognitively impaired elders. Neurobiol Aging. 2016; 43:101-110.
[PubMed: 27255819]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 February 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Malek-Ahmadi et al. Page 11

43. Mufson EJ, Malek-Ahmadi M, Perez SE, Chen K. Braak staging, plaque pathology and APOE
status in elderly persons without cognitive impairment. Neurobiol Aging. 2016; 37:147-153.
[PubMed: 26686670]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 February 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Malek-Ahmadi et al.

Episodic Memory z-score
&
w

Episodic Memory z-score
=3
=

Page 12

(s R+

0.0}

Episodic Memory z-score

=]

v
1

a

oo

o
o
o

0.5 = 2

ERVT ERVT

[+]

o
o
o
=]
oo
o € 0O 0

Q00

eslsi]

o
o
feN
°
e

O 000 O og 0
=]+]
oo

cao
o oao
a
o Mo a0 a
=]
ao o
Episodic Memory z-score
&
in
1
o
o
a
o
o

ERVT ERVT

Figure 1.
Linear regression analysis showing association between ERVT score and episodic memory

and CERAD neuropathological diagnostic groups.
A-No AD (p=0.14, SE=0.02, p<0.001), B-Possible AD (p=0.04, SE=0.05, p=0.36), C-
Probable AD ($=0.00, SE=0.03, p=0.97), D-Definite AD (=0.05, SE=0.05, p=0.26)
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Figure2.
Linear regression analysis showing association between ERVT score and executive function

and CERAD diagnostic groups.
A-No AD ($=0.11, SE=0.03, p<0.001), B-Possible AD ($=0.04, SE=0.05, p=0.39), C-
Probable AD ($=0.01, SE=0.03, p=0.70), D-Definite AD (f=0.03, SE=0.04, p=0.
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Table 3

A: Linear regression model results for cognitive reserve and CERAD interactions as predictor s of cognition.

Episodic Memory

Executive Function

Slope (SE) | p-value

Slope (SE) | p-value

Education x CERAD

-0.006 (0.01) | 053

-0.01 (0.01) | 0.39

Adjusted R?=0.58

Adjusted R?=0.47

AIC=450.06 AIC=512.40
Slope (SE) | p-value Slope (SE) | p-value
ERVT x CERAD 003001 | 0004 003001 | oo

Adjusted R?=0.59
AIC=443.97

Adjusted R2=0.48
AIC=506.34

B: Linear regression model results for cognitive reserve measures and Braak stage as predictors of cognition.

Slope (SE) | p-value

Slope (SE) | p-value

Education x Braak Stage

0.006 (0.01) | 0.66

-0.02 (0.02) | 0.33

Adjusted R2=0.59

Adjusted R2=0.47

AIC=447.69 AIC=512.86
Slope (SE) | p-value Slope (SE) | p-value
ERVT x Braak Stage 0.02 (0.01) | 0.20 -0.03 (0.02) | 0.09

Adjusted R2=0.59
AIC=448.24

Adjusted R2=0.47
AIC=510.68

SE: Standard Error; AIC: Akaike’s Information Criteria

All models adjusted for clinical diagnosis, age at death, gender and APOE &4 carrier status

SE: Standard Error; AIC: Akaike’s Information Criteria

CAll analyses adjusted for clinical diagnosis, age at death, gender and APOE &4 carrier status
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