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Abstract

We examined the relationships between Alzheimer’s disease neuropathologic change (ADNC),
Lewy body disease (LBD), and vascular brain injury (VBI) in two large autopsy samples. Because
findings may differ between study populations, data came from U.S. Alzheimer’s Disease Centers
contributing to the National Alzheimer’s Coordinating Center (NACC, n=2,742) and from the
population-based Adult Changes in Thought study (ACT, n=499). Regardless of study population,
over 50% of participants with ADNC had co-occurring LBD or VBI; the majority of whom had a
clinical AD dementia diagnosis prior to death. Overlap of pathologies was similar between studies,
especially after standardizing to the distribution of age and dementia status in the ACT population.
LBD, but not VBI, was positively associated with ADNC in both studies. Interestingly, cortical
LBD was more common in those with intermediate ADNC compared to low or high ADNC,
especially in NACC (p<0.001). High prevalence of co-occurring neuropathologies among older
adults with dementia has implications for accurate diagnosis of dementia etiologies and
development of disease-modifying strategies.
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1. INTRODUCTION

Vascular brain injury (VBI) and Lewy body disease (LBD) commonly co-occur with
Alzheimer’s disease neuropathologic change (ADNC) in older adults (Wirths et al., 2000;
Riekse et al., 2004; Rahimi and Kovacs, 2014). Pre-mortem cognitive impairment is
associated with mixed neuropathologies at autopsy (Schneider et al., 2007; Montine et al.,
2012; Kawas et al., 2015; White et al., 2016). Whether the co-occurrence of VBI and LBD
in ADNC is due to synergistic interactions or to overlapping independent processes is
unclear.

LBD is present in up to 60% of individuals with ADNC (Hamilton, 2000). ADNC are
defined by amyloid plaques and tau neurofibrillary tangles (Hyman et al., 2012). LBD is
typically a hallmark of Parkinson’s disease and Dementia with Lewy bodies and is
characterized by Lewy bodies (inclusions of a-synuclein) (Spillantini et al., 1997). In brains
of many people with ADNC, Lewy bodies are limited to the amygdala with little
involvement of other regions (Hamilton, 2000). But cortical LBD is also associated with
amyloid burden in most studies (Obi et al., 2008; Jellinger and Attems, 2008; Sonnen et al.,
2010; Kotzbauer et al., 2012; Swirski et al., 2014) and with neurofibrillary tangles in some
studies (Jellinger and Attems, 2008; Sonnen et al., 2010)but not others (Chung et al., 2015;
Kotzbauer et al., 2012; Obi et al., 2008).

Between 30% and 70% of people with ADNC also have co-occurring vascular
neuropathologies (Jellinger and Attems, 2005; Rahimi and Kovacs, 2014). A wide range of
vascular lesions can be present; however, VBI with gross and microscopic infarcts is
considered the most important vascular contributor to dementia (Gorelick et al., 2011).
Prevalence of ADNC with co-occurring VBI is higher with older ages (James et al., 2012;
Jellinger and Attems, 2010). In some studies, cortical infarcts and microinfarcts are common
in those with ADNC (Jellinger, 2007; Okamoto et al., 2009). However, other studies have
found no relationship between VVBI and amyloid burden (Sonnen et al., 2011; Vemuri et al.,
2015).

Inconsistencies in prior study findings could be due to small sample sizes as well as
differences in study design, age distribution of study populations, sample selection, clinical
assessments, neuropathologic assessment protocols, and classification criteria. Findings on
associations between neuropathologies and dementia may differ between clinic-based
convenience samples and community or population-based autopsy samples that include
home study visit capacity (Crane et al., 2016). Mixed pathologies may be more common in
community-based samples compared to clinic-based samples (Schneider et al., 2009). Data
from large databases may more precisely characterize relationships between ADNC, LBD,
and VBI in clinic and community-based settings. Estimates of brain comorbidity in clinic as
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well as community-based studies are relevant to developing clinical trials and disease
modification strategies.

The objective of this study was to examine the co-occurrence of ADNC, LBD, and VBI at
autopsy and test whether LBD or VBI occurred more frequently in those with ADNC than
those without. A secondary objective was to compare characteristics of autopsied
participants with ADNC only to those with co-occurring LBD or VBI, exploring potential
predictors of mixed ADNC pathology. This study focused on the co-occurrence of ADNC,
LBD, and VBI as these are the most common pathologies associated with dementia (Sonnen
et al., 2007). We also examined the prevalence of other slightly less common pathologies,
including hippocampal sclerosis (HS), which is associated with dementia but not strongly
associated with ADNC in prior studies (Brenowitz et al., 2014; Nelson et al., 2016), as well
as primary age-related tauopathy (PART), which is defined as AD-type neurofibrillary
tangles but without co-occurring amyloid plaques (Crary et al., 2014). Data came from a
large database of clinical research volunteers who were evaluated at U.S. National Institute
on Aging (NIA)-funded U.S. Alzheimer’s Disease Centers (ADCs), as well from the Adult
Changes in Thought study (ACT), a population-based study in Seattle, WA.

2. METHODS

2.1. Data sources and study populations

2.1.1. U.S. Alzheimer’s Disease Centers—The National Alzheimer’s Coordinating
Center (NACC) maintains data from participants evaluated prospectively by one of 34 past
and present NIA-funded ADCs (Beekly et al., 2007, 2004). Participants in the Uniform Data
Set were evaluated annually at an ADC using a standardized protocol beginning September
2005; neuropathology data based on autopsy results was available for those who had died
and consented to autopsy evaluation (Beekly et al., 2007; Morris et al., 2006). Individual
ADC:s recruit and enroll participants according to their own protocols. Some, but not all,
ADCs require participants’ consent to autopsy prior to enrollment. Some ADCs include
home study visit capacity and others do not. Participants enrolled with any level of
cognition, ranging from normal to demented. Written informed consent was obtained from
all participants and their study co-participants; institutional review board (IRB) approval was
obtained from all individual ADCs. The University of Washington IRB approved this current
study.

Between September 2005 and September 2015, 6,507 of 32,479 total participants died, and
3,835 had an autopsy; this analysis is based on subjects with neuropathology data. Because
of low prevalence in population-based studies and potential for confounding, 1,063
autopsied participants with Down’s syndrome, prion disease, early-onset autosomal
dominant genetic diseases, frontotemporal lobar degeneration, and other rare causes of
dementia were excluded. Also excluded were 30 additional participants missing
neuropathologic information on ADNC, LBD, or VBI. The analytic sample for the current
study thus comprised 2,742 autopsied participants (See Supplementary Figure 1 for study
flow chart).
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We conducted additional sub-analyses on 246 participants in the Oregon Health & Science
University (OHSU) and 97 in the University of Washington (UW) ADCs. Both ADCs
upload data to NACC and serve as their own data repositories. These two ADCs collaborate
in the Pacific Northwest Dementia and Aging Neuropathology Group (PANDA), which also
includes the ACT study. Brain tissue collection, histochemical staining, and reporting follow
standardized procedures through this agreement. Both ADCs recruit patients seen in clinic
for diagnosis, treatment, or enrollment in clinical trials; however, autopsied participants seen
at OHSU were recruited from a number of cohort studies focusing on healthy aging in older
adults, which are described elsewhere (Howieson et al., 1993; Kaye et al., 2009, 2011,
Petersen et al., 2015). Hereafter OHSU and UW ADC:s are referred to collectively as the
PANDA ADCs.

2.1.2. Adult Changes in Thought study—ACT [U01 AG006781] is a longitudinal
community-based prospective cohort study of older adults. In contrast to NACC, participants
in ACT were enrolled from a well-defined underlying population of community dwelling
older adults receiving care in an integrated delivery system. ACT is described in detail
elsewhere (Kukull et al., 2002; Larson et al., 2006; Crane et al., 2013). Briefly, a random
sample of Group Health Cooperative members aged 65 and older in the Seattle area was
drawn and individuals were invited to participate. Individuals with dementia at baseline were
not enrolled. Participants were followed every 2 years until time of dementia diagnosis,
death, or drop-out: 2,581 persons were enrolled in 1994-1996, 811 in 2000-2002, and
continuous enrollment started in 2004; 5,074 participants had completed at least one visit
between 1994 and May 2015 of whom 2,537 had died. Neuropathological assessments were
conducted on 531 participants who had died and consented to autopsy and followed the
PANDA protocol. The Group Health and University of Washington IRBs approved the ACT
study. All participants provided written informed consent, and next of kin consented to
autopsy. The University of Washington IRB approved the use of ACT data in the current
study. The analytic sample for the current study consisted of 499 autopsied ACT participants
(Supplementary Figure 1), having excluded 32 with missing pathologic information on
ADNC, LBD, or VBI.

2.2. Neuropathological features

Each ADC conducted neuropathologic assessments following consensus guidelines, but
according to its own protocols, with the exception of the common assessment protocol used
by PANDA ADCs. Results were uploaded to the NACC database using a standardized form.
Additional information on number of microinfarcts as well as number, size, and approximate
age of gross infarcts was abstracted from PANDA ADC neuropathology reports to
supplement NACC data. In ACT, gross and microscopic lesions were collected using the
same standardized assessment protocols used in the PANDA ADCs and as described
previously (Sonnen et al., 2007). Measures were classified similarly across all data sources
unless otherwise specified.

ADNC included Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)
scores of neuritic plaque densities (none, sparse, moderate, frequent) (Mirra et al., 1991) and
Braak stages for tau neurofibrillary pathology (none, I-II, 111-1V, V-VI) (Braak et al., 2006).
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ADNC was categorized semi-quantitatively (low, intermediate, and high). Low ADNC was
defined as no/sparse neuritic plaques & any Braak stage OR any neuritic plaques density &
Braak stage 0-11. Intermediate ADNC was defined as moderate or frequent CERAD plaques
& Braak stage I11-1V; and high ADNC was defined as moderate or frequent plaques &
Braak stage V-VI. Note that this assessment does not include Thal phasing (Thal et al.,
2002) for amyloid plaques, so this operationalization overlaps with but does not correspond
exactly to the levels of ADNC as defined by new NIA-Alzheimer’s Association criteria
(Hyman et al., 2012). However, this has recently been shown not to contribute significantly
to the correlation between cognitive function and neuropathologic assessment at autopsy
(Serrano-Pozo et al., 2016). Primary age-related tauopathy (PART) was classified as present
in participants with definite PART as defined by Braak Stage I-1V & no neuritic plaques
(Crary et al., 2014).

Cerebrovascular pathology encompassed VBI and indicators of vessel disease. In all
samples, VBI was defined as any gross infarcts or cortical microinfarcts. In NACC, gross
infarcts (present, absent) were defined as large artery or lacunar infarcts identified
macroscopically regardless of age. Cortical microinfarcts (present, absent) were defined as
infarcts in the cortex that were only detected microscopically. In ACT, OHSU ADC, and
UW ADCs old or chronic gross infarcts were defined as present or absent. Microinfarcts
were assessed following methods developed in the Honolulu Asia Aging Study and defined
as “a focal lesion attributed to ischemia, found only on microscopic examination, and judged
to be temporally remote” (White et al., 2002). Microinfarcts were categorized as cortical
(present, absent) or subcortical (present, absent). In all data sources, overall severity of
cerebral amyloid angiopathy (identified with stains for amyloid) and atherosclerosis
(identified grossly) were recorded as none, mild, moderate, or severe.

In all data sources, LBD was defined as presence of Lewy bodies in any brain region
examined and categorized as present or absent. Presence of Lewy bodies was assessed
according to established guidelines (McKeith et al., 2005). In NACC, LBD was classified as
either none, brainstem predominant, limbic (transitional), cortical (diffuse), or region not
specified/other. In ACT and PANDA ADCs, LBD was further classified as either none,
brainstem predominant (Lewy bodies only found in brainstem: substantia nigra or locus
ceruleus), limbic (Lewy bodies in brainstem and amygdala), cortical (Lewy bodies in
cortex), or amygdala only (Lewy bodies in amygdala only).

Hippocampal sclerosis is considered a separate disease entity with potentially multiple
etiologic origins (Nelson et al., 2013). In older NACC form versions (prior to 2014)
hippocampal sclerosis was reported present as a primary or contributing neuropathologic
diagnosis, while in the newest form version and in ACT presence of hippocampal sclerosis
was recorded as unilateral, bilateral, or laterality unknown. Hippocampal sclerosis for this
study was classified as present or absent.

2.3. Clinical characteristics

Demographic characteristics included age, sex, education, race/ethnicity, and cohort for
ACT participants or ADC for NACC participants. For the purposes of this study, we focused
on health histories as of the last study visit. In NACC, health history was obtained via co-
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participant or self-report, medical records, judgment of the examining clinician, or some
combination. In ACT, histories of co-morbid medical conditions were obtained by
questionnaire. In both studies, APOE 4 allele status (at least one vs. none) was classified
for consenting participants who underwent APOE genotyping. In NACC ADCs, either a
single clinician or consensus group of clinicians made a diagnosis of normal cognition,
impaired but not mild cognitive impairment (MCI), MCI, or demented after a review of all
evaluation information available. Primary and contributing etiologic diagnoses are assigned
for all participants with MCI or dementia, following established guidelines (Beekly et al.,
2007). In ACT, dementia was diagnosed according to the Diagnostic and Statistical Manual
of Mental Disorders, 4" edition (American Psychiatric Association, 1995). A complete
dementia work-up was only conducted on participants who had a Cognitive Abilities
Screening Instrument (Teng et al., 1994) score 85 or below at their visit or who reported
symptoms suggestive of dementia onset. Dementia due to AD (e.g. clinical AD dementia)
was defined in both NACC and ACT as a primary clinical diagnosis of probable or possible
AD according to the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Association criteria (McKhann et
al., 1984).

2.4, Statistical analyses

We calculated the frequency and prevalence (calculated as the number of participants with
the pathology / total autopsied participants) of ADNC (intermediate to high), LBD, VBI, and
other major pathologies in NACC, PANDA ADCs, and ACT. A multivariable logistic
regression model described differences between autopsied NACC and ACT participants,
with study sample as the outcome and demographic, clinical, and pathologic characteristics
included as predictors. We estimated the frequency of co-occurrence of intermediate to high
ADNC, LBD, and VBI. The software eulerAPE (Micallef and Rodgers, 2014) was used to
create area-proportional Venn/Euler diagrams that accurately illustrate the overlap of each
pathology. Overlap of pathologies was examined in both samples overall as well as stratified
by age at death (65-89 vs. 90+). Pearson Xz tests or Fisher’s exact tests (if any categories
included <10 participants) assessed whether estimates of co-occurrence differed by year of
birth or death in NACC. In ACT, dates were not available per IRB approval; we assessed
whether estimates of co-occurrence differed between those enrolled in the original cohort
(1994-1996) or later.

Several sensitivity analyses were conducted to account for differences between participants
who enrolled in NACC and ACT. Since age distribution and prevalence of dementia differed
significantly between NACC and ACT populations, and are associated with pathologic
burden (Nelson et al., 2010; Sonnen et al., 2007), estimated prevalence of single and mixed
pathologies in each sample was standardized to the distribution of age at last visit and
dementia status of all ACT participants, autopsied and non-autopsied. Standardized
estimates were calculated as the weighted average of stratum-specific prevalence estimates
for age (<80 years, 80-90, and 90+ years) and dementia status (non-demented, demented)
weighted by the frequency of all enrolled ACT participants in each stratum (Zhou et al.,
1999). To investigate whether differences in prevalence between samples was due to
restriction in ACT enrollment of having to be non-demented and 65 years or older at
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baseline, we examined co-occurrence of pathologies in NACC participants most like ACT
participants (e.g. who would have met criteria for ACT) and those least like ACT
participants (e.g. those aged 65 and younger at dementia onset).

We next examined the prevalence of LBD and VBI along the continuum of ADNC (low,
intermediate, and high). Pearson Xz tests or Fisher’s exact tests (if any categories included
<10 participants) assesed whether the prevalence of LBD subtype and VBI differed by level
of ADNC. Because neuropathologic assessments may have differed between some ADCs
and ACT, prevalence of pathologies was also examined separately among PANDA ADCs,
which share neuropathologic protocols with ACT.

Finally, using descriptive statistics we examined clinical and demographic characteristics of
those with ADNC and LBD (ADNC+LBD), ADNC and VBI (ADNC+VBI), or ADNC and
LBD and VBI (ADNC+LBD+VBI) compared to those with ADNC only, defined as
intermediate to high ADNC, no LBD, and no VBI. All tests were two-sided with a = 0.05.
To account for multiple comparisons (n=18 tests), statistical significance using a Bonferroni
correction was considered p<0.0028. Analyses were conducted using R (version 3.2.1, R
Core Team, 2015).

3. RESULTS

3.1. Participant characteristics

NACC and ACT participants without dementia were relatively similar in demographic
(Table 1) and pathologic characteristics (Table 2). NACC participants with dementia were on
average almost 10 years younger at death and were more likely to have at least one APOE
e4 allele compared to ACT participants (Table 1). NACC participants with dementia had a
higher prevalence of high ADNC and LBD but a lower prevalence of VVBI than did ACT
autopsied participants with dementia (Table 2), including when pathologies among those
with clinical AD or non-AD dementia were examined separately (Supplementary Table 1).
Other pathologies, such as severe cerebral amyloid angiopathy, severe atherosclerosis, HS,
and PART were less common (<20%) in both samples (Table 2). Definite PART pathology
was more frequent in participants without dementia compared to those with dementia; mean
Braak Stage of those with PART was 2.2 (SD: 1.0) in NACC and 2.1 (SD:0.9) in ACT. Ina
multivariable regression model, younger age at death, college education, dementia at last
visit, ADNC, LBD, severe cerebral amyloid angiopathy, severe atherosclerosis, and PART
were significantly more common in NACC autopsied participants compared to ACT
autopsied participants (Table 3).

NACC participants were evaluated at 31 ADCs; 3 to 252 participants were seen per ADC.
Because there may be some heterogeneity across ADCs, we also separately examined
prevalence of pathologies among demented in PANDA (OHSU and UW) ADCs, which
share neuropathologic protocols with ACT. Compared to ACT, LBD was more common
across all ADCs, including PANDA ADCs (Supplementary Table 2). Prevalence of ADNC
and VBI was more similar between OHSU and ACT compared to UW and other ADCs;
OHSU participants were more like ACT participants in demographics (Supplementary Table
3).
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3.2. Co-occurrence of LBD and VBI in ADNC

A majority of participants with ADNC had co-occurring LBD or VBI (59% of NACC
participants and 68% of ACT participants). Co-occurrence of ADNC and LBD was slightly
more common in NACC than ACT (38% vs. 20% of participants with ADNC), while the
cooccurrence of ADNC and VBI was less common in NACC than ACT (30% vs. 60% of
participants with ADNC). Overlap of pathologies was similar between NACC and ACT in
age stratified samples (65-89 vs. 90+) (Figure 1) and after standardization to the age and
dementia prevalence of all enrolled ACT participants (Figure 2). After adjustment for
multiple comparisons, estimates of co-occurrence did not differ significantly by year of
death (p=0.3) or year of birth (p=0.05) in NACC. In ACT, estimates of co-occurrence did not
differ between those enrolled in the original cohort (1994-1996) or later (p=0.4). Co-
occurrence of HS in those with ADNC was slightly under 15% for both NACC and ACT.
About 10% of participants with LBD or VBI also had co-occurring HS, in both samples. Co-
occurrence of PART was slightly higher in those with VBI (14% in NACC and 17% in ACT)
than those with LBD (8% in NACC and 14% in ACT).

Estimated prevalence of VBI and low neuropathology in NACC was higher after
standardization to the age and dementia prevalence of ACT participants (Supplementary
Table 4). There were 885 participants from NACC who would have met basic ACT entry
criteria of being non-demented and 65 years or older at baseline (mean age at baseline= 83.4
(SD 7.8); 53% female). Co-occurrence of ADNC, LBD, and VBI was similar between those
885 “ACT-like” NACC participants and ACT participants: approximately 40% of
participants had ADNC of whom 26% had co-occurring LBD and 38% had co-occurring
VBI in NACC while in ACT 20% had co-occurring LBD and 60% had co-occurring VBI. In
contrast, among 576 NACC participants who were younger than 65 at dementia onset and
who would have not been eligible for ACT, 85.6% had ADNC, 45.6% of whom had co-
occurring LBD and just 16.8% had co-occurring VBI.

Prevalence of LBD by regional subtype is shown across levels of ADNC in Figure 3. The
proportion of participants with limbic LBD [NACC] or amygdala only LBD [ACT] was
greater in those with high ADNC compared to low and intermediate ADNC (both p<0.001).
Interestingly in NACC, cortical LBD was more common in those with intermediate ADNC
compared to those with low or high ADNC (p<0.001).

VBI were less common in higher levels of ADNC, in NACC, (p<0.001) but VBI did not
differ significantly by level of ADNC in ACT after correction for multiple comparisons
(p=0.03). We also compared specific VBI sub-types between participants from PANDA
ADCs and ACT (Figure 4) since they all used the same neuropathological assessment
protocol. Gross infarcts were less common in intermediate or high ADNC, in a graded
fashion, in PANDA ADCs (p<0.001) but not in ACT (p=0.13); prevalence of cortical
microinfarcts did not differ by level of ADNC in PANDA ADCs (p=0.22) or ACT (p=0.13).

3.3. Clinical characteristics of ADNC only vs. mixed ADNC

Clinical characteristics of autopsied participants with ADNC, with and without co-occurring
LBD or VBI are shown for NACC (Table 4) and ACT (Table 5). Male sex and the APOE e4
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allele were more common in participants with ADNC and co-occurring LBD compared to
participants with ADNC only. Male sex, and history of stroke were more likely in
participants with ADNC and co-occurring VBI compared to participants with ADNC only.
The majority of participants with mixed ADNC had dementia and a clinical AD diagnosis;
although sensitivity of clinical AD diagnosis was slightly lower in those with mixed ADNC
than ADNC only.

4. DISCUSSION

We conducted a thorough examination of mixed neuropathologies in clinic and community-
based samples, with particular focus on the relationships between ADNC and LBD or VBI.
Compared to the ACT study, ADC participants were on average younger and a higher
proportion had dementia and co-occurring LBD and ADNC at autopsy. Despite these
differences, mixed neuropathologies were common in both populations, especially the co-
occurrence of LBD or VBI with ADNC. The overall overlap of neuropathologies was also
similar between the two cohorts, especially after standardization to the distribution of age
and dementia status in the ACT population. Although slightly less common, 10-15% of
participants also had co-occurring HS, and about 15% of participants with VVBI had co-
occurring PART. Prevalence of limbic LBD was higher among those with high ADNC in
NACC, and similarly amygdala LBD was more common among those with higher ADNC in
ACT. Interestingly, cortical LBD was associated with intermediate ADNC, most evidently in
NACC. Evidence for a positive association between VBI and ADNC in either NACC or
ACT was lacking. Characteristics of autopsied participants with mixed ADNC
neuropathologies were also remarkably similar between studies: the majority had dementia
and a clinical AD-diagnosis.

Although prior research has found mixed neuropathologies to be common, estimates of the
prevalence of mixed neuropathologies are varied (Rahimi and Kovacs, 2014). In both study
samples considered here, the majority of brains had mixed pathologies, contrary to a prior
study in which mixed pathologies were more common in a community-based sample
(Schneider et al., 2009). This difference from the earlier report may be due to combining
data from multiple ADCs that have heterogeneous study populations. Although ADNC
+LBD was more common in NACC than in ACT, this may be partly because ACT
enrollment criteria would exclude those with earlier dementia onset. Prevalence of mixed
pathologies was quite similar between ACT and NACC in our sensitivity analyses among
those non-demented and age 65+ at baseline, among the oldest-old, and after
standardization, further suggesting that differences in age and dementia prevalence may
drive much of the differences in prevalence. After we standardized to the overall ACT
population distribution of age and dementia prevalence, ADNC+VBI was the most common
mixed pathology in both NACC and ACT. Additionally, OHSU findings were more similar
to ACT in contrasts to UW and other ADCs; likely because many OHSU participants were
also part of cohort studies that have strict enrollment criteria and focus on healthy aging
(Howieson et al., 2003).

Our study adds to the evidence of positive association between ADNC and LBD (Obi et al.,
2008; Jellinger and Attems, 2008; Sonnen et al., 2010; Kotzbauer et al., 2012; Swirski et al.,
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2014). Limbic LBD, in NACC, and amygdala LBD only, in ACT, were more common in
those with high ADNC compared to low or intermediate ADNC. In NACC, LBD in the
amygdala may have been classified as limbic or as other/unknown, which may account for
the observed associations with ADNC in those regions. Interestingly, cortical LBD was
associated with intermediate but not high levels of ADNC, especially in NACC. This finding
has not been previously reported, but it is consistent with prior evidence that cortical LBD is
associated with higher amyloid burden, but not higher Braak stage (Obi et al., 2008), and
that demented individuals with mixed neuropathologies typically have lower levels of
ADNC compared to individuals with ADNC only (Nagy et al., 1997; Postupna et al., 2015).
Discrepancies in prior findings regarding LBD and neurofibrillary tangles, in which some
studies found positive associations (Iseki et al., 2003; Jellinger and Attems, 2008; Sonnen et
al., 2010) while others did not (Chung et al., 2015; Kotzbauer et al., 2012; Obi et al., 2008;
Schneider et al., 2012) may be accounted for by the non-monotonic association we observed
between cortical LBD and level of ADNC. Interactions between amyloid and a-synuclein
may lead to an alternative pathologic and clinical presentation than ADNC only, in which
neurofibrillary tangles are more predominant (Jellinger and Attems, 2008; Swirski et al.,
2014; Wirths et al., 2000).

Overall, there was not strong evidence for a positive association between VBI and ADNC,
consistent with other studies (Sonnen et al., 2011), including a recent study using biomarker
data (Vemuri et al., 2015). Presence of VVBI was inversely associated with ADNC in NACC
overall as well as in the PANDA ADCs. In ACT, although VBI was somewhat related to
level of ADNC, such an association was not consistent when looking at individual VBI sub-
types, unlike other studies in which cortical VBI were associated with ADNC (Jellinger,
2007; Okamoto et al., 2009). Since the PANDA ADCs share neuropathologic assessment
with ACT, differences in VBI assessment are unlikely to explain these findings. This result
may be because individuals with ADNC in NACC may be more likely to die prior to
development of VBI. In NACC, prevalence of ADNC is lower in those who died after age 80
while prevalence of VBI is higher among those with older ages at death (Brenowitz et al.,
2014).

Most participants with ADNC mixed with LBD or VBI had dementia prior to death (70—
96%). Higher proportions of those with ADNC and co-occurring LBD were male and had an
APOE &4 allele compared to ADNC only, consistent with other studies (Chung et al., 2015;
Tsuang et al., 2005). A higher proportion of participants with ADNC and co-occurring VBI
were male and had a history of stroke compared to ADNC only, characteristics associated
with VBI in general (Gorelick et al., 2011; Jellinger, 2013). As in prior studies (Lim et al.,
1999), clinical diagnosis of AD dementia was fairly sensitive (generally 70-90% of those
with ADNC), even in those with additional pathologies. However, sensitivity of clinical AD
was slightly lower for those with mixed ADNC than participants with ADNC only.
Additional research is needed to determine the clinical relevance of these findings.

Our findings should be considered in light of the limitations of this study. We focused on
combinations of the most common pathologies to simplify our analyses. Future research that
can further examine combinations of relatively less common pathologies, including HS and
PART would be beneficial, especially amongst the oldest-old (Nelson et al., 2016). Newly
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identified pathologic features, such as TAR DNA-binding protein 43 (TDP-43) (Neumann et
al., 2006), were not available for most participants. NACC and ACT studies include
predominantly Caucasian and well-educated older adults, which may limit generalizability.
Dementia status may have been misclassified in some prior to death; in particular, clinic-
only assessment may have underestimated the prevalence of dementia in NACC compared to
ACT, which conducts home-based assessments as well (Crane et al., 2016). Prevalence of
stroke history in ACT may have been underestimated as participants did not undergo ACT
visits after dementia diagnosis. There are likely other important differences between NACC
and ACT participants that we were unable to quantify; for instance selection criteria for
ADC:s or information on depression and psychiatric disorders, which were not comparable
between NACC and ACT. Autopsied participants are a select sample and may differ in
characteristics (e.g. dementia status and demographics) from the overall NACC and ACT
study populations (Haneuse et al., 2009); prevalence estimates standardized to the overall
ACT population based on age and dementia status suggest that a higher prevalence of low
neuropathology would be expected in the overall ACT sample. The smaller ACT sample size
resulted in analyses that were relatively underpowered in comparison to NACC; because this
could impact the significance tests conducted, we also described qualitative differences both
between and within study populations.

Despite the limitations, this study has important strengths. This study used data from two
large autopsy samples with extensive clinical and pathologic information, which allowed us
to examine the co-occurrence of ADNC, LBD, and VBI from multiple perspectives. We
conducted thorough qualitative and quantitative comparisons between autopsied clinical
research volunteers included in NACC and autopsied participants in ACT, a population-
based study. Weighting techniques allowed us to compare the prevalence of ADNC, LBD,
and VBI standardized to the ACT population (of autopsied and non-autopsied participants)
by age and dementia status. To our knowledge no prior studies have used standardization or
weighting techniques to attempt to account for demographic differences between autopsy
samples. This study also included sub-analyses among ACT, and the PANDA ADCs that
shared identical neuropathologic assessment protocols. This approach suggests that
differences between NACC and ACT were related to the populations studied rather than
potential heterogeneity in neuropathological assessment protocols.

Assessing the similarities, we find further evidence that ADNC are common with LBD or
VBI, especially in demented patients. Our findings point to an association between ADNC
and LBD; whether these factors are synergistic or related to shared pathogenic processes
remains to be determined. Over half of participants with ADNC in our study had co-
occurring LBD or VBI and the majority of those with ADNC mixed with LBD or VBI were
demented, regardless of study population. Thus, it is likely that patients with dementia —
including those diagnosed with clinical AD — have multiple pathologies. Our findings
suggest accurate clinical diagnosis of patients with multiple pathologies may be challenging.
Effective prevention and treatment of clinical AD may need to target multiple disease
processes.
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Highlights
. We examined overlap of three common neuropathologies in two large autopsy
studies
. The majority with Alzheimer’s disease changes (ADNC) had co-occurring
pathologies
. Cortical Lewy body disease was associated with intermediate levels of ADNC
. Overlap of pathologies was similar between studies after standardization
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Age at death 65-89 years
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Figure 1. Co-occurrence of Alzheimer’s disease neuropathologic change (ADNC), Lewy body
disease (LBD), and vascular brain injury (VBI) stratified by age

ACT, Adult Changes in Thought study; NACC, National Alzheimer’s Coordinating Center.
ADNC = moderate/frequent neuritic plaques & Braak stage 111-VI; LBD = Lewy bodies in
any brain region examined; VBI = gross infarcts and cortical microinfarcts. Note: 191
NACC participants with age of death less than 65 years were excluded.
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Figure 2. Prevalence (percent) of Alzheimer’s disease neuropathologic change (ADNC), Lewy
body disease (LBD), and vascular brain injury (VBI) standardized to ACT overall study

population

Prevalence estimates (percent) standardized to the distribution of age (<80yrs, 80-90 years,
and 90+) and dementia status (demented, non-demented) at last visit among all ACT
participants (autopsied and non-autopsied). Confidence intervals for estimates shown in
Table 4. ACT, Adult Changes in Thought study; NACC, National Alzheimer’s Coordinating
Center. ADNC = moderate/frequent neuritic plagues & Braak stage I11-VI; LBD = Lewy
bodies in any brain region examined; VVBI = gross infarcts and cortical microinfarcts.
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LBD in NACC
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Figure 3. Prevalence of Lewy body disease (LBD) subtypes in participants with low,
intermediate, and high Alzheimer’s disease neuropathologic change (ADNC)

ACT, Adult Changes in Thought study; NACC, National Alzheimer’s Coordinating Center.
Low ADNC= no/sparse CERAD neuritic plaques & any Braak stage OR any neuritic
plaques & Braak stage 0-11; intermediate ADNC= moderate/frequent neuritic plaques &
Braak stage I11-1V; high ADNC = moderate/frequent neuritic plaques & Braak stages V-VI.
*p<0.001 for difference in prevalence of LBD subtype by level of ADNC based on x 2
(NACC) or Fisher’s exact test (ACT).
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VBI in PANDA ADCs
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Figure 4. Prevalence of vascular brain injury (VBI) in participants with low, intermediate, and
high Alzheimer’s disease neuropathologic change (ADNC)

ACT, Adult Changes in Thought study; PANDA ADCs, Pacific Northwest Dementia and
Aging Neuropathology Group Alzheimer’s Disease Centers (Oregon Health & Science
University and University of Washington). Low ADNC = no/sparse CERAD neuritic
plaques & any Braak stage OR any neuritic plaques & Braak stage 0-11; Intermediate ADNC
= moderate/frequent neuritic plaques & Braak stage I11-1V; High ADNC = moderate/
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frequent neuritic plaques & Braak stages V-VI. *p<0.05 for difference in prevalence of VBI
by level of ADNC based on fisher’s exact test.
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Table 3

Multivariable regression model of NACC participants compared to ACT participants

Characteristics OR for NACC 95%CI p
vs ACT”

Demographic and Clinical

Older age at death (yrs) 0.66 (0.60, 0.82) <0.001
Female 1.40 (1.08, 1.80) 0.01
Non-white 1.03 (0.57, 1.88) 0.92
College graduate 1.77 (1.38,2.27)  <0.001
History of stroke 0.92 (0.65, 1.30) 0.64
APOE &4 allele 1.31 (0.99, 1.74) 0.06
Demented at last visit 2.13 (1.35, 3.36) 0.001
Clinical AD dementia 1.68 (1.07, 2.63) 0.02
Pathologic
Intermediate ADNC 1.50 (1.03, 2.20) 0.03
High ADNC 1.55 (1.09, 2.19) 0.01
Cortical LBD 217 (1.30, 3.63) 0.003
Cortical microinfarcts 0.35 (0.27,0.46)  <0.001
Gross infarcts 1.01 (0.76, 1.35) 0.93
Severe atherosclerosis 6.07 (2.64,13.97) <0.001
Severe CAA 3.17 (1.98,5.08)  <0.001
Hippocampal sclerosis 0.69 (0.45, 1.07) 0.10
Primary age-related tauopathy 1.72 (1.21, 2.45) 0.002

ACT, Adult Changes in Thought study; ADNC, Alzheimer’s disease neuropathologic change; CAA, cerebral amyloid angiopathy; LBD, Lewy
body disease; NACC, National Alzheimer’s Coordinating Center

*
Based on a logistic regression model with ACT as the reference group; 498 NACC participants and 126 ACT participants excluded due to missing
data; OR>1 if characteristic is more common in NACC compared to ACT
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Demographic and clinical characteristics of NACC participants with Alzheimer’s disease neuropathologic
change (ADNC) with and without co-occurring Lewy body disease (LBD) or vascular brain injury (VBI)*

Characteristics' ADNConly ADNC+LBD ADNC+VBI A\I?SIIC+LBD
+

Total autopsies, N 810 559 394 193

Age at death, mean (SD)  80.2 (10.6)  77.4 (9.5) 84.4 (8.4) 82.9 (10.9)

Female 403(49.8) 228 (40.8) 184 (46.7) 76 (39.4)

Non-white 37 (4.6) 35(6.3) 35(9) 24 (12.5)

College graduate 466 (57.5) 314 (56.2) 203 (51.5) 103 (53.4)

History of stroke 54 (6.8) 30 (5.4) 102 (26.3) 28 (14.6)

APOE e4 allele 378 (54.9) 307 (64.9) 185 (54.9) 105 (62.5)

Demented 726 (89.6)  538(96.2) 337 (85.5) 182 (94.3)
Clinical AD dementia 658 (90.6) 421 (78.3) 306 (90.8) 159 (87.4)

NACC, National Alzheimer’s Coordinating Center

*
ADNC = moderate/frequent neuritic plaques & Braak stage 111-VI; LBD = Lewy bodies in any brain region examined; VBI = gross infarcts and

cortical microinfarcts.

TN,% unless otherwise specified. Relative frequencies presented for complete data. Number of participants missing data: race=11 (<1%),

education=19 (1.0%), stroke=20 (1.0%), and APOE genotype=289 (14.8%).
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Demographic and clinical characteristics of ACT participants with Alzheimer’s disease neuropathologic
change (ADNC) with and without co-occurring Lewy body disease (LBD) or vascular brain injury (VBI)*

Characteristics' ADNConly ADNC+LBD ADNC+VBI A\I?SIIC+LBD
+

Total autopsies, N 68 18 103 25

Age at death, mean (SD)  89.1 (6.7) 88.9 (5.8) 90.6 (5.9) 87.8 (6.3)

Female 43 (63.2) 7(38.9) 60 (58.3) 13 (52.0)

Non-white 5(7.4) 1(5.6) 7(6.8) 1(4.0)

College graduate 26 (38.2) 9 (50.0) 31(30.1) 11 (44.0)

History of stroke 2(3.4) 1(6.7) 25 (26.9) 1(4.5)

APOE e4 allele 20 (33.3) 6 (37.5) 33(34.4) 12 (60.0)

Demented 35 (51.5) 14 (77.8) 76 (73.8) 17 (68.0)
Clinical AD dementia 33 (94.3) 10 (71.4) 61 (80.2) 14 (82.3)

ACT, Adult Changes in Thought study

*
ADNC = moderate/frequent neuritic plaques & Braak stage 111-VI; LBD = Lewy bodies in any brain region examined; VBI = gross infarcts and

cortical microinfarcts.

TN,% unless otherwise specified. Relative frequencies presented for complete data. Number of participants missing data: stroke=25 (11.7%), and

APOE genotype=22 (10.3%).
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