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Abstract

We evaluated the association between mini-mental status examination (MMSE) scores proximal to
death and the values of 43 different clinical and pathological parameters. Studies were performed
using data from 334 elderly, longitudinally evaluated research subjects who had undergone autopsy
and satisfied inclusion criteria from an initial study group of 501. Interindividual variance in MMSE
scores was used as a surrogate for the severity of cognitive impairment linked to aging (CILA). A
statistical linear regression-based model provided a framework for assessing the parameters with
significant, direct impact on CILA severity. Strong association between CILA and Alzheimer’s
disease (AD) pathology, especially isocortical neurofibrillary tangles, was evident. The pattern of
association between AD lesion densities with cognitive impairment severity was biologically
informative, with neuritic plaques having more impact in relatively high-functioning individuals.
Abundant isocortical Lewy bodies tended to be an additive pathology correlating with final MMSE
scores approximately 10 points lower. In a subset of cases we found evidence for association between
TDP-43-related pathology and CILA severity, independent of AD or hippocampal sclerosis. There
was no support for independent association between CILA severity and most evaluated indices
including diffuse plaques, argyrophilic grains, heart disease, education level, apolipoprotein E alleles
or diabetes.
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INTRODUCTION

Cognitive impairment linked to aging (CILA), a leading cause of morbidity and mortality,
spans a continuum from subtle cognitive changes to end-stage dementia. We used the term
“CILA” to include cognitive impairment in an aging population regardless of diagnoses or of
predicted eventual clinical course. Multiple etiologies contribute to CILA at a population level
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and coincident pathologies are frequently observed in aged individuals (11,18,87,89,109). As
prospects for specific brain disease therapies improve (45,50), it is increasingly important to
know the relative weights of the distinct contributing factors in CILA.

Rubrics are lacking to relate the severity of CILA to the presence and/or extent of most brain
diseases. Alzheimer’s disease (AD) has a relatively well-documented association between the
amount of neuropathology and the severity of ante-mortem cognitive impairment (6,10,14,
20,48,52,85), yet controversy remains about the contribution(s) of amyloid plaques and
neurofibrillary tangles (NFTS) to clinical deterioration (24,76,87). Pathological processes also
linked to CILA include cerebrovascular disease (CVD), dementia with Lewy bodies,
argyrophilic grains (AGs), frontotemporal dementias (FTDs) and hippocampal sclerosis (HS)
(9,11,14,24,56,72 74 78 86 87 91 108,109,120). In addition, there are clinical comorbidities that
may contribute to CILA despite the absence of definite neuropathological hallmarks to support
these associations (9,74,90). Examples of clinical features that have been associated with
worsened CILA include diabetes (40,41,54), coronary artery bypass graft (17,44,97), and
“extreme old age” (63,65,125). In contrast, there is an association with improved cognition, or
decreased CILA, in persons with high levels of education and/or early linguistic ability (74,
82,96,108).

How can we weigh the importance of each disease mechanism in CILA? Despite great scientific
progress in recent years, both normal and disease mechanisms cannot be modeled with certainty
outside the aging human brain. Hence, careful clinicopathological correlations must be
performed on relatively large human cohorts to tease out the importance of the factors involved
in CILA. This is a formidable challenge. Precise correlation of ante—-mortem cognitive
measures, clinical variables and post-mortem neuropathology requires a long-term, prospective
approach involving a multidisciplinary team. Patients must be recruited, tested longitudinally
at regular intervals with thorough collection of demographic and clinical data, evaluated
proximal to death, and then, upon autopsy, assessed systematically for neuropathology. A large
number of patients must be studied to enable adequate statistical testing. Finally, there must
be statistical tools to analyze how the ante— mortem parameters correlate to the neuropathology
observed after autopsy, to produce data that are clinically and biologically relevant.

The University of Kentucky Alzheimer’s Disease Center (UK ADC) studies older persons with
a full gamut of cognitive impairment (annual target n = 700 subjects). Along with thorough
longitudinal mental status evaluations, many clinical and demographic data are obtained on
every clinical visit. All subjects agreed to brain donation following death. To date, the autopsy
rate on this cohort is over 90%. To evaluate the contributions of clinical, demographic and
neuropathological factors to CILA, we utilized a broad strategy to assess quantitatively which
factors are most directly associated with CILA in this large autopsy convenience cohort.
Methodology included statistical regression modeling of 43 different clinical and pathological
variables in relation to the severity of ante—mortem cognitive impairment. This approach
provides the basis for some unforeseen conclusions.

MATERIALS AND METHODS

Subjects

Patients who had come to autopsy from the UK ADC cohorts (total n = 501) were the basis for
the study. Research protocols were approved by the University of Kentucky Institutional
Review Board. Details of the UK ADC recruitment were described previously (78,87). Initially
non-demented subjects (“initially normal” cohort) comprised individuals (n = 212) from the
UK Biologically Resilient Adults in Neurological Studies (BRAINS) cohort (101). The
“dementia clinic” group (n = 122) derived from the patients followed longitudinally in the UK
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dementia clinic, who had presented with cognitive symptoms. Characteristics of these groups
are shown in Table 1.

Criteria for exclusion involved either inadequate clinical documentation (see further
discussion) or the presence of pathology for which statistical power were lacking to model
their impact on cognition (Table 2); that is, low patient numbers for rare or idiosyncratic
diseases. Thus, the following were excluded: primary or metastatic neoplasm in brain
parenchyma including pituitary adenomas; >2 cm contusions in the brain parenchyma;
hydrocephalus (except ex vacuo type); infectious agents identified in the brain parenchyma;
and a history of left-sided frontal and/or temporal/parietal infarct with clinically documented
aphasia that would seriously confound the results of standard mental status evaluation. Only
patients who had MMSE scores within 4 years of death were used in this project [as in (92)].
Inadequate or non-recent MMSE data (n = 120 cases) were the criteria that most frequently
led to exclusion from this study. Our sample had insufficient patients with FTDs and/or
tauopathies (corticobasal degeneration, Pick’s disease, FTD-motor neuron disease, progressive
supranuclear palsy, other tauopathies and dementia lacking distinct histopathology; n = 17
total) to provide statistical power for a linear regression-based study.

Allinitially normal individuals were contacted at 6-month intervals, had detailed mental status
testing, and we attempted to conduct neurological and physical examinations annually. For
persons with clinical symptoms of dementia, we attempted to obtain mental status testing and
neurological examinations annually. Mental status testing of our subjects has been described
previously (78,87). The present study focuses on the MMSE conducted closest to the date of
death as the “severity metric” for cognition. MMSE was chosen as it was the most consistently
available measure obtained from both normal and demented subjects over the course of their
evaluations (and see Discussion).

Neuropathology

Most aspects of pathological assessments were as described in detail previously (78,87).
Briefly, a total of at least 25 sections were taken from each brain that included the middle
frontal gyrus (MFG; area 9), superior and middle temporal gyri (SMT; areas 21 and 22), inferior
parietal lobule (IPL; areas 39 and 40) and the occipital lobe including primary visual area (Occ;
areas 17 and 18). Amyloid plaques were separated into plaques without neurites (DPs) and
plaques with degenerating neurites (NPs) in each region as described previously (87). An
arithmetic mean was calculated from the count of the five most involved fields for DPs (number
of DPs per 2.35 mm?2), NPs (number of NPs per 2.35 mm?), and NFTs (number of NFTs per
0.586 mm2) for each region.

TDP-43 immunohistochemistry (IHC) was performed on hippocampal and superior and middle
temporal (SMT) gyri sections from a subset of cases (n = 49). We hypothesized that aberrant
TDP-43 IHC (abTDP-43) might be found disproportionately in patients whose final MMSE
scores were lower than predicted by the statistical model because the pathology may contribute
to their lower MMSE scores. We selected cases at random, except that we included 10 cases
with the largest deviation from the mean such that (Predicted MMSE-Actual MMSE) was
greatest. Sections were cut on to Probe-On slides at 5 micron thickness. Rabbit polyclonal anti-
TDP-43 (1:500; ProteinTech, Chicago, IL, USA) was used following antigen retrieval (Trilogy
pH 8.0, Cell Marque, Austin, TX, USA) in a Decloaking Chamber (Biocare Medical, Concord,
CA, USA) and then formic acid pretreatment (3 minutes). Secondary antibody reaction
employed the Vectastain ABC kit (Vector Labs, Burlingame, CA, USA). TDP-43 IHC was
evaluated by a neuropathologist blinded to the case identifications, and graded semiquantitively
(see Analyses section and Supporting Information Table S1).
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The UK ADC database was built from in-depth patient interviews, formal longitudinal
cognitive and capacity assessments, pre- and post-mortem chart reviews, extensive
neuropathological investigation that includes periodic audits, and back-maintenance on clinical
and pathological data that extend from 1984. Unknown medical history items were assumed
to indicate absence only after rigorous data extraction from clinical and research charts
(otherwise, data were imputed as described in the following discussion). The earliest autopsy
used in this series was performed in 1988. Forty-three different clinical and pathological
variables were abstracted, to encompass most of the prevalent factors that have shown
associations with CILA (Table 3).Variables were operationalized to determine the relative
weight of many potential clinical and pathological contributors to CILA.

Each variable was rendered along a severity continuum from zero to one in a manner
hypothesized to be biologically and clinically relevant. “Isocortical” pathology refers to
pathology in the MFG, IPL, SMT, and Occ cortices as described earlier. Medial temporal
pathology is from amygdala plus CAL, subiculum and entorhinal cortex of the hippocampal
formation. The criteria and methods for each variable operationalization are outlined in
Supporting Information Table S1. Briefly, some of the variables were dichotomous (0 or 1; for
example, history of seizures) whereas for others the severity continua was textured. For
example, operationalization of AGs was graded from 0 to 1 proportional to a scoring system
wherein AGs were scored semiquantitatively (0-3) from three areas: entorhinal cortex;
subiculum; and cornu ammonis fields. AGs have been posited to develop first in the ambient
gyrus (99, 100); however, sampling the ambient gyrus dependably (particularly in cases of
end-stage dementia) is a challenge, and the immediately adjacent entorhinal cortex is a reliable
area for detecting early-stage AGs (21). We treated apolipoprotein E (ApoE) genotype as ApoE
2/2 (reference, 0 point), ApoE 2/3 (0.25 point), ApoE 2/4 or 3/3 (0.5 point),ApoE 3/4 (0.75
point) or ApoE 4/4 (1 point).

A subset of 54 cases (14.9% of the cohort overall) had a documentation of demographic
information, and neuropathology was performed, but medical records were not available.
Missing items for these cases were multiply imputed using the logistic regression method in
SAS 9.1.3® PROC MI (Chicago, IL, USA). Covariates were used to predict the missing items
include age at death, sex, number of infarcts and number of prescription drugs taken. Grading
of arteriolosclerosis severity at autopsy was missing in 28% of cases. These missing data were
multiply imputed using the logistic regression method in PROC MI. Covariates were used to
predict the missing items include age at death, total number of macro infarcts and total number
of micro infarcts from the other cases where records were complete. Four additional items were
also multiply imputed: mesial temporal cortex Lewy bodies (0.3%); amygdala-only Lewy
bodies (2.2%); ApoE (4.96%); and body mass index (27.0%). These items were multiply
imputed using the MCMC method in PROC MI. The fully imputed data were analyzed using
PROC REG, and the results were combined using PROC MIANALYZE. Imputation and
modeling were performed with SAS 9.1.3®. For additional information about SAS and also
about the results of model-checking procedures, including delta—betas and backward selection,
please see Supporting Information Table S2.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Table S1. Operationalization of clinical and pathological parameters for Nelson PT et al “Modeling the association...”

Table S2. Model checking and model selection

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the corresponding author for the article.

Brain Pathol. Author manuscript; available in PMC 2010 May 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nelson et al.

RESULTS

Page 5

Stratified analyses were conducted based on initial group membership (“initially normal” or
“dementia clinic” cohorts). Linear models were fitted with adjusted MMSE as the dependent
variable, and all the demographic, clinical and pathological variables as predictors to find the
negative regressors (Table 4). Stepwise model selection was used to determine the subset of
regressors that best predicts the final MMSE at the 0.10 level of significance. Because multiple
imputation methods for binary data may produce biased estimates, models for the “dementia
clinic” group were fit both excluding the 54 cases where all clinical data were missing and
including the imputed data. Because the results did not appreciably differ, the fully imputed
data were used in the final analyses that are presented.

To assess the effect of the clinical predictors on final MMSE scores without the
neuropathological predictors, and vice versa, stepwise models using only clinical or
pathological variable predictors were fit using the fully imputed, combined data (Table 5).
Lastly, in addition to the stratified analyses, a model was fit combining both groups using the
pool of significant negative regressors (Table 5). Severity of isocortical NPs and lacunar
infarcts were included because they were significantly associated with CILA in the pathology-
only regression. ApoE alleles were included in the regression because they were significantly
associated with CILA in the clinical-only regression.

The average number of years between the final MMSE test and death for all cases was 1.09
years and the median was 0.82 years. Thirteen cases in the dataset had intervals between 3.5
and 4 years, and these were predominantly end-stage dementia patients. As patients” MMSE
scores would have declined in the interim presumably (23,81,82,95,111), we also performed
the linear regression model using an MMSE correction. In this model, for patients with final
MMSE scores less than 28, 2.5 points were deducted from the MMSE score for every 12-month
duration between the final MMSE evaluation and death. For the average patient in this study,
this involved a “correction” of less than 2.5 MMSE points (median 1.1; range 0-12.1). In this
model, the findings were broadly similar to the data reported without the MMSE correction
(data not shown).

Following the derivation of parameter estimates, we used the regression equation and the
covariates to predict the MMSE score. These were arrayed on a Microsoft Excel spreadsheet.
Using this database we modeled the contribution of the different clinical and pathological
variables to CILA over our entire cohort (n = 334). This also allowed for comparison between
the actual final MMSE scores vs. “predicted” MMSE scores based on the parameter estimates.

Based on the inclusion criteria described earlier, 334 patients from the UK ADC autopsy series
served as the research cohort for a detailed analysis of the clinical and pathological parameters
that underlie variations in ante—-mortem MMSE scores. As shown in the demographics in Table
1, this cohort comprises predominantly highly educated elderly persons. All cases except one
were Caucasian. Over half of the patients had some form of cerebrovascular pathology; of
patients beyond 80 years of age, more than 66% had some cerebrovascular pathology. Many
of the patients died with minimal CILA, or none, as detected by the MMSE scores. Inall, 11%
of the cohort had final MMSE scores of 29 or 30.

In the first level of analyses, the total cohort was stratified by the group in which the subjects
had initially enrolled. The demographics of these two groups differed in some aspects from
each other (Table 1). Stratified statistical analyses identified the determinants of MMSE
variability with R? correlation coefficient of >0.70. In addition to running the multiple linear
regression with the parameters mentioned earlier, additional analyses were ran using only the
clinical and demographic variables (n = 22), or only the pathological variables (n = 21). When
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only clinical variables were queried, the impact of ApoE (P = 0.0004) was manifest. Another
model was fit using the data combined from both groups. All the parameters were included
from the stratified models, and this final model serves as the source of the results described in
the following discussion.

Clinical conditions, neuropathology and CILA

Parameter estimates provide a numerically weighted indicator of how each clinical and
pathological variable correlates to interindividual differences in MMSE scores in our sample.
The extent of interpersonal differences in MMSE scores can be predicted referent to each
parameter and for every patient. For example, all other variables being equal, the presence of
HS is associated with eight fewer MMSE score points.

Evaluating parameter estimates and frequencies reveals that more than two-thirds of the MMSE
variability in our study sample was associated with the amount of Alzheimer-type pathology,
NFTs and NPs. This held true whether in the context of “pure” or mixed-type pathology (for
example, with cortical Lewy bodies or cerebrovascular pathology). The AD-related
pathologies associated with CILA were isocortical and mesial temporal NFTs and isocortical
NPs [the latter only statistically significant when the whole cohort (n = 334) was analyzed].
The contribution to CILA from AD-type pathology appeared to differ based on disease severity.
In patients with higher MMSE scores, most of the CILA was associated with mesial temporal
NFTs and isocortical NPs, whereas with more severe CILA, the isocortical NFTs accounted
for amuch larger proportion of the cognitive impairment (Figure 1).

Isocortical LBs tended to be associated with lower MMSE scores (Table 5). However, even
advanced LB pathology alone tended not to be associated with end-stage dementia. The
presence of isocortical-pattern dementia with Lewy bodies sometimes coincided with AD
pathology and these pathological processes appear to have an additive clinical effect (Table
6). On average, isocortical LBs correlated with lower MMSE scores by approximately 10
points. These results bear out the regression modeling where the parameter estimate for
isocortical LBs in the most severe cases (maximally severe involvement in all four isocortical
regions tested) correlate with an approximately 13-point loss in MMSE score (Table 5).

The majority of the 43 clinical and pathological variables showed no statistically significant
contribution to CILA in our cohort. The stepwise linear regression algorithm flags those
variables most directly correlating to changes in MMSE scores. It is presumed that those
variables that contribute to cognitive impairment through stimulating other pathological
processes would not distinguish themselves as long as the “downstream” factor was also
evaluated. A presumptive example of this phenomenon is ApoE. ApoE alleles were not
associated with significant independent contribution to MMSE variability unless the
pathological variables were not present also as regressors.

AGs by pathology were not associated statistically with the severity of CILA in our sample.
This was not an artifact of having FTD cases excluded from analyses, because only three FTD
cases had minimal AGs, and none of these cases had sufficient amounts to merit the diagnosis
of argyrophilic grain disease. Seventy-five out of 334 (22%) cases had some AGs as assessed
using Gallyas silver impregnation. P-values for the association of AGs pathology to CILA
severity were always >0.5. The operationalization technique allowed a graded score of AGs
reflecting the distribution and severity (see Analysis section). Of the seven cases with the
highest score of AGs, four had final MMSE scores of 29 or higher, and none had MMSE scores
less than 24. These additional analyses (Figure 2) again provide some validation for the
statistical modeling data.
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A subset of cases with aberrant TDP-43 IHC

To capitalize on strengths of the statistical data, a preliminary subset of cases (n = 49) was
evaluated further using TDP-43 IHC (Table 7, Figure 3 and Figure 4) to test the hypothesis
that TDP-43 proteinopathy may help to account for the CILA in some cases. Patients with
actual MMSE more than 10 points lower than predicted MMSE (using our statistical model)
were included, as were patients with actual MMSE higher than the actual MMSE. Thus, this
group included cases with the highest degree of “unaccounted-for” CILA and the rest were
chosen at random for this preliminary study. TDP-43 IHC was performed on superior and
middle temporal gyri as well as hippocampal formation to encompass areas where TDP
proteinopathy has been described (3). IHC-positive lesions (abTDP-43) were scored blindly
and included either aberrant TDP-43(+) NFT-like structures with neuropil thread-like profiles
(Figure 4) or TDP-43(+) inclusions in dentate granule cells (Figure 4C). As shown in Figure
4, TDP-43 immunoreactivity could be a challenge to interpret, because the large majority of
immunoreactive cells are probably not associated with pathology per se. Further, some staining
irregularities may have only reflected the impact of antigen retrieval on tissue as “regularly
irregular” staining. As a group, cases with abTDP-43 showed a tendency to have a lower actual
MMSE; all other things being equal (intercepts differ by linear regression at P = 0.04). These
data indicate that there is an association between the presence of TDP-43 pathology and the
severity of CILA independent of other known clinical or pathological variables. These analyses
represented a pilot study that we will follow up on in a separate report.

DISCUSSION

Data from a large autopsy series were used to model the association of 43 clinical and
pathological variables with CILA. Our results underscore the fundamental importance of AD
pathology in our research cohorts, and indicate that many clinical variables (including but not
limited to ApoE allele subtype) probably influence dementia if at all through altering
“downstream” pathology such as NFTs. Most of the remainder of CILA in our cohort is
associated with the presence of synucleinopathy, HS and cerebrovascular pathology.

Our strategy provides insights into disease mechanisms that are associated with cognitive
impairment in older persons. It has been known for some time that dementia is a syndrome
with many contributing pathologies. However, there have been few studies that involve
weighing the direct associations (rather than relative risks) of clinical and pathological
variables with cognitive impairment in patients who died encompassing a full range of
cognitive abilities. Three goals motivated our analytic strategy:

i. Provide a framework to know how adequately our current understanding of aging-
related brain diseases correlates with actual cognitive decline in humans. With the
caveat that “correlation is not causation,” we highlight a handful of clinical and
pathological variables that are associated with a significant majority of the variability
of MMSE scores in our cohort.

ii. Highlight the specific clinical and pathological variables that are most directly
associated with CILA in a quantitative, statistical framework. Specifically, AD-
related pathologies are by far most important (at least in this cohort), whereas some
other variables such as AGs are not associated with CILA severity.

iii. ldentify groups of individuals that are apparent “discrepancies” or outliers. These
cases may either have unrecognized clinical contributors to CILA, or have
pathological processes that are not currently recognized. In some patients with more
CILA than predicted by other clinical and pathological indices, abTDP-43 pathology
is observed disproportionately.

Brain Pathol. Author manuscript; available in PMC 2010 May 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nelson et al.

Page 8

The clinical and pathological indices most strongly associated with CILA in the present study
are compatible with prior research but also provide new insights. The data underscore the
central importance of AD pathology in CILA, which has been described by a number of
researchers previously (5-8,10,14-16,20 47 48 59 63 87 89 119). Of the clinical and
pathological variables, AD-type pathology was associated with greater than two-thirds of the
variability in MMSE scores in our research group. In addition, the data had implications about
the pathological contribution of the different subtypes and the neuroanatomical distribution of
AD-type pathology.

Our statistical model supports an independent role for the contribution of NFTs in the isocortex
(sampled six-layered cerebral cortex comprising Brodmann areas °,17,18,21,22,39 and 40),
NPs in the isocortex and NFTs in the mesial temporal lobe structures (CAL, subiculum and
entorhinal cortex of the hippocampal formation, and amygdala). In persons with milder CILA,
the predominant contribution to MMSE loss was NFTs in the mesial temporal lobe; however,
in more demented patients, the isocortical NFTs contributed most profoundly. These findings
are compatible with Braak staging (19,20).

We (87) and others [for example, (6,10,85)] have previously interpreted clinicopathological
data to argue against the importance of amyloid plaques in contributing directly to cognitive
impairment, focusing instead on isocortical NFTs. This interpretation derived from the
relatively poor associations between cerebral cortical NP densities found at autopsy and the
severity of ante—-mortem cognitive impairment (6,87). However, the present study involves a
larger cohort than our prior study and reflects a new approach that allows relatively unbiased
modeling of the association of multiple variables with CILA. These data show an independent
association between the density of isocortical NPs and CILA severity, although this only
became statistically significant after both research cohorts were combined. The parameter
coefficient for isocortical NP pathology is less than that for NFTs and these data should be
interpreted with caution. However, the overall apparent contribution of isocortical NPsto CILA
was statistically significant, accounting for approximately 20% of the total MMSE score
variability in the sample. These data support the hypothesis that NPs themselves can contribute
directly to cognitive impairment. Thus, isocortical NPs and medial temporal lobe NFTs—
although their densities correlate poorly at death with ante—-mortem cognitive impairment—
nonetheless may contribute significantly to CILA. This is true especially at the earlier stages
of the disease and in patients with mixed pathology. This theoretical point, which is harmonious
with prior literature (56,115), is illustrated in Figure 5. By contrast, our data suggest that ApoE
alleles do not contribute directly to CILA. Rather, ApoE alleles probably act by differentially
triggering the formation of NPs and NFTs in AD as suggested by Bennett et al (12). The
interactions between ApoE and plaque formation is underscored by the fact that when ApoE
is included in the combined model, the statistically significant association between isocortical
NPs and MMSE scores becomes non-significant; no other parameters are likewise affected. It
should also be noted that other clinical parameters may also impact AD via NPs and NFTs, but
these indirect interactions or “upstream” modifiers would not be detected in the present study.

Multivariable correlation also allowed for a delineation of the associative impact of HS on
CILA. In our sample, the presence of bilateral or of unilateral HS were associated, on average,
with patients whose final MMSE scores were ~8 points lower. These data are important for a
number of reasons. First, we confirm the biological importance of HS as reported previously
(27,30,38,83,91), and we assessed quantitatively the associative impact of HS in cognitive
impairment. Second, as HS is associated with TDP-43 proteinopathy (2,3,28,93), TDP-43
pathology is apparently an important contributor to CILA in human populations through
multiple means.
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Previous studies have shown that TDP-43 proteinopathy is also present in relatively rare
subtypes of FTD (3,4,32,77,88,105,110,127). It has also been shown previously that a subset
of AD patients have abTDP-43, and cases with abTDP-43 may have a faster disease course
and more hippocampal atrophy (67).A subset of patients in our study had a degree of cognitive
impairment that is not “explained” by an association with any of the clinical or pathological
variables, and abTDP-43 is present in a significant proportion of these. This is the first formal
demonstration of evidence for a role for TDP-43 proteinopathy in CILA outside of the studies
mentioned earlier.

In contrast to AD-type pathology and HS, some of the factors that have been associated with
CILA in the past were not associated with lower MMSE scores in our cohort. For example, the
presence of brain AGs was not associated with CILA. Prior studies have suggested that AGs
may not associate strongly with CILA (68,70). In our cohort there was not even a weak
association between the presence of AGs and CILA. This finding was not because of our
exclusion of FTDs from the analyses (see Results section). It is possible that the presence of
AGs represent a phase of pathological development such that in later stages of dementia the
AGs regress. It is also possible that had we used anti-Tau 4R antibodies we may have had
greater sensitivity for AGs (116,117,126), although in some cases with late-stage AD pathology
some AGs could be seen. Nonetheless, persons in our cohort did not show end-stage dementia
in the form of pure AG disease. We also confirm prior studies about the lack of impact on
CILA by amygdala Lewy bodies (121). Other factors that have been previously shown to be
correlated to CILA were also found not to be in our cohort. These included the number of years
of formal education; whether or not patients had undergone coronary artery bypass grafts; and
dozens of other clinical and pathological variables (see Table 3).

Because of the strong environmental risk factors, cerebrovascular-related morbidity and
mortality is a source for potential clinical and pathological differences between populations
(87,123,124). Although more than two-thirds of individuals aged 80 years and above had CVD,
our sample is probably biased against high-infarct cases [cases of infarct-associated aphasia
(n = 3) were excluded from the statistical study]. Interestingly, in our sample microinfarcts did
not constitute a parameter that associated with MMSE score variability, unlike other studies
(109,123). This may be partly because other clinical and pathological variables linked to
microinfarcts “washed out” the effect in our regression model. By contrast, and in agreement
with prior studies (49,104), we did find a positive impact from lacunar infarcts in the model.
These data highlight the need for a clinically relevant, precise, collectively agreed-upon
classification scheme for smaller infarcts.

The presence on autopsy of large infarcts were associated with lower MMSE scores in the
context of the pathology parameters alone, and history of transient ischemic attacks was linked
to lower MMSE scores in the “initially normal” cohort. Our current model will be applied in
the future to separate cohorts with even higher CVD incidence to enhance our understanding
of clinicopathological correlation in CVD.

Aside from the inherent difficulty with studying CVD, there were other limitations and
potential confounds relevant to our study. The studied group represents a convenience sample
rather than an epidemiological or population-based cohort. These UK ADC research cohorts
are biased toward aged, Caucasian and highly educated individuals (Table 1). There also is a
relative lack of movement disorders such as “pure” Parkinson’s disease in our cohort. Although
there are drawbacks to the demographic and pathological homogeneity, there are also benefits
from the dampening of variability in our cohort. Although perhaps less able to generalize
conclusions to other populations, we are able to better establish relationships between the types
of disease mechanisms and the severity of clinical deterioration seen in these individuals.
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In the present study, MMSE scores were used as the sole indicator of cognitive impairment
severity. This is an imperfect metric for anumber of reasons. Perhaps most importantly, a linear
regression algorithm was applied although MMSE and other tests of cognition (and indeed,
“cognition” itself) do not decline in a perfectly linear fashion during brain disease (29,82,84,
94). This discrepancy would theoretically be reflected by artificially decreasing the degree to
which accurate parameter coefficients could be established. Non-linear regression models are
available; however, they tend to have the disadvantage of providing less information about
multivariable correlations. MMSE, like other cognitive assessments, also has “ceiling” and
“floor” effects (39,46,61). Other measures such as Alzheimer’s Disease Assessment Scale—
cognitive subscale assessments are more sensitive tools for detecting cognitive impairment
(102). Hence our analyses are not able to fully take into account subtle cognitive changes
representative of “preclinical” cognitive impairment. The many patients in our cohort that
achieved perfect MMSE scores of 30 prior to death may be misleading, given that our
“predicted” MMSE (using our derived parameter estimates) was somewhat lower.

Despite the imperfections of using MMSE scores, there are also compelling reasons to use this
tool in the particular context of multivariable clinicopathological correlation. For a variety of
reasons, MMSE scores (1,8,22,28,31,33 35 37 51 60 62 64 68 71 73 84 87 98 112 114,115,122), or
the even less finely graded Clinical Dementia Rating scale (14,15,48,57,103,107), have been
used as metrics of dementia severity in many informative clinicopathological correlation
studies. MMSE scores offer good sensitivity in predicting disease (53,69,75), with well-known
normative data. The test evaluates a number of cognitive domains, including orientation,
language, attention/calculation, short-term memory/recall and praxis, although not executive
or psychiatric domains. MMSE data can be used for cross-study comparisons and for
biologically informative statistical rendering (25,36,43,55,106,113,115,118). Although
MMSE scores are an imperfect metric of cognition (26,81), relatively small MMSE score
changes (>2-4 points) have been found to be statistically reliable indicators of cognitive
impairment (42,58) even in many mild cognitive impairment cases (13,34). In the present study,
the statistically significant parameter estimates tended to be greater than four MMSE score
points. Some short-term, memory-intensive cognitive tests are less accurate in the detection of
cognitive changes in late-stage cases (102). Moreover, other cognitive assessment tools have
undergone repeated “fine-tuning” over time, and—as such—cannot be used for longitudinal
or retrospective comparisons over many years. In sum, MMSE scores were the best option in
this context as a robust metric for multiple cognitive domains that we have documented in a
consistent fashion between 1984 and 2008.

Some aspects of the statistical modeling also deserve comment. We are studying variability in
MMSE scores as a surrogate for CILA severity; however, we are using a cross-sectional
approach instead of comparing the trajectory of cognitive changes in individuals. It would be
desirable to have a larger sample for the statistical modeling to assess with higher resolution
the contribution of each parameter in association with MMSE score variability. The present
approach is tailored to finding the relatively large, more direct contributing parameters that are
associated with differences seen in final MMSE scores proximal to death.

Inevitably there are both clinical and pathological variables left out of this study. For example,
we do not measure synaptic density although others have found that synaptic density correlates
well with CILA in AD brains (79,80). Instead, we concentrated on the clinical and pathological
variables that were available in our dataset and were then considered mostly likely to relate to
CILA. Ultimately, our statistical modeling approach is helpful only to the extent that it allows
one to address clinically and biologically interesting questions. It is necessary to show that the
clinicopathological correlations are not merely relevant to one population group. The present
study is only the first step in developing parameter estimates for clinical and pathological

variables that can be applied with greater confidence to more heterogeneous populations.
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Figure 1. The association of particular subtypes and anatomical areas of Alzheimer’s disease (AD)
pathology with cognitive impairment linked to aging (CILA) severity changes according to the
different stages of cognitive impairment

This chart shows data from modeling on the entire cohort using the statistically significant
parameter coefficients as shown in Table 5. Cases are binned by mini-mental status
examination (MMSE) scores: MMSE 26-28 (n = 83); MMSE 20-26 (n = 38); MMSE 10-20
(n = 65); and MMSE 0-10 (n = 62). Note that as cognition declines, the apparent impact of
isocortical neurofibrillary tangles (NFTs) becomes greater, and the relative importance of
mesial temporal lobe NFTs and isocortical NPs declines. Nonetheless, each subtype of AD-
type pathology is associated independently with significant amount of CILA.
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Figure 2. Statistical methods indicated that argyrophilic grains (AGs) are not associated with CILA
severity in our research cohorts

To evaluate these data, we studied separately the 75 cases with AGs in our sample. A chart
(A) shows how the actual pre-mortem mini-mental status examination (MMSE) scores for
patients correlated to the amount of AG pathology. The AG score is proportional to the severity
of AGs in entorhinal cortex, subiculum and cornu ammonis hippocampal fields. Note that there
is no decrease in MMSE scores as AG pathology worsens. A photomicrograph of Gallyas-
stained cornu ammonis (B) from the individual in our autopsy cohort with the most severe AG
pathology, a 91-year old woman who died without any cognitive impairment (MMSE score =
30 less than 8 months prior to death). Scale bar = 50 pm.
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Figure 3. The multiple variable linear regression algorithm allows the prediction of mini-mental
status examination (MMSE) for each case based on the parameter coefficients

The algorithm was applied using the parameter coefficients from the combined cohort as shown
in Table 5 for the 49 cases stained for TDP-43 immunohistochemistry. The results indicate that
the abTDP-43(+) show a significant downward shift such that the “actual” MMSE score was
lower than the abTDP-43(-) cases (difference of intercept P = 0.04), indicating that abTDP-43
is associated with cognitive impairment linked to aging severity independent of other known
risk factors such as Alzheimer’s disease or hippocampal sclerosis pathology.
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Figure 4.

Photomicrographs of TDP-43 immunohistochemistry (IHC) show abnormal (A,C) and normal
(B,D) staining, which can be a challenge to discriminate. Unlike most neurodegeneration-
related immunostains, TDP-43 IHC is strongly positive in normal tissues. In some end-stage
AD cases we interpreted to be abTDP-43(—) there were “regularly irregular” staining in the
dentate granule cells (B) and hyperchromatic cells (D, horizontal arrows) that were different
from the normal-appearing cells (vertical arrow) but distinct also from the aberrant intracellular
inclusions (C). AbTDP-43 staining in CA1 (C) showing the neurofibrillary tangle-like (arrow)
and neuritic thread-like structures (arrows). Immunopositivity was scored blindly. Scale bars
=30 mm (A,B) or 50 um (C,D).
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Figure 5. A theoretical model that harmonizes data from the present study and prior clinico-
pathological correlation research

Because isocortical neuritic plaques (NPs) and hippocampal neurofibrillary tangles (NFTSs)
have significant "floor" and "ceiling" effects in relationship to the course of dementia, they are
not strongly related to the cognitive impairment linked to aging (CILA) severity prior to
autopsy (87). However, they may still play a strong pathogenetic role and contribute directly
to CILA particularly in the earliest stages of Alzheimer’s disease.
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Table 2

Exclusion criteria and the numbers excluded from each research clinic according to the reason for exclusion.
From the total cases that came to autopsy at the University of Kentucky Alzheimer’s Disease Center (n = 501),
a total of 167 were excluded according to the criteria shown. By far the most frequent criterion for exclusion
were undocumented mini-mental status examination (MMSE) scores (n = 94) or cases for whom MMSE scores
were documented >4 years prior to death (n = 17), which were most often seen in the high-dementia clinic.
Abbreviations: FTD = frontotemporal dementia.

Reason for exclusion from study  n(cohort) Total

Initially normal  Dementia clinic

Chronic infection 2 0 2
Subdural/chronic hematoma 3 2 5
Contusions 1 4 5
Tumor (including adenomas) 9 1 10
Hydrocephalus (not ex vacuo) 1 1 2
Infarcts + aphasia 2 1 3
Undocumented MMSE scores 1 93 94
>4 years since final MMSE score 2 27 29
FTDs, all subtypes 2 15 17
Total 23 144 167
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Table 3

The 43 clinical and pathological variables used in the multiple regression algorithm to find which indices are
associated with variability in mini-mental status examination scores proximal to death. Items are operationalized
as described in the Supporting Information. Most of the clinical variables are dichotomous (1/0), whereas most
of the pathological variables were scored on a continuum from zero to one by graded increments. “Advanced
coronary artery disease” is defined by having documented myocardial infarction, coronary artery bypass graft
and/or coronary artery angioplasty. Abbreviations: ApoE = apolipoprotein E; AFib = atrial fibrillation.

Clinical indices

Pathological indices

Age at death
Sex
Education

ApoE alleles
AFib/other cardiac arrhythmia*

Hypertension*

Body mass index

Transient ischemic attack(s)*
Head trauma™

Diabetes/takes insulin™
Seizures/epilepsy*
Smoking*

. . *
Peripheral vascular disease

. *
Advanced coronary artery disease

*
Cancer

Anxiety*

Depression/antidepressant meds™

Number of documented drugs
Opiates*
Antipsychotics*

Barbiturates”™

. *
Benzodiazepenes

Macroinfarct(s)—cortical
Cerebral amyloid angiopathy
Arteriolosclerosis

Number of microinfarcts
Number of pale infarcts

Number of hemorrhagic infarcts

Number of lacunar infarcts
Subcortical non-lacunar infarcts
Argyrophilic grains

Lewy bodies—isocortical

Lewy bodies—brainstem

Lewy bodies—medial temporal
Lobe

Lewy bodies—amygdala only*

Isocortical neurofibrillary tangles
(NFTs)

Isocortical neuritic plaques (NPs)
Isocortical diffuse plaques (DPs)

Mesial temporal lobe NFTs

Mesial temporal lobe NPs
Mesial temporal lobe DPs

Hippocampal sclerosis (HS)
unilateral™

HS bilateral™

*
Dichotomous (1 or 0).
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Table 4

Results of multiple variable linear regression analyses using all clinical and pathological variables for each
research cohort separately. The research cohorts were analyzed separately first. Note that the linear regression
found large differences between the cohorts in the y-intercept, and in each case the isocortical NFTs was the
largest parameter estimate. Other regressors differed, which may indicate biological differences in the parameters
that affect relatively low-CILA and high-CILA individuals. Regressors with positive parameter estimates were
not listed on this table. There are no such regressors in the “initially normal” group but ApoE and presence of
diabetes were positive parameter estimates in the “dementia clinic” group. Abbreviations: ApoE = apolipoprotein
E; CILA = cognitive impairment linked to aging; HS = hippocampal sclerosis; LB = Lewy body; NFT =
neurofibrillary tangle; TIA = transient ischemic attack.

Parameter Parameter estimate  Standard error  Pr > |t|

“Initially normal" group n = 212

Intercept 29.49 0.31 <0.0001
NFTs, isocortex —24.93 4.30 <0.0001
NFTs, mesial temporal —-16.10 2.09 <0.0001
HS—unilateral —-12.53 1.48 <0.0001
HS—Dbilateral -5.50 1.65 0.001

LBs, mesial temporal —5.61 1.56 0.0004
LBs, amygdala only -3.73 151 0.0146
History of TIA -1.55 0.72 0.0334
"Dementia clinic" group, n = 122

Intercept 10.47 2.05 <0.0001
NFTs, isocortex -16.42 2.42 <0.0001
LBs, neocortex -5.07 2.10 0.0177
Antipsychotics —4.61 2.01 0.0237
Seizures -4.31 191 0.0257
Cancer —2.84 1.40 0.0447
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Table 5

Regression modeling of parameters from entire research cohort (n = 334)—results of multiple variable linear
regression analyses using entire cohort. Some of the included parameters are shown only to demonstrate their
lack of independent association, but were also present in prior analyses. Note, in the combined model, ApoE
parameter estimates are opposite in the different cohorts (positive in “dementia clinic”, negative in “initially
normal”). For the overall group, ApoE did not have a significant effect. If the different cohort-specific effects
were taken into account, then, NPs, isocortex, would lose statistical significance but all the others are roughly
the same. This is discussed in the Supporting Information. Abbreviations: ApoE = apolipoprotein E; HS =
hippocampal sclerosis; LB = Lewy body; NFT = neurofibrillary tangle; NP = neuritic plaques.

Parameter Parameter Estimate  Standard error Pr>|t|

Clinical parameters only

Intercept 10.86 2.06 <0.0001
ApOE alleles -8.73 245 0.0004
Pathology parameters

Intercept 2850 047 <0.0001
NFTs, isocortex -21.78 2.30 <0.0001
NFTs, mesial temporal -14.48 1.87 <0.0001
LBs, isocortex -13.95 1.67 <0.0001
NPs, isocortex -8.81 1.87 <0.0001
HS—Dbilateral -7.81 210 0.0244
HS—unilateral -6.33 282 0.0256
Macroinfarcts —6.09 283 0.0323
Lacunar infarcts -4.81 251 0.0559

All significant parameters combined

Intercept 2432 1.07 <0.0001
NFTs, isocortex -19.66 2.27 <0.0001
LBs, isocortex -12.47 167 <0.0001
HS—unilateral -8.58 1.82 <0.0001
NFTs, mesial temporal -12.44 1.87 <0.0001
HS—Dbilateral -7.84 204 0.0001
NPs, isocortex -6.61 271 0.0152
Lacunar infarcts -5.15 2.46 0.037
Age >0.1
LBs, amygdala only >0.1
Sex >0.1
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Table 6

Final mini-mental status examination (MMSE) scores proximal to death in patients with extensive isocortical
Lewy bodies (LBs) or no isocortical LBs, stratified by Braak stages. Moderate-to-severe alphasynuclein
pathology in neocortex is an additive pathology in the University of Kentucky Alzheimer’s Disease Center
research cohorts. In these patients (“extensive isocortical LBs”); the frequency of concomitant Alzheimer’s
disease (AD) was approximately the same as in cases without isocortical LBs. Isocortical LB and AD pathologies
appear additive with respect to clinical symptoms. Stage for stage, the presence of isocortical LBs appears to
correlate with a decrease of approximately 10 points in MMSE scores, consistent with the statistically derived
parameter estimates (Table 4 and Table 5). The few cases with “pure” isocortical LBs (minimal Alzheimer-type
pathology or infarcts) did not have endstage dementia.

Braak stages—average MMSE (n)

0-11 1, v V, VI
Cases with extensive isocortical ~ 17.1 (10) 11.8 (4) 7.1(14)
LBs, n=28
Cases without isocortical LBs, 27.6 (106) 25.3(65) 13.3(110)
n=281
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