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Abstract

To test the hypothesis that Alzheimer disease (AD) is a clinical and pathologic continuum between
normal aging and end-stage dementia, we selected a convenience sample of subjects from the
National Alzheimer Coordinating Center 2005 to 2012 autopsy cohort (n = 2,083) with the last
clinical evaluation within 2 years before autopsy and no other primary neuropathologic diagnosis.
Demographic and neuropathologic characteristics were correlated with the Clinical Dementia
Rating—Sum of Boxes in the 835 subjects meeting these criteria. Both neuritic plaques and
neurofibrillary tangles independently predicted Clinical Dementia Rating—Sum of Boxes. Severe
small-vessel disease, severe amyloid angiopathy, and hippocampal sclerosis were also
independently associated with the degree of cognitive impairment. By contrast, education was a
strong independent protective factor against cognitive deficits. The cause of mild to moderate
dementia remained uncertain in 14% of the patients. Inverse probability weighting suggests the
generalizability of these results to nonautopsied cohorts. These data indicate that plaques and
tangles independently contribute to cognitive impairment, that concurrent vascular disease
strongly correlates with cognitive dysfunction even in a sample selected to represent the AD
pathologic continuum, and that education further modifies clinical expression. Thus, multiple
concomitant etiologies of brain damage and premorbid characteristics contribute to the uncertainty
of AD clinicopathologic correlations based only on tangles and plaques.
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INTRODUCTION

Evidence accumulated in the past two decades has recently prompted a change in the
framework for both the clinical and the pathologic diagnosis of Alzheimer disease (AD). To
link the clinical continuum of cognitive decline with the AD pathologic process, the criteria
for the clinical diagnosis of mild cognitive impairment (MCI) and dementia caused by AD
have been refined with the incorporation of cerebrospinal fluid and imaging biomarkers of
neuronal injury and amyloid deposition (1, 2). The new pathologic diagnostic criteria revise
the historical view that the definite diagnosis of AD should reflect the presence of both the
typical pathologic changes and a documented history of clinical dementia (3, 4). By
separating the requirement for the presence of dementia during life from the neuropathologic
assessment, these new criteria acknowledge that the AD pathologic process starts before the
onset of cognitive deficits (5-10) and that the relationship between specific neuropathologic
findings and the presence of clinical manifestations was not precisely defined by the
previous set of criteria (11), may be inexact, and is, at best, probabilistic.

The relationships between the neuropathologic findings at autopsy and their clinical
correlates in AD have been a matter of extensive study and debate (12). Among the factors
that may complicate the interpretation of clinicopathologic correlations are 1) the need for a
very large number of subjects with standardized clinical and neuropathologic evaluation to
detect potentially complex relationships; 2) the existence of variable intervals between the
last clinical evaluation and autopsy; 3) the frequent presence of concurrent disease
processes, for which often there is no validated quantitative or staging protocol (i.e.
cerebrovascular disease and other neurodegenerative diseases); and 4) potential additional
effects of age group, ethnicity, sex, or occupation.

In 2005 all of the Alzheimer Disease Centers (ADCs) in the United States adopted a
Uniform Data Set for the annual clinical follow-up evaluation of the subjects and a
standardized protocol for the neuropathologic assessment at autopsy. We took advantage of
the 2005 to 2012 autopsy cohort of the National Alzheimer Coordinating Center (NACC) to
test the hypothesis that there is a pathologic continuum that parallels the clinical continuum
of AD-associated cognitive decline. To examine the impact of the AD pathologic process on
cognition, we excluded subjects with a non-AD primary clinical or pathologic diagnosis that
could impair cognition. In addition, to minimize “noise” derived from a long time lapse
between the last clinical evaluation and death, we limited our sample to those subjects who
had undergone their last clinical assessment within 2 years before autopsy. We investigated
the independent contribution of demographic variables (age, sex, and education) plaques and
neurofibrillary tangles (NFTs) and common concurrent pathologies (i.e. small-vessel
disease, Lewy bodies, etc.) to cognitive impairment, as measured by Clinical Dementia
Rating Scale-Sum of Boxes (CDR-SOB), using robust multivariable regression analyses.
We also tested the generalizability of the findings using inverse probability weighting
methods to account for any biases related to undergoing autopsy.

MATERIALS AND METHODS

Subject Inclusion and Exclusion Criteria

Subjects were participants in a longitudinal cohort study of aging in any of the 34 past and
present National Institute on Aging—funded ADCs. This multicenter study has been
described in detail elsewhere (13-15). Briefly, it consists of a baseline visit and annual
follow-up visits, in which a Uniform Data Set is acquired, including subject demographics
and standard motor, behavioral, functional, and neuropsychologic assessments, with data
residing in a centralized database. Subjects were selected from those entered in NACC
database between September 2005 and September 2012 and meeting the following inclusion
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criteria: 1) final clinical evaluation within 2 years before death; 2) aged 50 years or older at
death; and 3) underwent autopsy and autopsy findings were consistent with a primary
neuropathologic diagnosis of AD or not sufficient to establish any other primary
neuropathologic diagnosis. Exclusion criteria were 1) autopsy findings consistent with a
primary neuropathologic diagnosis of a disease other than AD (i.e. frontotemporal lobar
degeneration [FTLD], dementia with Lewy bodies, hippocampal sclerosis, vascular
dementia, prion disease, Parkinson disease, Huntington disease, hypoxia, ischemia, necrosis,
hemorrhage, other non-neurodegenerative diagnosis) or 2) cognitive impairment attributable
to alcohol use, depression, medication use, or medical illness. The flowchart in Figure 1
depicts the selection procedure. The 2005 to 2012 NACC autopsy cohort consists of 2,083
subjects, of whom 835 subjects met all the eligibility criteria and did not meet any of the
exclusion criteria.

Data Collection

Demographic and clinical data used in this study included sex, years of education, age of
death, and last CDR-SOB (16) (Table 1). For statistical analyses, the variable “age of death”
was treated as a continuous variable, but the result of its effect on the CDR-SOB was
expressed in 5-year units. Similarly, “years of education” was treated as a continuous
variable but its effect on the CDR-SOB was expressed in 4-year intervals roughly
corresponding to the education stages of high school, undergraduate college, and postcollege
education. The CDR-SOB score was chosen as the outcome clinical variable because 1) it is
a measure of global cognitive status that, while capturing the impact of cognitive
impairment in instrumental activities of daily life, is sensitive to early stages of symptomatic
AD including MCI (17, 18), and 2) unlike neuropsychologic tests, CDR is not subjected to
practice effect associated with retesting because it is based on the clinician's judgment. The
CDR-SOB values range from 0 to 18, with higher values indicating worse cognitive/
functional status. For statistical analyses, we categorized the CDR-SOB variable in 6
intervals (0, 0.5-3, 3.5-6, 6.5-12, 12.5-17, and 18), roughly corresponding to normal; MCI;
and mild, moderate, severe, and end-stage dementia, respectively. These categories were
based on a preliminary inspection of the sample data and on those validated by O'Bryant et
al (17, 18) in the entire 2008 NACC data set (autopsied and not autopsied). The main
difference with their study is that we deliberately separated the latter category (CDR-SOB =
18) from the adjacent one (CDR-SOB = 12.5-17) to isolate the ceiling effects of CDR-SOB
in end-stage dementia, which is understandably overrepresented in an autopsied cohort as
compared with a living cohort. In the analysis, we treated these categories as ordered,
although we did not make further assumptions on specific relationships between categories.

Neuropathologic variables included the Braak stage of NFTs (19, 20) (0, none; I-II,
entorhinal; I11-1V, limbic; and V-VI, isocortical), the Consortium to Establish a Registry for
Alzheimer Disease (CERAD) score of neuritic plagues (21) (none/sparse, moderate, or
frequent), the presence of Lewy bodies in any region, and the extent of vascular pathology
(cerebral amyloid angiopathy [CAA], small- and large-vessel disease, and hippocampal
sclerosis). Although the 2012 National Institute on Aging—Alzheimer Association recommen
dations for the diagnostic assessment of Alzheimer disease neuropathologic changes
(ADNCSs) (3, 4) added the Thal stages for amyloid deposition (22), these measures were not
available in the NACC Neuropathology Data Set. While more objective and quantitative
methods of assessment are developed and validated, NACC neuropathology guidelines
recommend the use of a qualitative and subjective grading system of the overall severity
(rather than an individual vessel) to assess arteriosclerosis, atherosclerosis, and CAA (none,
mild, moderate, or severe). Other vascular lesions such as cortical microinfarcts or lacunar
infarcts were only documented as present or absent and were not considered in this study.
Hippocampal sclerosis was defined as the presence of selective neuronal loss and gliosis
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(“sclerosis”) limited to CA1 and subiculum, with variable additional involvement of
endplate, CA2, entorhinal cortex, and amygdala.

The association of demographic and neuropathologic variables with ordered categories of
CDR-SOB was examined with adjacent-categories logit models (23), with potentially
different effects for different adjacent categories of CDR-SOB, using the VGAM package in
R software (24) (see Supplemental Digital Content 1, http://links.lww.com/NEN/A532, for
details). To assess the need for a different effect for the CDR-SOB comparison at the lowest
levels, including 0, we fit a model that excluded subjects with CDR-SOB = 0. This led us to
include a separate effect for Braak stage for the comparison between the lowest 2 CDR-SOB
categories. The simpler model (Model 1) only included demographic variables (sex, age of
death, and education). Next, the AD pathologic hallmarks, that is, CERAD score of neuritic
plaques and Braak stage of NFTs, were added to the model (Model 2). In a third step, the
concurrent pathologies (Lewy bodies, CAA, small- and large-vessel disease, and
hippocampal sclerosis) that are routinely assessed by the neuropathologists were added to
the model (Model 3 or full model).

A potential concern of autopsy studies is that their conclusions may not be generalizable to
the subjects who died but did not undergo autopsy because the decision to consent for
autopsy may be associated with bias. To overcome potential selection bias and to reweight
back to the source population, we fit inverse probability weighted versions of the above
adjacent-category models. Similar methods have been proposed and used to analyze autopsy
data sets for AD clinicopathologic correlations (25, 26). The weights were the inverses of
the probabilities of autopsy given death and other covariates such as sex, age of death,
education, and CDR-SOB based on logistic regression models.

RESULTS

Table 1 describes the demographic characteristics of the participants at each level of
cognitive function, as indicated by their CDR-SOB score proximate (<2 years) to death.
Tables 2 and 3 describe the neuropathologic findings in each of these clinical groups. Table
4 depicts a summary of the results of the multivariable regression models, with model 3 (full
model) showing the independent effects of individual neuropathologic and demographic
variables on the CDR-SOB outcome while adjusting for all the other variables modeled.

Effect of Demographic Variables on Cognition

The average duration between the last clinical assessment and death was less than 10
months. Fifty-five percent of the subjects were male. The cohort had a median age of death
of 84 years and a relatively high education level (median, 16 years of education).

Education level and cognitive performance were significantly correlated so that a higher
education level was associated with decreased odds of cognitive impairment (lower CDR-
SOB) proximate to death. The effect size of the education variable was equally large in
models that were not adjusted for neuropathology (Model 1) or were adjusted for
neuropathologic variables (Models 2 and 3).

Age of death also had a statistically significant association with cognition, with older
subjects having better cognitive function (lower CDR-SOB) for a given degree of pathologic
changes. In separate analyses, we examined whether this observation might be caused by a
confounding survivor bias, for example, if older individuals tended to have a shorter
duration between clinical onset and death than younger individuals. We found no evidence
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of correlation between age of death and disease duration (Spearman r = -0.029, p = 0.49).
Moreover, the significant negative association between age of death and CDR-SOB did not
change after adding disease duration to the model (not shown) and was also independent of
carrying the &4 allele of the APOE genotype, which is known to lower the age of onset of
clinical AD dementia, or of carrying the 2 allele, which is associated with delayed age of
onset (not shown).

Neuropathologic Correlates of Cognition

Alzheimer Disease Neuropathologic Changes—Although examination of Table 2
reveals an expected positive correlation between levels of ADNCs (CERAD scores of
neuritic plaques and Braak stages of NFTs) and CDR-SOB categories, the existence of some
outliers should be noted. For example, among the 119 individuals considered “normal” after
an extensive clinical evaluation (CDR-SOB = 0), 47 (39.5%) had moderate or frequent
neuritic plaques (ADNC outliers). On the other hand, of the 83 individuals with no or a few
tangles or neuritic plaques, only 49 (59.0%) were considered clinically normal, and 25
(30.1%) had a CDR-SOB greater than or equal to 3.5, consistent with dementia (cognitive
outliers).

The impact of increasing Braak stages of NFTs on the CDR-SOB outcome was evaluated
using the subjects with Braak stage 0/1/11 as the reference group and controlling for all the
other demographic and neuropathologic variables. This full multivariable regression model
confirmed the expected inverse association between Braak stage of NFTs and level of
cognitive function because an isocortical stage of NFTs (Braak V/VI) predicted a higher
CDR-SOB than stage 0/1/11 across all categories of CDR-SOB. Compared with few NFTs
(Braak 0 or an entorhinal stage of NFTs, Braak I/11), however, the limbic stage (Braak I11/
IV) was only associated with a higher risk of being CDR-SOB 0.5 to 3 (i.e. MCI) relative to
being cognitively intact (CDR-SOB = 0) but did not predict a deeper cognitive impairment.

Similarly, the impact of increasing numbers of neuritic plaques on the CDR-SOB outcome
was evaluated using the subjects with none or sparse neuritic plaques as the reference group
and controlling for all the other demographic and neuropathologic variables. Compared with
none/sparse neuritic plagues, moderate numbers of neuritic plaques by CERAD scoring
predicted a higher CDR-SOB; this prediction was even stronger when frequent neuritic
plaques were present.

Concurrent Pathologies—Some degree of vascular amyloid deposition was present in
the brains of 66.6% (543 of 815) of subjects. Compared with not having any degree of CAA,
the presence of mild CAA had no significant impact on CDR-SOB, whereas moderate and
severe degrees of CAA were increasingly associated with worse cognition despite adjusting
for CERAD plaque score besides all the other variables.

Although we excluded those individuals with a primary diagnosis of Parkinson disease or
dementia with Lewy bodies, some concurrent “incidental” Lewy body pathology was
present in 26.2% (218 of 832) of the study sample. As expected in any elderly cohort, a
large proportion of subjects (~80%) had some degree of small-vessel disease and/or
atherosclerosis in the large vessels (i.e. circle of Willis, carotid arteries). Hippocampal
sclerosis was present in only 6.6% (53 of 804) of the subjects. Interestingly, the presence of
hippocampal sclerosis and a severe degree (but not lesser extent) of small-vessel disease
were independently associated with worse cognition; by contrast, the presence of incidental
Lewy bodies in any brain region did not have a statistically significant impact on dementia
severity in this cohort.
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Inverse Probability Weighting Model

Autopsy cohort studies may be subjected to selection biases related to the probability of
death and to the decision of undergoing autopsy. However, controlling for potential autopsy-
related selection bias by inverse probability weighting did not substantially change the
direction or the magnitude of correlations (Table, Supplemental Digital Content 1, http://
links.lww.com/NEN/A532).

DISCUSSION

The recent revisions of research criteria for AD at the earliest stages as well as the
neuropathologic diagnostic criteria embody the idea that lesions appear in the brain well in
advance of cognitive impairment and that the gradual accumulation of these lesions is
associated with the progression from intact cognition through MCI and to dementia with
increasing severity. To test the hypothesis that there is a pathologic continuum that parallels
the clinical continuum of AD-associated cognitive impairment, we used the CDR-SOB
scores (16) as clinical outcome, and the standard widely used descriptors of plaques and
NFTs (19, 21) as main explanatory variables. The CDR-SOB scores reflect a continuous set
of clinical diagnoses from normal, to MCI, and to severe dementia. Similarly, CERAD
scores of neuritic plaques (21) and Braak stages of NFTs (19) are semi-quantitative
measures that can be used to reflect the extent of the AD pathologic process (3, 4).

Demographic Data Predictive of Cognitive Impairment

Among the demographic data, the education level had a significant protective effect against
cognitive impairment, confirming the beneficial effect of education on late-life cognition
reported by others (27, 28). Two important findings should be noted. First, our full
multivariable model demonstrated that the protective effect associated with education level
was not mediated by an effect on the extent of pathologic changes, in agreement with a
previous NACC study (29). Second, the use of the adjacent-categories logit model enabled
us to reveal that education is protective not only with respect to a dementia diagnosis but
also across the clinical continuum of cognitive aging, thus extending the finding of this
previous study. Taken together, these observations suggest the existence of a cognitive (or
brain) reserve that enables elderly people with a high education level to tolerate AD and/or
vascular lesions without developing cognitive deficits. Moreover, the fairly strong risk
reduction (In[odds ratio] (OR) of —0.15 per 4-year unit of education) observed in this large
cohort collected across multiple sites and geographic regions reinforces the importance of
understanding the brain biology underlying this modifier of the clinical expression of AD
neuropathologic changes (30, 31). Education level may well be a proxy variable for other
factors, including socioeconomic status and related issues, but in any case, it is a readily
measurable variable that has a major association with the cognitive change observed for a
given amount of ADNC.

A younger age of death was associated with worse cognitive function close to death, even
after controlling for the severity of AD and concomitant pathologies. This association was
not a consequence of a shorter duration of disease from symptom onset in older individuals
nor was it related to the APOE genotype (not shown). Although this observation may
suggest a more aggressive rate of progression of clinical AD dementia in individuals with a
younger age of onset, it may also reflect a bias in the characteristics of individuals referred
to ADCs and, therefore, should be interpreted with caution (29, 32).

ADNCs Predictive of Cognitive Impairment

Previous quantitative postmortem studies have established that the amount and distribution
of NFTs, but not the plaque burden, correlate with dementia severity or a surrogate of it such
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as dementia duration (26, 32-43). Confirming these previous findings, our multivariable
regression analysis yielded a strong negative association between Braak stage of NFTs and
level of cognitive function, supporting the idea that the regional distribution of NFT
accumulation is a continuum that maps well to clinical status. The observation that, unlike
the isocortical stage (Braak V/VI), the limbic stage of NFTs (Braak 111/1V) was only
associated with a higher risk of MCI (i.e. CDR-SOB 0.5-3) but not moderate or severe
deficits suggests that NFTs limited to the limbic system are more tightly linked to the onset
of cognitive impairment, whereas the progression of cognitive impairment correlates better
with the spreading of NFTSs to the association cortex.

With this very large data set, we also observed a significant independent contribution of
neuritic plaques to cognitive impairment, which is in agreement with another large
population-based clinicopathologic study (44, 45). It should be noted that the CERAD
scores reflect the amount of the subset of neuritic plaques rather than amyloid deposition per
se (21). Compared with non-neuritic amyloid deposits, neuritic plaques induce a profound
disruption of the surrounding neuropil (46, 47) and are typically associated with glial
responses (reactive astrocytes and activated microglia) (48-51). Both periplague neuropil
changes and glial responses may progressively accumulate as the disease advances and
contribute to cognitive impairment (39, 46, 50, 52). Moreover, dense-core (usually neuritic)
plaques are a reservoir of oligomeric species of f-amyloid (AB) (53-56), which are
associated with synaptic loss (54, 55), and have shown a closer correlation with cognitive
impairment than AP deposits (57-59). Thus, the CERAD neuritic plague scoring system
may behave as a surrogate of all these Ap-induced deleterious effects. The new guidelines
for AD neuropathologic evaluation (3, 4) include both the CERAD neuritic plaque score and
the modified Thal amyloid burden assessment (22), so further evaluation of the effects of
neuritic plaques and amyloid deposits will be informed by future studies.

This large data set also provided us with an opportunity to describe the existence of a non-
negligible proportion of outliers to the AD clinicopathologic continuum. The “ADNC
outliers,” that is, 47 (39.5%) of 119 subjects with no cognitive impairment (CDR-SOB = 0)
but substantial ADNC (singularly neuritic plaques), reinforce the idea that plaques can
accumulate before the onset of clinical disease. The “cognitive outliers,” that is, 34 (41.0%)
of 83 subjects with no or minimal ADNC but significant cognitive impairment (CDR-SOB
>0), emphasize the importance of demographic variables and concurrent pathologies as
modulators of cognitive function. Importantly, 46 (7.2%) of 640 individuals with a CDR-
SOB greater than or equal to 3.5 (meeting criteria for at least mild dementia) and felt to have
AD after extensive specialized evaluations had no or only sparse neuritic plaques, and 36 of
these 46 individuals had mild to moderate dementia, the phase of disease that has been
targeted in most therapeutic trials. These subjects represent 14% of the 251 people at this
mild to moderate stage (CDR-SOB = 3.5-12.0) in this cohort, emphasizing the not-
uncommon presence of phenocopies of clinical AD without “sufficient” ADNCs to explain
cognitive failure, particularly in the setting of mild dementia. This result agrees with those
of recent studies suggesting that 10% to 15% of subjects with a diagnosis of probable AD
would have negative amyloid biomarkers (60, 61). A comparison between mildly to
moderately demented subjects with none or sparse neuritic plaques and those with moderate
or frequent neuritic plaques (Table 5) revealed that the former subgroup has also a lower
Braak stage of NFTs, are less likely to carry the APOEe4 allele, and are slightly less
impaired, but their cognitive impairment cannot be explained by a lower education level or a
higher burden of concurrent pathologies. This observation raises the question as to whether
the cognitive impairment observed in these subjects could be explained by other more subtle
pathologic processes, such as synaptic loss or neuritic changes that are not measured in
current consensus neuropathologic protocols.
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Concurrent Pathologies Contribute to Cognitive Impairment

Mixed pathologies, particularly incidental Lewy body pathology and cerebral infarcts,
frequently coexist with plaques and NFTs in elderly individuals with dementia and have
been suggested as features that account for cognitive impairment in community-dwelling
elderly people (44, 62). We also evaluated the contribution of associated or concurrent
pathologies with cognitive impairment. For example, compared with no CAA, moderate and
severe CAA, but not mild CAA, had a negative impact on cognition after adjusting for all
other demographic and neuropathologic variables. Previous studies also revealed an
independent contribution of CAA to cognitive impairment (44, 45, 63, 64). Thus, CAA,
particularly severe CAA, seems to contribute independently to cognitive dysfunction with a
robust OR of more than 1.5. Whether this reflects an effect on vascular health or
microhemorrhages, is a marker for overall elevated levels of amyloid deposition or reflects
other underlying aspects of pathophysiology remains uncertain, but the strength of this
association suggests an important role of CAA on cognitive dysfunction.

Although the presence of incidental Lewy bodies in the brain (in the brainstem, limbic
system, or neocortex) was fairly frequent in this cohort (~25%), the association with worse
cognition was not statistically significant. However, it should be noted that our eligibility
criteria precluded the inclusion of subjects with a primary clinical or pathologic diagnosis of
Parkinson disease or dementia with Lewy bodies. Although the presence of diffuse Lewy
bodies in the neocortex has been associated with dementia in patients with Parkinson disease
(65, 66) and neocortical Lewy bodies are a key feature necessary for the pathologic
diagnosis of dementia with Lewy bodies (67), the association of neocortical Lewy bodies
with dementia in nonselected samples remains controversial (26, 44, 68-70).

The contribution of vascular ischemic burden and, in particular, small-vessel disease to
cognitive impairment in AD patients has been described by a number of previous
clinicopathologic studies (40, 44, 45, 68, 71-75). By contrast, hippocampal sclerosis has
received comparatively much less attention despite its presumed ischemic origin in the
elderly (76-78). More recently, hippocampal sclerosis has been linked to neurodegenerative
diseases such as FTLD-like TDP43-positive pathology and, to a lesser extent, AD (79-82).
In fact, pure hippocampal sclerosis (i.e. without any other concomitant pathology) only
represents less than 3% in large autopsy series (83-85). Similarly to Lewy body pathology,
subjects with a primary neuropathologic diagnosis of infarct, vascular dementia, FTLD, or
pure hippocampal sclerosis were excluded from the present study, but our inclusion criteria
allowed the presence of concurrent vascular lesions and hippocampal sclerosis as incidental
or contributing pathologic diagnoses. After adjusting for all the other variables, both severe
parenchymal small-vessel disease and the presence of hippocampal sclerosis predicted a
worse cognitive status proximate to death. Of note, although atherosclerosis of the
intracranial arteries has been associated with cognitive impairment independently of the AD
pathologic burden and of the presence of brain infarcts (86), in this cohort, we found no
impact of atherosclerosis of the large arteries on the CDR-SOB scores (not shown); this
might reflect a relative bias against referral of patients with major strokes to ADCs for
evaluation.

In summary, the results of our analyses demonstrate strong and independent contributions of
both neuritic plaques and NFTSs to cognitive impairment over the entire clinical course of
AD (Fig. 2). They also emphasize the impact of education and concurrent vascular
pathologies including CAA, small-vessel disease, and hippocampal sclerosis, on the
antemortem level of cognitive performance, which may be more prominent in instances of
intermediate levels of tangles and plaques. The data also reveal that a reasonably large
number of individuals diagnosed with Alzheimer dementia at leading clinical centers after
standardized and rigorous evaluations do not appear to have substantial numbers of ADNCSs.
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All the above factors likely contribute to the inexact nature of clinicopathologic correlations
in AD, particularly with regard to subjects with mild dementia. Nonetheless, the data also
show definitively that marked neuropathologic changes of advanced Braak stage V/VI and
frequent neuritic plaques are nearly always (>97%) associated with a clinically observed
dementia; 93% of the time, this was at least moderately severe (CDR-SOB 26.0). Why rare
individuals (a few percent at most) escape cognitive impairments even in the face of
observed severe neuropathologic changes remains uncertain, but recent data suggest that
some individuals may be relatively resilient to the neurotoxic effects of tangles and plaques
and have preserved neuronal number and synaptic elements (87). Understanding the factors
that lead to resilience or susceptibility may provide new insights into the pathophysiology of
AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2005-2012 NACC autopsy cohort
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N=2083
¥ Other Primary NP Dx n=677 |
n=1406
—— Missing Primary NP Dx n=16 l
n=1390
Impairment due to alcohol use,
—_— depression, medication use,
n=1059 or medical illness n=331
— I\ Missing Braak stage n=9
n=1050
v Last clinical visit > 2 years
n=845 before death n=205
3 Age of death < 50 years n=10
n=835

FIGURE 1.

Flowchart showing the selection procedure of study subjects. Of the 2,083 subjects from the
2005 to 2012 National Alzheimer Coordinating Center (NACC) autopsy cohort, 835 met all
inclusion criteria and none of the exclusion criteria. Other primary neuropathologic
diagnoses refer to conditions different from Alzheimer disease and included frontotemporal
lobar degeneration, dementia with Lewy bodies, hippocampal sclerosis, vascular dementia,
prion disease, Parkinson disease, Huntington disease, hypoxia, ischemia, necrosis,
hemorrhage, and other non-neurodegenerative diagnosis. NP Dx, neuropathologic diagnosis.
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FIGURE 2.

Summary of the main results of this study (full model). Forest plot represents odds ratio
([OR] symbols) and 95% confidence interval (JCI] bars) of the association between each
predictive variable and the outcome variable Clinical Dementia Rating scale—-Sum of Boxes
(CDR-SOB). Nonstatistically significant associations are depicted in black, statistically
significant negative (protective) associations in green, and statistically significant positive
(risk) associations in red. Two ORs (95% CI) are shown for female sex, one for the
comparisons between the adjacent CDR-SOB categories 0, 0.5t0 3, 3.5t0 6, 6.5 to 12, and
12.5to 17 (p) and the other for the comparison between the adjacent CDR-SOB categories
12.5t0 17 and 18 (). Two ORs (95% CI) are shown for Braak NFT stages 111/IV and V/VI,
one for the adjacent CDR-SOB categories 0 and 0.5 to 3 (y) and the other for the adjacent
CDR-SOB categories 3.5t0 6, 6.5 to 12, 12.5to 17, and 18 (¢). CAA, cerebral amyloid
angiopathy; HScl, hippocampal sclerosis; NFT, neurofibrillary tangles; NPs, neuritic
plaques; SVD, small-vessel disease (arteriosclerosis).
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TABLE 1

Description of Demographic Characteristics of the Study Cohort by Clinical Disease Rating Scale-Sum of
Boxes Intervals

CDR-SOB 00 CDR-SOB05-30 CDR-SOB3560 CDR-SOB65-120 CDR-SOB125-17.0 CDR-SOB 18.0 T&thgﬁ
ggwsg/f)iects 119 (14.3) 76 (9.1) 80 (9.6) 171 (20.5) 152 (18.2) 237 (28.4) 835 (100.0)
Sex, n (row %)
Male 55 (11.9) 43(9.3) 49 (10.6) 103 (22.2) 95 (20.5) 118 (25.5) 463 (55.4)
Female 64 (17.2) 33(8.9) 31(8.3) 68 (18.3) 57 (15.3) 119 (32.0) 372 (44.6)
Age of death,
years
Mean 87.2 88.6 835 82.4 79.7 79.6 825
Median 88.0 89.5 84.0 83.0 81.0 80.0 84.0
Range 59.0-103.0 72.0-103.0 59.0-102.0 52.0-111.0 55.0-101.0 520-1050  52.0-111.0
Education, years
Mean 15.7 155 15.7 15.0 148 144 15.0
Median 16.0 16.0 16.0 16.0 15.0 16.0 16.0
Range 6.0-22.0 8.0-22.0 7.0-22.0 5.0-22.0 7.0-24.0 3.0-22.0 3.0-24.0
o e 1 00) 1(10.0) 1(10.0) 3(300) 1(10.0) 3(300) 10(12)
Time from
evaluation to
death, days
Mean 295.3 310.3 338.4 319.3 273.8 238.0 285.5
Median 274.0 284.0 3105 305.0 2415 202.0 251.0
Range 5.0-687.0 16.0-721.0 48.0-727.0 4.0-710.0 0.0-721.0 0.0-718.0 0.0-727.0
APOE
genotype, n
(row %)
e2/e2 0(0.0) 1 (100.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(0.1)
€2/e3 20 (38.5) 10 (19.2) 6 (11.5) 10 (19.2) 2(3.8) 4(1.7) 52 (6.2)
c2led 1(5.0) 4(20.0) 5 (25.0) 5(25.0) 0(0.0) 5 (25.0) 20 (2.4)
€3/e3 78 (24.6) 34(10.7) 24.(7.6) 59 (18.6) 51 (16.1) 71 (22.4) 317 (38.0)
e3/ed 13 (5.0) 14 (5.4) 23(8.8) 65 (24.9) 55 (21.1) 91 (34.9) 261 (31.3)
cdled 0(0.0) 3(4.5) 3(45) 11 (16.7) 20 (30.3) 29 (43.9) 66 (7.9)
. (’;g::f;zg data, 7(5.9) 10 (8.5) 19 (16.1) 21 (17.8) 24 (20.3) 37 (31.4) 118 (14.1)

APOE, apolipoprotein E.
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TABLE 2

Alzheimer Disease Neuritic Plaque and Neurofibrillary Tangle Categories by Clinical Disease Rating Scale—
Sum of Boxes Intervals

Braak Stage Neuritic Plaques Clinical Disease Rating Scale-Sum of Boxes Score Row Total
0.0 0.5-3.0 35-6.0 6.5-12.0 12.5-17.0 18.0
None/I/Il None/sparse 49 (59.0) 9 (10.8) 8 (9.6) 13 (15.7) 3(3.6) 1(1.2) 83
(44.6-72.0) (4.7-23.0) (4.0-215) (7.9-28.8) (0.9-135)  (0.1-9.8)
Moderate 17 (54.8) 6 (19.3) 2(6.5) 4(12.9) 0(0.0) 2(6.5) 31
(32.6-75.3)  (7.1-42.8)  (1.2-27.6) (3.8-356) (0.0-18.3)  (1.2-27.6)
Frequent 6 (54.6) 1(9.1) 1(9.1) 1(9.1) 0(0.0) 2(18.2) 11
(21.7-83.8)  (1.0-48.9)  (1.0-48.9)  (1.0-48.9) (0.0-38.8)  (3.5-57.5)
v None/sparse 22 (40.0) 18 (32.7) 8 (14.6) 4(7.3) 3(5.5) 0(0.0) 55
(24.7-576) (18.9-50.5) (6.1-31.0)  (2.1-22.0)  (1.4-19.6)  (0.0-11.2)
Moderate 11 (13.3) 19 (22.9) 15(18.1)  23(27.7) 6(7.2) 9 (10.8) 83
(6.2-26.0) (13.1-36.9) (9.6-315) (16.9-42.0) (2.6-185)  (4.7-23.0)
Frequent 9(13.4) 7 (10.5) 15 (22.4) 17 (25.4) 11 (16.4) 8 (11.9) 67
(5.9-27.9)  (4.1-243) (11.9-38.0) (14.1-41.2) (7.8-31.4)  (4.9-26.1)
VIVI None/sparse 1(11.1) 2(22.2) 0(0.0) 3(33.3) 3(33.3) 0(0.0) 9
(1.3-54.9)  (4.3-64.3)  (0.0-436) (8.6-726) (8.6-72.6)  (0.0-43.6)
Moderate 1(15) 7(10.1) 6(8.7) 14 (20.3) 24 (34.8) 17 (24.6) 69
(02-116)  (4.0-236) (3.1-21.8) (105-355) (21.7-50.7) (13.7-40.2)
Frequent 3(0.7) 7(1.6) 25 (5.9) 92(216)  102(23.9) 198 (46.4) 427
(0.2-2.8) (0.6-4.2) (35-9.6)  (16.8-27.2) (18.9-29.7) (40.1-52.7)
Column total 119 76 80 171 152 237 835

Values represent the frequencies (row proportions) and (confidence intervals) of subjects with a given level of Alzheimer disease pathology within
each Clinical Disease Rating Scale-Sum of Boxes interval.
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TABLE 3

Description of Concurrent Pathologies by Clinical Disease Rating Scale-Sum of Boxes Intervals

Page 18

CDR-SOB0.0 CDR-SOB0.5-3.0 CDR-SOB3560 CDR-SOB6.5-120 CDR-SOB125-17.0 CDR-SOB18.0 Row Total

Lewy bodies, n (row
%)

Brainstem

Limbic

Neocortical

Other

No Lewy bodies
Missing/not accessed

Hippocampal sclerosis,
n (row %)

Yes

No

Missing/not accessed
CAA, n (row %)

None

Mild

Moderate

Severe

Missing/not accessed

Arteriosclerosis, n (row
%)

None

Mild

Moderate

Severe

Missing/not accessed

Atherosclerosis, n (row
%)

None
Mild
Moderate
Severe

Missing/not accessed

3(12.0)
5 (6.8)
2 (3.4)
0(0.0)
108 (17.6)
1(33.3)

0(0.0)
109 (14.5)
10 (32.3)

70 (25.6)
32 (13.6)
11 (5.8)
4(3.4)
2 (10.0)

15 (11.6)
55 (19.9)
21 (11.5)
4(6.7)
24 (12.8)

18 (11.5)
55 (17.0)
36 (14.3)
10 (10.1)
0(0.0)

2(8.0)
4 (5.5)
1(17)
3(4.9)
65 (10.6)
1(333)

1(1.9)
66 (8.8)
9(29.0)

39 (14.3)
21(8.9)
9(4.7)
6 (5.1)
1(5.0)

15 (11.6)
26 (9.4)
20 (10.9)
4(6.7)
11 (5.9)

14 (8.9)
31(9.6)
22(8.7)
7(7.1)
2 (66.6)

3(12.0)
6(8.2)

4(6.8)

0(0.0)

67 (10.9)
0(0.0)

7(132)
71(9.4)
2(6.4)

34 (12.4)
24(10.2)
11 (5.8)
11(9.3)
0(0.0)

17 (13.2)
28 (10.1)
17 (9.3)
7(11.7)
11 (5.9)

12 (7.6)
33(10.2)
26 (10.3)
8(8.1)
1(333)

5 (20.0)

16 (21.9)
17 (28.8)
14 (22.9)
119 (19.4)

0(0.0)

6 (11.3)
160 (21.3)
5 (16.1)

52 (19.0)
61 (26.0)
37 (19.5)
15 (12.7)
6 (30.0)

29 (22.5)
62 (22.5)
40 (21.9)
8(13.3)
32 (17.1)

34 (21.7)
69 (21.3)
48 (19.0)
20 (20.2)
0(0.0)

3(12.0)
16 (21.9)
11 (18.6)
19 (31.1)
102 (16.6)

1(33.3)

12 (22.6)
138 (18.4)
2(6.4)

35 (12.8)
38 (16.2)
49 (25.8)
28(23.7)
3(15.0)

26 (20.1)
45 (16.3)
29 (15.8)
6 (10.0)
46 (24.6)

32 (20.4)
60 (18.5)
43(17.1)
17 (17.2)
0(0.0)

9(36.0)
26 (35.6)
24 (40.7)
25 (41.0)
153 (24.9)

0(0.0)

27 (50.9)
207 (27.6)
3(9.7)

43 (15.7)
59 (25.1)
73 (38.4)
54 (45.8)
8 (40.0)

27 (20.9)
60 (21.7)
57 (31.1)
31 (51.7)
63 (33.7)

47 (29.9)
76 (23.5)
77 (30.6)
37 (37.4)
0(0.0)

73
59
61
614

53
751
31

273
235
190
118

20

129
276
183

60
187

157
324
252

99
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Values represent the frequencies (row proportions) of subjects with a given level of concurrent pathology within each Clinical Disease Rating
Scale-Sum of Boxes interval. CAA, cerebral amyloid angiopathy.
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Summary of Results of the Adjacent-Categories Multivariable Regression Model

TABLE 4

Page 19

Model 1 (Only Model 2 (Model 1 + Neuritic Model 3 (Model 2 + Concurrent
Demogr aphics) Plaques + NFTs) Pathologies)
OR (95% Cl) p OR (95% Cl) p OR (95% Cl) p

Sex (female as reference)

atk=1,2,34 1.12 (0.99-1.26) 0.063 1.12 (0.96-1.30) 0.148 1.12 (0.92-1.36) 0.265

atk=5 0.55 (0.38-0.79) 0.001 0.53 (0.36-0.76) 0.001 0.60 (0.38-0.94) 0.027
Age of death (in 5-year units) 0.89 (0.87-0.92) <0.001 0.91 (0.88-0.94) <0.001 0.89 (0.85-0.93) <0.001
Education (in 4-year units) 0.90 (0.85-0.95)  <0.001  0.85 (0.79-0.92) <0.001 0.86 (0.78-0.95) 0.002
Neuritic plaques (CERAD)
(none/sparse as reference)

Moderate 1.45 (1.21-1.74) <0.001 1.41 (1.12-1.79) 0.004

Frequent 1.85 (1.51-2.25) <0.001 1.90 (1.48-2.44) <0.001
NFTs (Braak) (none/l/1l as
reference)

Stage I/IV

atk=1 4.75 (2.55-8.85) <0.001 7.56 (3.50-16.32) <0.001

atk=2,34,5 1.06 (0.81-1.39) 0.660 0.89 (0.63-1.25) 0.494

Stage V/VI

atk=1 9.84 (3.41-28.36) <0.001 15.39 (4.08-58.06) <0.001

atk=2,3,4,5 2.15 (1.63-2.83) <0.001 1.75 (1.25-2.46) 0.001
CAA (none as reference)

Mild 1.10 (0.92-1.32) 0.283

Moderate 1.43 (1.17-1.76) 0.001

Severe 1.54 (1.17-2.04) 0.002
';gg"ef%’tg"’dies (present vs 1.08 (0.91-1.29) 0.363
Arteriosclerosis (none as
reference)

Mild 0.89 (0.73-1.09) 0.274

Moderate 1.11 (0.89-1.37) 0.351

Severe 1.63 (1.21-2.19) 0.001
Hippocampal sclerosis 1.62 (1.15-2.29) 0.006

(present vs absent)

Six ordinal levels of the response variable CDR-SOB, that is, 0.0, 0.5 to 3.0, 3.5 t0 6.0, 6.5 to 12.0, 12.5 to 17.0, and 18.0, are represented by k=0,
1, 2, 3, 4, 5. Examples of interpretation based on Model 3: 1) (effect of education) Holding other factors constant, the odds ratio (OR) of having

CDR-SOB at a certain category versus the adjacent lower category associated with every 4-year increase in education is 0.86, with a 95%

confidence interval (95% CI) of 0.78 to 0.95. 2) (effect of CERAD) Holding other factors constant, the odds of having CDR-SOB at a certain
category versus the adjacent lower category for subjects with moderate neuritic plaques are 1.41 times the odds for subjects with sparse or no
neuritic plaques, with a 95% CI of 1.12 to 1.79. 3) Holding other factors constant, the odds of having CDR-SOB at a certain category versus the
adjacent lower category for subjects with frequent neuritic plaques are 1.90 times the odds for subjects with sparse or no neuritic plaques, with a
95% CI of 1.48 to 2.44. Note that 2 ORs (95% CI) are shown for sex: the first corresponds to the comparisons between each of the CDR-SOB
categories (0.5-3.0, 3.5-6.0, 6.5-12.0, 12.5-17.0) and its adjacent lower category (k =1, 2, 3, 4); whereas the second refers to the comparison
between the CDR-SOB adjacent categories (12.5-17.0 and 18.0; k = 5). Similarly, 2 ORs (95% CI) are shown for each Braak NFT stage: the first
refers to the comparison between CDR-SOB (0.5-3.0) and CDR-SOB = 0 (k = 1), whereas the second refers to the comparisons between each of
the CDR-SOB categories (3.5-6.0, 6.5-12.0, 12.5-17.0 and 18.0) and its adjacent lower category (k= 2, 3, 4, 5).
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TABLE 5

Page 20

Comparison of Eligible Subjects With Clinical Dementia Rating Scale—-Sum of Boxes 3.5 to 12.0 (Mild to
Moderate Dementia) With None/Sparse or Moderate/Frequent Neuritic Plaques

M oder ate/Frequent Neuritic Plaques (n =

None/Spar se Neuritic Plaques (n = 36) 215) p
Demogr aphic variables
Sex, n female (%) 12 (33.3) 87 (40.5) 0.4654
Education, years 145+ 3.7 15.3+3.0 0.2371
Age of onset, years 77.1+13.7 744 %92 0.3152
Age of death, years 84.6+11.5 82.4+89 0.2137
Disease duration, years 6.6 +3.7 7.7+39 0.1805
Cognitive variables
CDR-SOB 6.5 (5.0-10.0)" 9.0 (6.0-11.0)" 0.0482"
MMSE 21.8+40" 183+59" 0.0002"
Trail-Making Test, Part B, seconds 208 + 91 239+ 78 0.2752
APOE genotype
APOE4 carriers, n (%) 10 (34.5)" 102 (56.0)" 0.0440"
APOEe4 alleles, n (%) 10 (17.2)" 116 (31.9)" 0.0297"
Neuropathologic variables
Braak V/VI, n (%) 3(8.3) 137 (63.7)" <0.0001*
Braak 11I/IV, n (%) 12 (33.3) 70 (32.6)
Braak O/1/11, n (%) 21 (58.3)" 8(3.7)"
Moderate/severe CAA, n (%) 8(22.2) 66 (13.8) 0.3272
Moderate/severe arteriosclerosis, n (%) 15 (45.4) 57 (33.1) 0.1665
Lacunar infarcts, n (%) 7(19.4) 25 (11.7) 0.1883
Cortical microinfarcts, n (%) 10 (27.8) 39 (18.2) 0.1805
Moderate/severe atherosclerosis, n (%) 12 (33.3) 90 (42.1) 0.3637
Large infarcts, n (%) 4(11.1) 12 (5.6) 0.2599
Cerebral hemorrhages, n (%) 2(5.9) 9(4.2) 0.6500
Hippocampal sclerosis, n (%) 4 (11.4) 9(4.3) 0.0981
Lewy body pathology, n (%) 7(19.4) 58 (27.0) 0.4144

The subjects with CDR-SOB 3.5 to 12.0 and none/sparse neuritic plaques may be enrolled in clinical trials with disease-modifying drugs in mild to
moderate AD but represent “cognitive outliers” in the AD clinicopathologic continuum. In fact, they do not appear to have Alzheimer disease, as a
lower Braak NFT stage and an under-representation of the APOEe4 allele indicate. They are less impaired, but their cognitive impairment cannot

be explained by a lower education level or a higher burden of concurrent vascular or Lewy body pathologies.

Data represent mean + SD. Numbers in parenthesis indicate the proportion of subjects with the finding in each group. Percents may vary because of
missing data. Proportions were compared with Fisher exact test. Continuous variables were compared with unpaired t-test with Welch correction.
Mann-Whitney U test was used for CDR-SOB.

APOE, apolipoprotein E; CAA, cerebral amyloid angiopathy; CDR-SOB, Clinical Dementia Rating scale Sum Of Boxes; MMSE, Mini Mental

State Examination.

*
Statistically significant results (p < 0.05).
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