
A Two-process Model for Neuropathology of Alzheimer’s
Disease

Dan Mungas1, Rochelle Tractenberg2, Julie A. Schneider3, Paul K. Crane4, and David A.
Bennett3
1Department of Neurology, School of Medicine, University of California, Davis, California
2Department of Neurology, Georgetown University, Washington, DC
3Rush Alzheimer’s Disease Center, Rush University Medical Center, Chicago, IL
4Department of Internal Medicine, University of Washington, Seattle, Washington

Abstract
This study examined relations among neuritic and diffuse plaques, neurofibrillary tangles, age, and
apolipoprotein E (APOE) in two large samples of neuropathology cases, the Religious Orders
Study and the Memory and Aging Project. Cognitive status ranged from normal to demented and
AD neuropathology ranged from none to severe. Confirmatory factor analysis identified a best
fitting four factor solution to describe interrelationships among plaques and tangles: 1) a global
neuritic plaque factor, 2) a global diffuse plaque factor, 3) a factor defined by medial temporal
neurofibrillary tangles, and 4) a neocortical tangle factor. Results supported a hypothesis that
neuritic plaques mediate the association of age and APOE with neocortical tangles, and similarly
mediate the effect of APOE on medial temporal tangles. However, medial temporal tangles were
related to age independent of neuritic plaques. These results support a primary amyloid based AD
process that accounts for neocortical tangles and makes the largest contribution medial temporal
tangles. A second, age related but non-amyloid process likely contributes to medial temporal lobe
tangles.
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Alzheimer’s disease (AD) has been defined by neuropathological features of neuritic
plaques and neurofibrillary tangles since it was first identified in 1906 and these two types
of neuropathology continue to constitute the basis for the neuropathological diagnosis of AD
(Hyman, 1997; Hyman et al., 2012; Montine et al., 2012). There is an extensive literature on
the relationship of these neuropathological features to clinical status (Bennett, Schneider,
Wilson, Bienias, & Arnold, 2004; Gomez-Isla, Spires, De Calignon, & Hyman, 2008;
Nelson, Braak, & Markesbery, 2009). A widely accepted model of neuropathological and
clinical progression of AD posits that neurofibrillary tangles initially appear in the
entorhinal cortex and hippocampus and later spread to neocortex. This forms the basis for
the widely used Braak and Braak staging of AD pathology (Braak & Braak, 1991; Braak,
Braak, & Bohl, 1993; Thal, Griffin, & Braak, 2008) and provides an anatomical explanation
for the progression of clinical symptoms. Because the hippocampus is a critical anatomical
substrate of episodic memory, the early presence of neurofibrillary tangles in the
hippocampus helps to explain the amnesia associated with early AD. Neurofibrillary tangle
pathology in neocortical areas in later stages of AD corresponds to broader cognitive
impairment affecting non-memory domains and resulting in clinical dementia. Regional and
spatial patterns of neuritic plaques do not show the same characteristic pattern as for
neurofibrillary tangles (Longstreth et al., 2009; Sonnen et al., 2008; Thal et al., 2008), and
specifically, neuritic plaques are likely to be distributed throughout neocortical regions in
the earliest stages of plaque development (Thal et al., 2008).

At the level of molecular biology, the “amyloid cascade hypothesis” has emerged as the
leading theory to explain the development of AD neuropathology (Hardy & Allsop, 1991;
Hardy & Higgins, 1992; Selkoe, 1991). This hypothesis posits that the formation and
deposition of amyloid-β peptide (Aβ), the primary constituent of neuritic plaques, is the first
step in a sequence of events that ultimately leads to impaired cell function, the formation of
neurofibrillary tangles, cell death, cognitive decline, and clinical dementia (Jack et al.,
2010). It is supported by the observation that all three genetic mutations associated with
early onset AD and the apolipoprotein E polymorphism (APOE) alter the metabolism of
amyloid, are associated with development of neuritic plaques composed of Aβ, and manifest
tangle formation. Further, preclinical data support a linkage between Aβ processing and
tangle formation (Klein, Stine, & Teplow, 2004; Oddo et al., 2006).

A comprehensive explanation of the genesis of AD should incorporate neurobiology,
neuropathology, and clinical characteristics. The amyloid cascade hypothesis explains many
of the findings related to AD, but is problematic in some respects. Notably, this hypothesis
would suggest that presence of neurofibrillary tangles should mirror presence of amyloid
plaques (Longstreth et al., 2009). But repeated observations indicate that this is not the case;
neurofibrillary tangles are commonly observed in medial temporal lobes in the absence of
amyloid plaques (Jellinger & Bancher, 1998; Murray et al., 2011; Nelson, Abner, et al.,
2009).

An alternate explanation for the observation of medial temporal neurofibrillary tangles in the
absence of amyloid plaques is that medial temporal tangles could result from a second, non-
AD process (Nelson, Abner, et al., 2009). We hypothesize that two independent processes
may better explain the complex relation of amyloid and tangles to aging, AD, and cognition.
Process 1 is prototypical AD and leads to amyloid deposition throughout the neocortex and
medial temporal lobes and to widespread tangle formation and impairment in multiple
cognitive domains. Process 2 is a different age related process, is associated with tangle
formation in the medial temporal lobes, and presumably contributes to episodic memory
deficits. It is well known that mixed pathologies commonly contribute to cognitive
impairment in old age (Petrovitch et al., 2005; Schneider, Arvanitakis, Bang, & Bennett,
2007; Sonnen et al., 2007; Troncoso et al., 2008). It is also well accepted that other diseases
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such as fronto-temporal lobe dementia can manifest pathologically with tangles in the
absence of amyloid (Dickson, 2009; Nelson, Abner, et al., 2009). One- and two-process
explanations of tangle formation generate different predictions about relations of major risk
factors such as age and APOE with plaques and tangles. In the one-process formulation, age
and APOE relate to tangles via mediating effects of plaques. The two-process account would
predict that medial temporal tangles have an additional relationship with age that cannot be
explained by plaques.

The goal of this study was to evaluate competing hypotheses from one- and two-process
models to account for relationships among age, APOE, and regional measures of the
characteristic neuropathological features of AD, neuritic plaques, diffuse plaques, and
neurofibrillary tangles. One hypothesis is that these features all are manifestations of a
unitary AD process. In this case, neurofibrillary pathology throughout the brain would be
related to age and APOE via the mediating effects of neuritic plaques and would not be
related to these risk factors after controlling for neuritic plaques. An alternate hypothesis
would posit a typical AD process that would explain much of the observed neuropathology,
but also an additional process that would provide incremental explanation of neurofibrillary
tangles in the medial temporal lobes. This explanation would predict that the relation of age
with medial temporal neurofibrillary tangles would fall outside the primary AD pathway and
would not be entirely explained by neuritic plaques, while in contrast, APOE effects would
be AD related and mediated by neuritic plaques.

This study took advantage of a relatively large neuropathology sample with well-
characterized and broadly variable AD neuropathology. We used latent variable modeling to
characterize the plaque and tangle neuropathology of AD and test competing hypotheses
about how neuropathology indices relate to one another and to age and APOE. Latent
variables are statistical representations of conceptual constructs that are not directly
measurable. They are empirically derived to explain covariance among observable but
imperfect indicators of the constructs of interest, and in so doing, may help to define,
measure, and clarify these constructs and how they relate to directly observed external
variables.

Methods
Participants

The Religious Orders Study (ROS) and Memory and Aging Project (MAP) are both
community-based, prospective cohort studies of risk factors for incident AD and other
chronic conditions of aging conducted by the Rush Alzheimer’s Disease Center.
Recruitment and inclusion criteria for these studies and subject evaluations have been
previously described in detail (R. Wilson, Barnes, & Bennett, 2003; R. S. Wilson, Beckett,
et al., 2002; R. S. Wilson, Mendes De Leon, et al., 2002). Briefly, both studies recruit older
individuals without known dementia who agree to receive clinical and psychological
evaluation each year and to donate their brains for postmortem examination. The annual
attrition rate in both cohorts is below 1% among survivors and the autopsy rate exceeds 80%
in both cohorts. These studies share similar clinical and neuropathology protocol (Bennett,
Schneider, Arvanitakis, et al., 2006). All individuals from these two samples who had
available neuropathology data were included in this study; individuals with and without AD
pathology were included and individuals with other neuropathologies, like Lewy bodies and
vascular brain injury, also were included.
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Clinical Methods
Clinical diagnosis of dementia and AD followed NINCD-ADRDA criteria and were
implemented in a three-step process as described previously (Bennett, Schneider, Aggarwal,
et al., 2006). Mild cognitive impairment (MCI) referred to persons with cognitive
impairment based on neuropsychological test performance in the absence of dementia as
described previously (Bennett et al., 2002; Boyle, Wilson, Aggarwal, Tang, & Bennett,
2006). These criteria are similar to cognitive impairment no dementia (CIND). Persons
without dementia or MCI were characterized as no cognitive impairment (NCI). APOE
genotyping was performed by Agencourt Bioscience Corporation as previously described
(Buchman et al., 2009).

Table 1 presents a summary of the sample characteristics by clinical diagnosis before death.
The analytical sample for the present study consisted of 591 subjects with complete data on
most of the neuropathology variables included in the analysis (sample sizes for individual
variables ranged from 496 to 591). The sample was predominantly white, non-Hispanic
(96%) and was 59% female with a mean age at death of 87 years and an average education
level of about 17 years. Approximately 30% of the participants were carriers of at least one
APOE ε4 allele. In the last clinical evaluation, about a third of the sample had NCI, 25% had
MCI, and the remaining 43% had AD or other form of dementia. The average interval from
last psychological evaluation to brain autopsy was 6.5 months (SD = 3.9, range 0-20
months). Overall, sample characteristics were very similar across ROS and MAP.

Neuropathology Methods
AD neuropathology indices were obtained from a standard neuropathology protocol as
previously described (Bennett, Schneider, Tang, Arnold, & Wilson, 2006; Bennett et al.,
2003). AD neuropathology variables of interest in this study included counts in a 1mm2 area
of greatest density of neuritic plaques (NP), diffuse plaques (DP), and neurofibrillary tangles
(NFT) from five brain regions: hippocampal CA1 sector, entorhinal cortex, midfrontal,
middle temporal, and inferior parietal cortices. Due to the skewness of the distributions of
these AD neuropathology measures we recoded the values into deciles. The potential loss of
information due to the discretization of these measures into deciles was offset by gains in
meeting distributional assumptions of latent variable models and improvements in overall
model fit. Table 1 shows summary statistics for raw plaque and tangle counts.

Data Analysis
Overview—Latent variable modeling methods were used to identify latent variables to
characterize and explain the regional distribution of AD neuropathology ratings
(measurement model) and to evaluate relationships among these latent variables, age, and
APOE (structural model). Two structural models were used to test study hypotheses about
how neurofibrillary tangles relate to age, APOE, and diffuse and neuritic plaques. Multiple
group analyses were used to replicate results across the ROS and MAP samples. The
measurement model was initially developed using the larger ROS sample, and then was
applied to the MAP sample in a multiple group analysis. Replicability of structural relations
was similarly tested in a multiple group analysis.

Measurement Model—The first step in model building identified a measurement model
that explained the relations among measures of AD neuropathology in the ROS sample.
Confirmatory factor analysis (CFA) was used to test alternate a-priori models to explain
covariance among the regional ratings of neuritic plaques (NP), diffuse plaques (DP), and
neurofibrillary tangles (NFT). Alternate models that were tested included: M-1) a single
factor model (global AD) in which all 15 neuropathology indicators defined one AD
dimension, M-2) a two factor model (neocortical versus medial temporal) with one factor
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defined by neocortical NP, DP, and NFT and the second defined by medial temporal NP,
DP, and NFT, M-3) a two factor model defined by plaques (DP and NP) and tangles (NFT),
M-4) a three factor model with one factor defined by NP, one defined by DP, and one by
NFT, M-5) a four factor model with single factors for NP and DP and two factors for NFT
(medial temporal and neocortical), M-6) a four factor model with medial temporal and
neocortical factors for NP and single factors for DP and NFT, M-7) a similar four factor
model with two DP factors and single NP and NFT factors, and M-8) a six factor model with
two factors each for NP, DP and NFT (neocortical and medial temporal). Tests of these
models estimated the fit of the hypothesized relations in each model to the data; the model
that fits best, and fits well, represents the hypothesis with the strongest support from the
data.

We then performed a multiple group analysis to evaluate whether the best fitting of the eight
measurement models, derived from the ROS sample, was also applicable in the MAP
sample. In multiple group CFA, a common model for both groups is specified on an a priori
basis, and then group differences in individual parameters can be systematically tested. The
best fitting model from the ROS sample was used as the base model and model parameters
were constrained to be the same for the ROS and MAP groups. Specifically, the same
number of factors accounting for AD neuropathology were used for both groups, factor
loadings and thresholds were constrained to be the same, and correlations among factors
were constrained to be equal. Factor means and variances were allowed to differ, reflecting
the likelihood of real-world sample differences in distributions of AD neuropathology. Fit of
this model was compared with fit of a less restrictive model in which loadings, thresholds,
and correlations among factors were allowed to differ across groups. In this less restrictive
model, the loadings and thresholds for one indicator for each factor were constrained to be
the same so that the model would be statistically identifiable.

Structural Model—This step of model development added age and APOE to the best
fitting measurement model and examined structural relations among these risk factor
variables and the latent variables underlying AD neuropathology ratings. This step was
designed to test the hypothesis that the effects of age and APOE on NFT are mediated by
NP. Evidence for mediation would be found if: 1) age and APOE have simple bivariate
effects on NFT and NP, 2) NP has a direct association with NFT, but 3) age and APOE are
not related to NFT independent of NP. These analyses also examined relationships of DP
with age, APOE, NP, and NFT.

The primary structural model (S-1) built upon the best fitting measurement model, and
evidence of mediation of types 1, 2 or 3 above was obtained as follows. NP, DP, and NFT
factors were regressed on age and APOE. In addition, NFT factors were regressed on NP
and DP factors. The residual correlation between NP and DP factors was freely estimated.
The paths in this model from NP to NFT tested whether there was a direct relation of NFT
with NP (mediation evidence type 2). The direct paths from age and APOE to NFT tested
whether risk factors were not related to NFT independent of NP (mediation evidence type
3). All parameters in S-1 were simultaneously estimated, including parameters of the
measurement model (factor loadings, thresholds, residual variances) and regression
coefficients defining structural relationships. Multiple group CFA was used to evaluate
whether results were invariant across the ROS and MAP samples. A secondary model (S-2)
was used to test whether risk factors had simple bivariate relations with NFT and NP
(mediation evidence type 1). This was a re-parameterization of S-1 in which NP, NFT, and
DP factors were regressed on age and APOE and residual correlations among these factors
were freely estimated. This model differed from S-1 in that regression paths from NP and
DP to NFT were not included, and consequently, age and APOE effects on NFT were not
adjusted for NP and DP.
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Model estimation was performed with Mplus version 6.0 (Muthén & Muthén, 1998-2012).
Neuropathology indicators were modeled as categorical variables using a weighted least
squares mean and variance adjusted estimator (WLSMV) applied to a mean and covariance
data structure. Model fit was evaluated using an overall chi square test supplemented by fit
indices: the comparative fit index (CFI; Bentler, 1990), the Tucker-Lewis index (TLI;
Tucker & Lewis, 1973), and the root mean square error of approximation (RMSEA; Browne
& Cudek, 1993). CFI and TLI values of 0.95 and higher indicate good fit; RMSEA value of .
08 and lower indicate acceptable fit. A modified chi-square difference test appropriate for
the WLSMV estimator (Muthén & Muthén, 1998-2012) was used to compare fit of nested
models and determine if fit significantly improved as a result of freely estimating one or
more parameters in a model.

Results
Measurement Model (M-1 to M-8)

Fit of alternative models for explaining relations among the neuropathology indicators of
AD using the ROS sample is summarized in Table 2. Model fit was generally good for the
three and four factor models but was better for solutions with more factors. The six-factor
solution (M-8) had the best fit but there was technical evidence suggesting that too many
factors were being extracted. The four-factor solution with single NP and DP factors and
two NFT factors showed the best fit among the remaining alternative models and was
selected as the base measurement model for further analyses. This four-factor solution is
depicted in Figure 1, specifically the relationships of the latent factors to the observed
neuropathology indicators.

A multiple group CFA was used to test the invariance of the four-factor solution across the
MAP and ROS samples. Model fit was not significantly worse for the fully constrained
model in which loadings, thresholds, and correlations among factors were constrained to be
the same in MAP and ROS in comparison with the less restrictive model where those
parameters were allowed to differ across groups (modified chi square difference test χ2[111]
=117.9, p=.31). This supported the invariance of results across the two samples, and
consequently, the two groups were combined to generate the final measurement model.
Standardized factor loadings from this four-factor measurement model applied to the
combined ROS-MAP sample are presented in Table 3. All factor loading were 0.75 or
higher, and all but two exceeded 0.80, indicating that variance in observed indicators was
well explained by the latent factors. Correlations among latent factors ranged from 0.46 to
0.80 (Table 4). These results support the presence of four distinct factors but also show
substantial correlation among factors.

Structural Model
We next added age and APOE to the measurement model and examined structural relations
among these risk factor variables and the latent variables, paying particular attention to
theoretically important relationships between age, APOE, NP and neocortical and medial
temporal NFT. Figure 1 graphically presents the analytic model and structural results. The
primary structural model (S-1) simultaneously estimated all paths, including those of the
measurement model. First, we evaluated whether the ROS and MAP samples could be
combined for this analysis. We used a multiple group analysis to test sample invariance of
the structural parameters in S-1, depicted in Figure 1. Model fit did not significantly
improve when these regression parameters were allowed to be freely estimated across ROS
and MAP groups as compared to being constrained to be equal in the two groups (χ2[14]
=10.7, p=.71), therefore, subsequent analyses used the combined ROS-MAP sample.
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Model S-1 fit well in the combined sample (χ2[106] = 353.6, CFI = 0.988, TLI = 0.984,
RMSEA = 0.063 (95% CI = 0.056 – 0.071). Table 5 shows independent effects of age,
APOE, NP, and DP on NFT factors (Multivariate Effect column). These results are also
presented in Figure 1. Both neocortical NFT and medial temporal NFT were strongly related
to NP (standardized coefficients of 0.84 and 0.58). Medial temporal NFT was related to age
in this analysis (0.32), but neocortical NFT was not related to age and neither NFT factor
was significantly related to APOE. DP was strongly correlated with NP (standardized
coefficient = 0.77), but was not independently related to medial temporal or neocortical
NFT.

The secondary model (S-2) characterized simple relations of age and APOE with the latent
factors. Regression paths from NP and DP to NFT (dashed lines in Figure 1) were not
included in this model, but residual correlations of NFT with NP and DP were estimated.
Since this was a re-parameterization, model fit was the same as for S-1. Standardized
regression coefficients that represent simple relations of NP, DP, and NFT latent variables
with age and APOE are also included in Table 5 (Simple Effect column).

The two structural models verify that both NFT factors had simple, direct relations with age
and APOE (Simple Effect, Table 5), were strongly related to NP (but not DP) (Multivariate
Effect, Table 5), but were not related to age and APOE independent of NP (Multivariate
Effect, Table 5). The simple regression coefficient describing the effect of age on
neocortical NFT was diminished by 86% in the multivariate model that accounted for the
effect of NP on neocortical NFT (standardized coefficient of 0.22 versus 0.03). The
corresponding coefficient for APOE decreased by 85%. The APOE effect on medial
temporal NFT diminished by 68%, while the effect of age decreased 29%. About 15% of the
variance in neocortical NFT was explained by age and APOE alone, but this increased
dramatically to 59% when NP (and DP) were added as predictors. For medial temporal NFT,
age and APOE alone explained 25% of the variance, and this increased to 46% when NP and
DP were added. These findings support a mediating effect of NP on the relations of age and
APOE with NFT. The mediating effect of NP on the age – medial temporal NFT relation
was smaller, and there still was an age effect independent of NP.

Results Summary
The best fitting measurement model included separable neocortical and medial temporal
dimensions of NFT, but single dimensions of NP and DP. Both NFT factors were strongly
related to NP, and NP was related to age and APOE. Results supported the hypothesis that
NP mediated the association of APOE with both NFT factors and mediated the association
of age with neocortical NFT. NP partially mediated the relation between age and medial
temporal NFT, but age still was related to medial temporal NFT independent of NP. DP was
not related to NFT independent of NP.

Discussion
Results of this study support the presence of two processes underlying amyloid plaques and
neurofibrillary tangles, the characteristic neuropathological features of AD. The dominant
process is a classic AD process characterized by neuritic plaques and neurofibrillary tangles
throughout the brain. This process, as would be expected, was related in this study to two
major risk factors for AD, older age and APOE ε4. Age and APOE were associated with
neuritic (amyloid) plaques, neuritic plaques in turn were associated with neurofibrillary
tangles in the neocortex and medial temporal lobes, and there was evidence that neuritic
plaques mediated the relations of the risk factors with tangles, especially neocortical
neurofibrillary tangles. Results also supported a second process that contributes to medial
temporal neurofibrillary tangles. This process also was age related, but results suggest that
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its relation to age falls outside the causal pathway from age and APOE to Aβ and neuritic
plaques to neurofibrillary tangles.

This study used latent variables to summarize expert ratings of AD neuropathology from
multiple brain regions, and then used these summary variables to test hypotheses about
neuropathology processes in AD. Results have important implications for understanding the
biologic cascade involved in the development and progression of AD neuropathology.
Several alternative explanations to account for results of this study merit consideration.

The simplest explanation is that Aβ neuritic plaques represent the primary neurotoxic input
and have a causal effect with respect to downstream development of neurofibrillary tangles.
While this explanation is consistent with the strong association of neuritic plaques with both
neocortical and medial temporal tangles, it nevertheless is problematic in two important
ways. First, accounting for the early presence of medial temporal tangles in the absence of
neuritic plaques presents difficulties (Longstreth et al., 2009). There is a widely accepted
view that the neurofibrillary pathology of AD begins in the medial temporal lobes and
subsequently spreads to neocortex. This is the fundamental observation underlying the well-
established Braak & Braak staging of AD (Braak & Braak, 1991; Braak et al., 1993), and is
consistent with the identification of two factors accounting for neurofibrillary tangles in this
study. The amyloid cascade hypothesis posits that Aβ is a prerequisite for development of
neurofibrillary tangles, and therefore would argue that Aβ is present preceding or at least
concurrent with the development of tangles. Consequently, explaining the early presence of
isolated medial temporal tangles in the context of a lack of a corresponding regional/
temporal distribution of plaques presents a challenge within the context of the amyloid
cascade hypothesis (Longstreth et al., 2009).

The strong relation of neuritic plaques to neurofibrillary tangles is this study could result
from these two features being correlated outcomes of a more primary AD process. This
model is presented graphically in Figure 2. The primary AD process is presented as a
hypothesized intervening variable between risk factors, neuritic plaques, and neurofibrillary
tangles. The solid lines show the hypothesized causal paths from risk factors through
primary AD to plaques and tangles. Note that plaques and tangles are related through their
common relations with primary AD. This model can explain some of the major findings of
this study, specifically a single neuritic plaque factor but separable medial temporal and
neocortical neurofibrillary tangle factors, and the relationship of APOE and neuritic plaques
to neocortical and medial temporal tangles. However, this explanation cannot account for
the curved, dotted lines in Figure 2, which show the effect of age on medial temporal tangles
independent of neuritic plaques and the stronger relation of neocortical versus medial
temporal tangles with neuritic plaques.

A two-process model for plaque and tangle neuropathology is better equipped to account for
the overall pattern of results in this study. The primary AD process in Figure 2 could
account for neuritic plaques and neocortical tangles, and could make a major contribution to
medial temporal tangles. However, it appears that one or more nonamyloid processes also
contribute to medial temporal tangles. Neurofibrillary tangles are associated with a number
of non-AD conditions (Dickson, 2009; Nelson, Abner, et al., 2009). Tau mutations (Klein et
al., 2004) and chronic traumatic encephalopathy (Baugh et al., 2012; Yoshiyama et al.,
2005) are but two of the potential etiologies that require further investigation. An
implication of the two-process conceptualization is that neurofibrillary tangles in the medial
temporal lobes, often considered a defining feature of early AD, may not always be
associated with AD. This conclusion is supported in part by the new NIA-AA guidelines on
the neuropathologic diagnosis of AD (Hyman et al., 2012; Montine et al., 2012). While not
explicitly addressed in the text, the table in Hyman et al. clearly indicates that a pathologic
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diagnosis of AD requires amyloid deposition such that the sole presence of neurofibrillary
pathology is not even sufficient for the diagnosis of possible AD. How this is reconciled
with Braak Staging for AD remains to be determined.

Diffuse plaques in this study were related to both age and APOE, and were strongly
associated with neuritic plaques. While diffuse plaques were correlated with NFT, they were
not related to NFT independent of effects of neuritic plaques. Overall, results of this study
provide further evidence that diffuse plaques are not central to the neuropathological
changes of AD.

This study has many strengths but also has important limitations. The large sample with
well-characterized neuropathology is a strength, as is the broad variability of
neuropathology from persons with cognitive abilities proximate to death that ranged from
NCI, to MCI, to dementia. The availability of two independent samples characterized with
the same neuropathologic methods allowed for replicating results across two different
groups of study participants. The major limitation of this study is that data are essentially
correlational, and the primary hypotheses of interest are causal. Causal conclusions from
correlational data must be made with caution, even correlations with genotype data that
presumably has an effect prior to the development of pathology. Ultimately, these findings
must be supported by broader lines of evidence that can more directly address causal
relationships.

An additional limitation is that this study examined a limited set of variables relevant to AD,
and did not address broader questions of how other pathologies such as cerebral amyloid
angiopathy (CAA), cerebrovascular disease (CVD) and Lewy bodies might relate to AD
findings, and ultimately, clinical and cognitive outcomes. This is important because we and
others have shown a relation of APOE with CAA and CVD (Schneider et al., 2005), and that
mixed pathologies are strongly related to cognition (Dowling et al., 2011; Schneider,
Arvanitakis, Leurgans, & Bennett, 2009). In addition, we and others have found that indices
of neural reserve, including neuron and synaptic density, also contribute to cognition (Honer
et al., 2012; R. S. Wilson et al., 2013). Future analyses should incorporate these variables
into the multi-process model to develop a more complete understanding of the relationships
between APOE, AD and other post-mortem indices related to cognitive decline and
dementia.

This study has important implications for how we think about AD in general, and the
conduct of biological investigations of AD in particular as it suggests the existence of at
least two processes leading to tangle formation in the medial temporal lobe. The medial
temporal lobe is the most extensively studied brain region as a result of the general view that
it appears to be the site of the earliest lesions of AD. This may in fact be less true than we
think and it may be much more prudent to study AD processes in the neocortex. It is
noteworthy that the CERAD neuropathology criteria for AD published in 1991 came to a
similar conclusion, defining AD by the presence of neuritic plaques in the neocortex (Mirra
et al., 1991).
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Figure 1.
Analytic model and structural relationships among age, APOE, and latent neuropathology
factors. Heavy solid lines show effects of age and APOE on neuropathology factors. Heavy
dashed lines show effects on neuritic and diffuse plaques on neurofibrillary tangles. This
represents the primary structural model (S-1) in which all of the indicated parameters were
simultaneously estimated. Factor loadings were estimated in this model but are not
presented. Paths from neuritic and diffuse plaques to neurofibrillary tangle (heavy dashed
lines) were dropped in a secondary analysis to evaluate simple effects of age and APOE on
neurofibrillary tangles. ENT – entorhinal cortex, HC = hippocampus, MT = mid-temporal
cortex, MF = mid-frontal cortex, IP = inferior parietal cortex.
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Figure 2.
Conceptual model to explain how risk factors (age and APOE) relate to neuritic plaque and
neurofibrillary tangle neuropathology. Solid boxes are observed variables in this study, and
solid ovals are latent variables in this study measured by the observed neuropathology
ratings. Curved dotted lines represent paths tested in this study, and values are the estimated
standardized regression coefficients for these paths. Dashed ovals in the center are
hypothesized processes to explain study results. Primary AD is a postulated, amyloid based,
causative agent for neuritic plaques and neurofibrillary tangles. The mechanisms of Primary
AD require future clarification, but correlations of plaques with tangles are hypothesized to
result from their common relations with Primary AD. A non-amyloid process, or processes,
is required to explain the association of age with medial temporal neurofibrillary tangles that
cannot be explained by the amyloid path.
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Table 1

Sample Characteristics.

Variable ROS MAP Combined

Total N 392 199 591

Age at Death

Mean (SD, range) 86.3 (7.0, 66-104) 88.0 (5.8, 66-102) 86.9 (6.7, 66-104)

Education (years
completed)

Mean (SD, range) 18.0 (3.5, 3-30) 14.7 (2.9, 6-22) 16.9 (3.7, 3-30)

Gender

N (%) Female 233 F (59.4%) 115 F (57.8%) 348 F (59%)

N (%) Male 159 M (40.6%) 84 M (42.2%) 243 M (41%)

Race

N (%) Caucasian 377 C (96.2%) 192 C (96.5%) 569 C (96.3%)

N (%) African American 13 AA (3.6%) 7 AA (3.5%) 20 AA (3.4%)

N (%) Hispanic 2 H (0.1%) 2 H (0.3%)

APOE Status

N (%) ε4 negative 275 ε4− (70.9%) 134 ε4− (69.8%) 409 ε4− (70.5%)

N (%)ε 4 positive 113 ε4+ (29.1%) 58 ε4+ (30.2%) 171 ε4+ (29.5%)

Clinical Diagnosis, Last

Evaluation

N (%) Normal 125 N (31.9%) 66 N (33.2%) 191 N (32.3%)

N (%) MCI 89 M (22.7%) 57 M (28.6%) 146 M (24.7%)

N (%) Dementia 178 D (45.4%) 76 D (38.2%) 254 D (43.0%)

Neuritic Plaque Counts
(mean, range)

mid-frontal 9.7 (0 – 81) 8.5 (0 – 48) 9.3 (0 – 81)

mid-temporal 9.7 (0 – 93) 8.8 (0 – 64) 9.4 (0 – 93)

inferior parietal 9.6 (0 – 67) 10.3 (0 – 55) 9.8 (0 – 67)

hippocampal 4.3 (0 – 46) 4.4 (0 – 34) 4.3 (0 – 46)

entorhinal 8.1 (0 – 50) 9.2 (0 – 58) 8.4 (0 – 58)

Diffuse Plaque Counts
(mean, range)

mid-frontal 18.5 (0 – 193) 17.6 (0 – 121) 18.4 (0 – 193)

mid-temporal 17.6 (0 – 147) 14.6 (0 – 89) 16.6 (0 – 147)

inferior parietal 15.1 (0 – 139) 15.4 (0 – 108) 15.2 (0 – 139)

hippocampal 2.1 (0 – 29) 2.3 (0 – 27) 2.2 (0 – 29)

entorhinal 7.3 (0 – 69) 7.9 (0 – 57) 7.5 (0 – 69)

Neurofibrillary Tangle
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Variable ROS MAP Combined

Counts (mean, range)

mid-frontal 1.3 (0 – 32) 1.3 (0 – 65) 1.3 (0 – 65)

mid-temporal 4.6 (0 – 66) 4.6 (0 – 72) 4.6 (0 – 72)

inferior parietal 1.9 (0 – 48) 2.0 (0 – 54) 2.0 (0 – 54)

hippocampal 19.9 (0 – 154) 24.9 (0 – 134) 21.8 (0 – 154)

entorhinal 21.0 (0 – 130) 24.1 (0 – 100) 22.1 (0 – 130)
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Table 2

Fit Indices for Alternate Models of Dimensions of AD Neuropathology. Results are based on the ROS sample
(n=392).

Model Overall
χ2[df]

CFI TLI RMSEA
(90% CI)

1f – global AD 1147.2 [90] 0.938 0.928 0.173
(0.164-0.182)

2f – neocortical, medial temporal 1055.0 [89] 0.943 J 0.933 0.166
(0.157-0.175)

2f – plaques, tangles 684.7 [89] 0.965 0.959 0.131
(0.122-0.140)

3f – NP, DP, NFT 292.4 [87] 0.988 0.985 0.078
(0.068-0.088)

4f – NP, DP, medial temporal NFT,
neocortical NFT

222.6 [84] 0.992 0.990 0.065
(0.055-0.075)

4f –- DP, NFT, medial temporal NP,
neocortical NP

261.7 [84] 0.990 0.987 0.073
(0.063-0.084)

4f – NP, NFT, medial temporal DP,
neocortical DP

259.0 [84] 0.990 0.987 0.073
(0.063-0.083)
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Table 3

Standardized factor loadings for four factor model, combined ROS and MAP sample.

Latent Factor Observed Indicator Loading

Neuritic Plaques Mid Frontal NP 0.89

Mid Temporal NP 0.93

Inferior Parietal NP 0.88

Hippocampal NP 0.86

Entorhinal NP 0.88

Neocortical Diffuse Plaques Mid Frontal DP 0.93

Mid Temporal DP 0.89

Inferior Parietal DP 0.92

Hippocampal DP 0.75

Entorhinal DP 0.75

Neocortical Neurofibrillary Tangles Mid Frontal NFT 0.87

Mid Temporal NFT 0.94

Inferior Parietal NFT 0.90

Medial Temporal Neurofibrillary Tangles Hippocampal NFT 0.82

Entorhinal NFT 0.88
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Table 4

Inter-correlation of factors from four-factor model, combined ROS and MAP samples.

NP DP Neocortical NFT

DP 0.80

Neocortical NFT 0.77 0.58

Medial Temporal NFT 0.61 0.46 0.70
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Table 5

Structural relationships among age, APOE, neurofibrillary tangle factors, and neuritic and diffuse plaque
factors in the combined ROS and MAP samples. Coefficients represent the effects of the independent
variables on the dependent variables. Values in the Simple Effect (S-2) columns show simple effects of age
and APOE on neuropathology latent variables. Values in the Multivariate Effect (S-1) columns show
multivariate effects adjusted for the other effects in the model. Significant effects in bold.

Simple Effect (S-2) Multivariate Effect (S-1)

Dependent Variable Independent
Variable

Standardized
Regression
Coefficient

p Standardized
Regression
Coefficient

p

NP Age 0.26 0.001

APOE ε4+ 0.40 0.001

DP Age 0.18 0.001

APOE ε4+ 0.36 0.001

Neocortical NFT Age 0.22 0.001 0.03 0.55

APOE ε4+ 0.34 0.001 0.05 0.22

DP −0.13 0.12

NP 0.84 0.001

Medial Temporal NFT Age 0.45 0.001 0.32 0.001

APOE ε4+ 0.27 0.001 0.07 0.08

DP −0.09 0.26

NP 0.58 0.001
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