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Abstract. In the present study, we have characterized and compared individuals whose brains were donated as part of The
University of Manchester Longitudinal Study of Cognition in Normal Healthy Old Age (UoM) with those donated through
the Manchester arm of the UK Brains for Dementia Research (BDR) program. The aim of this study was to investigate
how differences in study recruitment may affect final pathological composition of cohort studies. The UoM cohort was
established as a longitudinal study of aging and cognition whereas the BDR program was established, prima facie, to collect
brains from both demented and non-demented individuals for the purpose of building a tissue research resource. Consequently,
the differences in recruitment patterns generated differences in demographic, clinical, and neuropathological characteristics.
There was a higher proportion of recruits with dementia [mostly Alzheimer’s disease (AD)] within the BDR cohort than in
the UoM cohort. In pathological terms, the BDR cohort was more ‘polarized’, being more composed of demented cases with
high Braak pathology scores and non-demented cases with low Braak scores, and fewer non-AD pathology cases, than the
UoM cohort. In both cohorts, cerebral amyloid angiopathy tended to be greater in demented than non-demented individuals.
Such observations partly reflect the recruitment of demented and non-demented individuals into the BDR cohort, and also
that insufficient study time may have elapsed for disease onset and development in non-demented individuals to take place.
Conversely, in the UoM cohort, where there had been nearly 30 years of study time, a broader spread of AD-type pathological
changes had ‘naturally’ evolved in the brains of both demented and non-demented participants.
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INTRODUCTION

Longitudinal community or population-based
studies with an end-point of brain donation offer a
chance to examine correlations between pathology
and cognitive function, and are therefore impor-
tant for the field of dementia research. Nonetheless,
truly unbiased community-based longitudinal studies
are rare. It is common in epidemiological stud-
ies of dementia to use cohorts selected according
to their cognitive status, age, gender, or ethnicity.
Notwithstanding this, there have been several lon-
gitudinal studies of brain aging and dementia that
have included brain autopsy end points such as The
Medical Research Council Cognitive Function and
Ageing Studies (CFAS) [1, 2], the Nun Study [3],
the Religious Orders Study [4], and many others [5—
10]. Table 1 outlines a selection of these studies and
examines their limitations. Most of these studies com-
menced in the late 1980 s or early 1990s and were
based either on healthy volunteers of all ages from
local communities, or selected cohorts based either
on age specification or particular lifestyle which
included both cognitively normal and cognitively
impaired individuals. Cohort size has ranged from a
few hundred to many thousand individuals with brain
donations ranging from 180-500 (at time of last publi-
cation). Most are ongoing, though the Honolulu-Asia
Aging Study (HAAS) [7] and Oxford Project to Inves-
tigate Memory and Ageing (OPTIMA) [8] studies
have now closed.

The present investigation compares neuropatho-
logical findings in brains donated as part of The
University of Manchester Longitudinal Study of Cog-
nition in Normal Healthy Old Age (UoM) with those
donated through the Manchester arm of the UK

Brains for Dementia Research (BDR) program. The
UoM study [11] began in 1983 and recruited, via
local advertisement, 6,542 healthy individuals aged
between 42 and 92 years from the Manchester and
Newcastle regions of UK. People with evidence of
cognitive decline/dementia at the time of recruitment
were not eligible for the study. The brain donation
program started 20 years later with 312 individuals
(less than 5% of the original group) giving consent
to brain donation. To date 119 of these 312 individ-
uals have died and donated their brains to the study.
Thirty eight of the 119 donors had cognitive impair-
ment/dementia at time of death whereas 81 donors
remained cognitively intact. This study represents
one of a number of long running studies in which
cognitively healthy individuals at the outset have been
followed up for periods of 30 years or more. On the
other hand, the BDR program began in 2009 across 5
centers within UK, Bristol, London (King’s College),
Manchester, Newcastle, and Oxford, and collectively,
again through local advertising, national press, and
media coverage, has recruited 3,257 individuals to
date, 534 of these from the North of England, encom-
passing Greater Manchester and Merseyside regions,
Cumbria, West Yorkshire, and parts of Derbyshire,
Nottinghamshire, and Lincolnshire. People both with
and without evidence of cognitive decline/dementia
at the time of recruitment were eligible for the study.
To date, 139 of these 534 individuals have died and
donated their brains to the study. One hundred and
two of the donors had cognitive impairment/dementia
whereas 37 donors remained cognitively normal at
time of death.

Using the BDR and UoM cohorts, the aim of
this study was to investigate how differences in
recruitment strategy might affect the distribution

Table 1
Overview and possible limitations of a selection of longitudinal studies with brain donation end-points
Study Commenced Cohort Recruitment Cognitive Limitations
size age status of of study
participants

MRC CFAS [1, 2] 1989 18000 65+ Normal/C.1. Sampling strategy led to cohort of older and
more cognitively impaired individuals
when compared with the general
population

Nun study [3] 1986 678 75+ Random Selected cohort (female only)

Religious Orders Study [4] 1994 1000+ Aged Normal Selected cohort (male only)

BLSA [5] 1958 1400 20-90 Normal Sampling strategy led to cohort of
predominantly male, white well educated
individuals

HAAS [7] 1991-2012 3734 71-93 Random Selected cohort (Japanese-American males)

Vantaa 85 + [9] 1991 601 85+ Random Selectively population-based (South Finland)

ACT [10] 1994 2581 65+ Random Selected cohort (King’s County, WA)
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of pathological conditions in cohort studies where
brain donation was the end point, and in doing so,
determine their suitability for clinical and laboratory
research. Although a proportion of the UoM data has
already been published [12], it is important to note
that in the present study the UoM data is used as a
comparison to the BDR data.

MATERIAL AND METHODS
Cognitive assessments

Participants within the UoM study had demo-
graphic, education, lifestyle, and health information
collected through study-specific self-report question-
naires. Information regarding educational level were
standardized using the International Standard Clas-
sification of Education (ISCED) guidelines [13].
Over five waves between 2004 and 2017, surviving
participants underwent assessment by the modified
Telephone Instrument for Cognitive Status (TICSm)
which contains 13 questions testing orientation,
concentration, immediate and delayed memory, nam-
ing, calculation, comprehension, and reasoning. The
TICSm test had a maximum score of 39 [14] and
the cut-off point, which was used to define cogni-
tive impairment in the present study, was a score of
21 [15]. Cognitive status at death was ascertained
using a combination of last TICSm score, patient
notes obtained via participants’ general practitioner,
cause of death as recorded on the death certificate
and information gained from the Brain Bank Coor-
dinator (SCG). Using cognitive status at death and
neuropathological findings, diagnostic accuracy was
approximately 74% within the UoM cohort.

Participants within the BDR underwent assess-
ments either via telephone interview (for those
individuals without memory problems, participants
without a significant hearing impairment, study part-
ners for control participants, for follow up and
retrospective interviews of control participants), or
via a visit to the participant’s home (for initial control
visit, people with existing diagnosis of dementia, and
controls with a significant hearing problem). Stan-
dardized assessments included past medical history
from Cambridge Mental Disorders of the Elderly
Examination (CAMDEX), clinical dementia rating
worksheet (study partner), clinical dementia rating
worksheet (participant), Bristol activities of daily
living scale (BADLS), lifestyle questionnaire, neu-
ropsychiatric inventory (NPI), Cornell scale for

depression in dementia, Geriatric Depression Scale
(GDS-15 point), Mini-Mental State Examination
(MMSE), TICSm (on healthy controls only), Mon-
treal Cognitive Assessment (MOCA), MOCA-blind
(telephone interviews), hearing and eyesight impair-
ment, physical parameters (blood pressure, waist and
hip measurement), Global Deterioration Scale, and
Hachinski ischemic scoring system. Using cognitive
status at death and neuropathological findings, diag-
nostic accuracy was approximately 71% within the
BDR cohort.

Pathological methods

One fresh hemi-brain was fixed in 10% neutral
buffered formalin for 3-4 weeks with the other hemi-
brain frozen at—80°C. Standard blocks of frontal (mid
frontal and superior frontal gyri), cingulate, tempo-
ral (including superior and middle temporal gyrus),
inferior parietal and occipital cortex, entorhinal cor-
tex, and hippocampus, amygdala, corpus striatum
(caudate nucleus, putamen, and globus pallidus),
thalamus, midbrain (to include substantia nigra),
brainstem (to include locus coeruleus and dorsal
vagus), and cerebellum with dentate nucleus were
cut from the fixed tissue and processed into wax
blocks. In the first instance, paraffin sections (6 p.m)
from all blocks were stained with hematoxylin and
eosin. Further sections from all blocks were then
immunostained for amyloid-3 (AB) (Cambridge Bio-
science, monoclonal antibody 4GS, 1:3000) and
tau proteins phosphorylated at Ser202 and Thr205
(P-tau) (Innogenetics, monoclonal antibody ATS,
1:750). Sections from hippocampus, midbrain, supe-
rior frontal gyrus, amygdala, pons, and medulla were
immunostained for phosphorylated a-synuclein (rab-
bit polyclonal antibody #1175, 1:1000; kind gift
of Dr. Masato Hasegawa at Tokyo Metropolitan
Institute of Medical Science, Japan). Sections from
hippocampus and amygdala were immunostained
for n-terminal TDP-43 (polyclonal antibody, 10782-
2-AP, Proteintech, Manchester, 1:1000) which
recognizes the intact 45 kDa protein as well as post
translationally modified and truncated forms. For
antigen retrieval, sections were either immersed in
70% formic acid for 20 min (for A3 only), or (for
all other antibodies) by microwaving or pressure
cooking (for 30 min, reaching 120°C and>15 kPa
pressure) in 0.1 M citrate buffer, pH 6.0, prior to
incubation with primary antibody. Thal phase for
amyloid deposition [16] was determined from the
AR immunostained sections and Braak stage for



622 A.C. Robinson et al. / Pathological Changes in Two Aging Cohorts

tau deposition [17, 18] was assigned using the ATS8
immunostained sections. The presence/absence of
TDP-43 pathology was assessed in the frontal cortex,
temporal cortex, fusiform gyrus, and dentate gyrus
of the hippocampus. Phosphorylated a-synuclein
pathology was assessed in the cingulate gyrus,
amygdala, entorhinal cortex, substantia nigra, locus
coeruleus, and dorsal motor nucleus of the vagus
nerve and Braak Lewy body stage was determined
[19].

All neuropathological diagnoses were assigned by
experienced neuropathologists (DM, FR, DDP, and
PP). Pathological diagnosis of Alzheimer’s disease
(AD) was made according to established criteria
[20] whereby a low, intermediate, or high probabil-
ity of AD is ascribed according to relative density
and distribution of amyloid plaques (Thal phase),
neurofibrillary tangles (Braak tau stage), and Af3
neuritic plaques (Consortium to Establish a Reg-
istry for Alzheimer’s Disease — CERAD). Diagnosis
of Dementia with Lewy bodies (DLB)/Parkinson’s
Disease dementia (PDD) was made according to
McKeith et al criteria [21-23]. Other pathological
diagnoses were made in accordance with pub-
lished criteria or descriptions for frontotemporal
lobar degeneration (FTLD) [24, 25], corticobasal
degeneration (CBD) [26], progressive supranuclear
palsy (PSP) [27], multiple system atrophy (MSA)
[28], argyrophilic grain disease (AGD) [29], pri-
mary age-related tauopathy (PART) [30], age related
tau astrogliopathy (ARTAG) [31], and cerebral amy-
loid angiopathy (CAA) [32]. The likelihood that
cerebrovascular disease had contributed to the devel-
opment of dementia was assessed using the three
key elements developed in the Vascular Cognitive
Impairment Neuropathology Guidelines (VCING)
[33]. These involve the presence of brain infarc-
tion within cortical or subcortical regions, the
degree of small vessel disease (SVD) in basal gan-
glia and the extent of CAA in the occipital lobe.
Examination of vascular pathology in these three
regions proved to be clinical predictive for cognitive
impairment.

Tissue infarction in basal ganglia was assessed
as:

0=no apparent tissue changes.

1 =single area of microinfarction or multiple
areas of perivascular lacunar change.

2 =multiple areas of microinfarction or a single
large (>10 mm) infarction.

3 =multiple large infarctions.

In accordance with Olichney et al. [32], CAA in
occipital lobe was assessed as:

0=No CAA in blood vessel walls in lep-
tomeninges or brain parenchyma.

1 =Occasional blood vessels with CAA in lep-
tomeninges and/or within brain parenchyma,
usually not occupying the full thickness of the
wall.

2=A moderate number of blood vessels with
CAA in leptomeninges or brain parenchyma in
leptomeninges or within brain parenchyma, some
occupying the full thickness of the wall.
3=Many or all blood vessels with CAA in lep-
tomeninges or brain parenchyma, most occupying
the full thickness of the wall.

SVD in basal ganglia was assessed as:

0=no changes in vessel wall.

1 =mild thickening of vessel wall.

2 =moderate thickening of vessel wall.
3 =severe thickening of vessel wall.

Scores from each of these assessments were sum-
mated to provide an overall rating for vascular
pathology on a scale from 0 to 9.

Genetic analysis

DNA was extracted from frozen brain tissue using
REDExtract-N-Amp™ Tissue PCR Kit (Sigma) or
from previously obtained blood samples (3 cases).
The APOE genotype was determined using rou-
tine polymerase chain reaction (PCR) methods [34].
APOE could not be determined for 2 UoM and 5
BDR participants because of lack of blood samples
or frozen brain tissue.

Statistical analyses

T-test was used to compare age demographics (age
at death, age at onset and duration of disease (where
applicable), age when recruited, time spent on study
from recruitment to death, years of illness before
recruitment and years on study before onset of illness)
between the two cohorts both as a whole, and strati-
fied by cognitive status. Chi-squared test was used
to analyze whether there were differences in gen-
der ratio, frequency of presence of dementia among
cases, pathological causes of dementia, and severity
grades according to pathological status. Differences
in frequency of APOE €2 or €4 alleles according
dementia status was also analyzed by Chi-squared
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test. Where significant, logistic regression was used
to investigate if pathological and genetic differences
remained after adjustment for gender, age at death,
and presence of APOE &4 allele(s).

Pearson correlations were used to assess rela-
tionships between MMSE/TICSm scores, cognitive
status and pathology.

A p value of <0.05 was considered significant for
all tests.

RESULTS
Demographics

Of the 139 participants in the BDR study, 74
were male (53%) and 65 (47%) female (gender
ratio 1.1:1), whereas of the 119 participants in
the UoM study 38 were males (32%) and 81
(68%) were females (gender ratio 0.45: 1) (Table 2).
Consequently, the male-to-female ratio was signif-
icantly higher in the BDR than the UoM cohort
(X2= 11.8; p=0.001). In the BDR study, 102 par-
ticipants (73%) (54 males and 48 females) had
cognitive impairment/dementia, whereas 37 (27%)
(20 males and 17 females) remained cognitively
normal. In the UoM study, 38 participants (32%)
had cognitive impairment/dementia, whereas 81
(68%) remained cognitively normal at time of
death. The ratio of cognitively impaired to non-
impaired individuals was significantly higher in
the BDR study than in the UoM study (x> =44.4;
p<0.001).

In the BDR study, MMSE scores significantly
declined in those individuals who were assessed more
than once (n=35) during the course of the study
(»<0.001). There was a strong correlation between
final MMSE score before death and cognitive status
(n=54;p<0.001). Likewise, in the UoM study, there

Table 2
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was a strong correlation between final TICSm score
before death and cognitive status (n=110; p <0.001).

Age demographics

Demographic details concerning age at death, age
at onset, and duration of disease (where applicable),
age when recruited, time spent on study from recruit-
ment to death, years of illness before recruitment,
and years on study before onset of illness (where
applicable) for both BDR and UoM cohorts are
shown in Table 3. Overall, mean recruitment age in
the UoM cohort (62.8 + 5.0 years) was significantly
younger (p<0.001) than that of the BDR cohort
(79.8 = 10.4 years), and they had spent considerably
longer (p <0.001) on the study (26.1 £ 4.0 years) than
the BDR cohort (1.7 + 1.9 years). By contrast, mean
age at death in the BDR cohort (81.5 £ 10.5 years)
was significantly earlier (» <0.001) than that in the
UoM cohort (88.5 £ 6.0 years).

In those individuals with cognitive impair-
ment/dementia, age at onset in BDR cohort
(72.3+10.6 years) was also significantly earlier
(p<0.001) than that in the UoM cohort (83.0 +4.4
years), and duration of disease in the BDR cohort
(8.6 3.6 years) was significantly longer (p <0.001)
than that in the UoM cohort (5.6 £2.6 years). On
average, those individuals with cognitive impair-
ment/dementia in the BDR cohort were 79.6 9.8
years old when recruited but had already suffered
from their illness for 7.1 &= 3.4 years before recruit-
ment, and therefore only spent 1.3+ 1.6 years on
the study before their death. Conversely, in the
UoM cohort, no individuals had been suffering from
cognitive impairment/dementia at the time of recruit-
ment. Those who ultimately developed cognitive
impairment/dementia at 83.0 £4.4 years had spent
26.5 £ 3.2 years on the study before their death at
88.9 4.8 years. Those individuals who remained

Demographics of participants in the Brains for Dementia Research (BDR) and University of Manchester
Longitudinal Study of Cognition in Normal Healthy Old Age (UoM) cohorts stratified by gender and
cognitive impairment. *** denotes proportion of patients with neurodegenerative disease significantly
greater in BDR cohort compared to MH cohort, p<0.001. **+ denotes proportion of females
significantly greater than that of males, p<0.001

BDR UoM
All Normal Dementia All Normal Dementia

Gender
All 139 37 (27%) 102 (73%)*+* 119 81 (68%) 38 (32%)
Males 74 (53%) 20 (27%) 54 (73%)*** 38 (32%) 24 (63%) 14 (37%)
Females 65 (47%) 17 (26%) 48 (74%)*** 81 (68%)**+ 57 (70%) 24 (30%)
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Table 3

Demographic details concerning age at death, age at onset and duration of disease (where applicable), age when

recruited, time spent on study from recruitment to death, years of illness before recruitment, and years on

study before onset of illness (where applicable) for both BDR and UoM cohorts

BDR UoM )4
Recruitment age (all) All (n=139) 79.8+10.4 All (n=118) 62.8+5.0 0.000
Males (n=74) 77.4+8.9 Males (n=37) 62.8+4.6 0.000
Females (n=065) 825+11.3 Females (n=81) 62.84+5.2 0.000
Recruitment age (normal) All (n=37) 79.8+12.5 All (n=81) 62.8+5.2 0.000
Males (n=20) 79.7+£11.4 Males (n=24) 63.2+44 0.000
Females (n=17) 80.7 £ 14.0 Females (n=57) 62.6+5.6 0.000
Recruitment age All (n=102) 79.8+9.6 All (n=37) 62.8+4.6 0.000
(demented) Males (n=54) 76.5+7.7 Males (n=13) 62.1£52 0.000
Females (n=48) 83.2+10.2 Females (n=24) 63.2+4.2 0.000
Time on study (all) All (n=139) 1.7+1.9 All (n=118) 26.1+4.0 0.000
Males (n=74) 1.8+2.0 Males (n=37) 257+4.6 0.000
Females (n=65) 1.6+ 1.8 Females (n=81) 26.2+3.6 0.000
Time on study (normal) All (n=37) 28+23 All (n=281) 259443 0.000
Males (n=20) 32423 Males (n=24) 25.1+49 0.000
Females (n=17) 25422 Females (n=57) 26.31+4.0 0.000
Time on study (demented) All (n=102) 1.3+1.6 All (n=37) 26.5+3.2 0.000
Males (n=>54) 14+1.7 Males (n=13) 26.8+4.1 0.000
Females (n=48) 1.2+1.5 Females (n=24) 26.3+2.7 0.000
Age at onset (demented) All (n=94) 72.3+10.6 All (n=20) 83.0+44 0.000
Males (n=49) 69.0+8.8 Males (n=7) 82.44+6.0 0.000
Females (n=45) 75.8+11.0 Females (n=13) 83.3+3.5 0.000
Age at death (all) All (n=139) 81.5+10.5 All (n=119) 88.5+6.0 0.000
Males (n=74) 79.2+9.3 Males (n=38) 88.5+5.1 0.000
Females (n=65) 84.1+11.3 Females (n=81) 88.6+6.4 0.000
Age at death (normal) All (n=37) 82.5+13.0 All (n=281) 88.3+6.5 0.013
Males (n=20) 83.0+12.1 Males (n=24) 88.3+5.0 0.078
Females (n=17) 82.6+14.4 Females (n=57) 88.4+72 0.094
Age at death (demented) All (n=102) 81.24+9.5 All (n=38) 88.9+4.8 0.000
Males (n=54) 77.9+7.8 Males (n=14) 88.7+5.5 0.000
Females (n=48) 84.7+99 Females (n=24) 89.0+44 0.017
Duration of illness All (n=94) 8.6+£3.6 All (n=20) 5.6£2.6 0.000
(demented) Males (n=49) 84434 Males (n=7) 49434 0.014
Females (n=45) 8.6+3.6 Females (n=13) 59422 0.010
Years of illness before All (n=94) 71+£34 All (n=38) 0.0+0.0 na
recruitment (demented) Males (n=49) 7.1+32 Males (n=14) 0.0+0.0 na
Females (n=45) 7.0+3.4 Females (n=24) 0.0£0.0 na
Years of recruitment All (n=94) 0.0+0.0 All (n=20) 20.94+3.0 na
before onset of disease Males (n=49) 0.0+0.0 Males (n=7) 219439 na
(demented) Females (n=45) 0.040.0 Females (n=13) 20.44+2.6 na

free from cognitive impairment/dementia in the BDR
cohort were 79.8 = 12.5 years when recruited, were
82.5 £ 13.0 years at death, and therefore only spent
2.8 £ 2.3 years on the study. On the other hand, those
individuals in the UoM cohort who remained free
from cognitive impairment/dementia were 62.8 += 5.2
years when recruited, 88.3 & 6.5 years at death and
therefore spent 25.9 + 4.3 years on the study before
death. When analyzed separately, there were no sig-
nificant differences between males and females for
either cohort in respect of any of these various demo-
graphic features.

Clinical characteristics

Of the 102 participants in the BDR cohort who
were diagnosed clinically with dementia/cognitive
impairment, 53 were clinically ascribed a diagnosis of
AD, 11 had frontotemporal dementia (FTD) [7 with
behavioral variant FTD (bvFTD), 1 with progressive
non-fluent aphasia (PNFA), 2 with bvFTD/PNFA,
and 1 with semantic dementia (SD)], 10 had vascular
dementia (VaD), 10 had DLB/PDD, 16 had unspec-
ified dementia, 1 had corticobasal syndrome, and 1
had MSA. Of the 38 participants in the UoM cohort
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Table 4

Pathological characteristics of those individuals exhibiting cognitive impairment/dementia
in the BDR and UoM cohorts. AD, Alzheimer’s disease (*includes posterior cortical
atrophy variant of AD: 3 in BDR and 1 in UoM); DLB, dementia with Lewy bodies;

PD, Parkinson’s disease; FTLD, frontotemporal lobar degeneration; CBD, corticobasal
degeneration; PSP, progressive supranuclear palsy; MSA, multiple system atrophy;
AGD, argyrophilic grain disease; ARTAG, age related tau astrogliopathy

Principle pathology Cohort Total
BDR UoM
n % n % n %
AD 68* 67 24%* 63 92 66
DLB 16 16 6 16 22 16
PD 2 2 0 0 2 1
FTLD 3 3 0 0 3 2
Vascular 4 4 4 11 8 6
CBD 3 3 2 5 5 4
PSP 1 1 0 0 1 1
MSA 1 1 0 0 1 1
AGD 2 2 0 0 2 1
ARTAG 0 0 1 3 1 1
No specific changes 2 2 1 3 3 2
who were clinically diagnosed with dementia, 7 were a
ascribed a diagnosis of AD, 1 had bvFTD, 5 had VaD, 100 ® Brazk stage 0 - Il
90 Braak stage III - IV

2 had DLB/PDD, 22 had unspecified dementia, and
1 had MSA.

Pathological characteristics

The pathological characteristics of those individu-
als exhibiting cognitive impairment/dementia in both
BDR and UoM cohorts can be found in Table 4.
Although primary neuropathological diagnoses were
used in analyses, comorbid pathologies were not
uncommon; especially in those with a primary diag-
nosis of AD. In both cohorts, there were incidences of
AD+DLB pathology (BDR 14 cases; UoM 5 cases),
AD+vascular pathology (BDR 18 cases; UoM 11
cases), and AD+TDP43 pathology (BDR 11 cases;
UoM 7 cases). There were no significant differences
between the BDR and UoM cohorts with respect to
the frequency of pathological AD (p=0.459), DLB
(»p=0.988), or the combined frequency of other dis-
orders (p =0.420).

Braak tau staging

The proportion of individuals at each Braak tau
stage, stratified by cognitive status and cohort, can
be found in Fig. la. The proportion of individuals
with neurodegenerative disease in the BDR cohort at
Braak stages V or VI (57/92, 62%) was significantly
higher (p <0.001) than that in the UoM cohort (20%).
In contrast, the proportion of individuals with neu-
rodegenerative disease in the BDR cohort at Braak

= Braak stage V - VI

% (disease type)

4.

Cognitively impaired

disease

120
mThal phase 0 - 3

100 Thal phase 4 - 5

% (disease type)
a ®
3 8

a
3

o

disease

Cognitively impaired | Cogniti ,normal‘ i Cogniti' normal

BDR

Fig. 1. Proportions of individuals exhibiting Alzheimer pathology,
stratified by cognitive status and cohort. (Braak tau stage is shown
in panel a; Thal phase is shown in panel b).

stages III-IV (24/91, 26%) was significantly lower
(» <0.001) than that in the UoM cohort (60%). There
was no difference in the proportion of individuals
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at Braak stages O-I (11/91, 12% in BDR, 7/35,
20.0% in UoM; p =0.350). Differences in Braak tau
staging between the cohorts remained significant
when controlling for age, gender, and presence of
APOE &4 allele(s) (OR=0.485, 95% CI: 0.324 —
0.725; p<0.001).

In the cognitively normal individuals, the propor-
tion at Braak stages III-IV in the UoM cohort (36%)
was significantly higher (p=0.013) than that in the
BDR cohort (14%), while the proportion of individ-
uals at Braak stages O-II in the UoM cohort (62%)
was significantly lower (p=0.007) than that in the
BDR cohort (86%). Curiously, there were two cog-
nitively normal individuals in the UoM cohort at
Braak stages V-VI, but none such as these were
present in the BDR cohort. Differences in Braak
tau staging between cognitively normal individuals
in both cohorts remained significant when con-
trolling for age, gender, and presence of APOE
g4 allele(s) (OR=4.551, 95% CI: 1.480 — 13.990;
p=0.008).

In the BDR study, there was a strong negative cor-
relation between last MMSE scores and Braak tau
stage (r=-0.781, n=54, p<0.001). Similarly, in the
UoM study, there was a strong negative correlation
between last TICSm score and Braak tau stage (r=-
0.298, n=107, p=0.002).

Thal phase

The proportion of individuals at each Thal phase,
stratified by cognitive status and cohort, can be found
in Fig. 1b. There was no difference (p =0.207) in the
proportion of individuals with neurodegenerative dis-
ease in the BDR cohort at Thal stages 4 or 5 (47/102,
46%) and the UoM cohort (34%). Similarly, there was
no difference (p=0.207) in the proportion of indi-
viduals with neurodegenerative disease in the BDR
cohort at Thal phases 3 or less (54%) and the UoM
cohort (66%).

In the cognitively normal individuals, no individu-
als exceeded Thal phase 3 in the BDR cohort, but,
conversely, 9 cognitively intact individuals in the
UoM cohort were found to be either Thal stage 4
or 3.

In the BDR study, there was a strong negative cor-
relation between last MMSE scores and Thal phase
(r=-0.554, n=54, p<0.001). Similarly, in the UoM
study, there was a negative correlation between last
TICSm score and Thal phase (r=-0.243, n=110,
p=0.011).

60 #Braak LB stage 2

Braak LB stage 3
#Braak LB stage 4
50 ®Braak LB stage

#Braak LB stage 6

% (total cognition type)

Cognitively impaired Cogitively impaired Cogitively normal

Cogitively normal
BDR UoM

Fig. 2. Proportions of individuals exhibiting Lewy body pathology
at each Braak Lewy body stage, stratified by cognitive status and
cohort.

Lewy body pathology

The proportion of individuals exhibiting Lewy
body pathology at each Braak Lewy body stage, strat-
ified by cognitive status and cohort, can be found in
Fig. 2. Thirty-seven of the 139 (27%) participants
in the BDR cohort displayed some degree of Lewy
body pathology, 30 with, and 7 without, cognitive
impairment/dementia. In the UoM cohort, Lewy body
pathology occurred in 16/119 (13%) participants; 9
with, and 7 without, cognitive impairment/dementia.
The proportion of individuals with cognitive impair-
ment/dementia in the BDR cohort with LBD at Braak
Lewy body stages 5 or 6 (53%) was not significantly
higher (p =0.292) than that in the UoM cohort (33%).

TDP-43 proteinopathy

Overall, TDP-43 proteinopathy was present in the
BDR cohortin 21/139 (15%) individuals; all had neu-
rodegenerative disease (2 with FTLD-TDP type A
pathology,13 with AD, 4 with DLB, 1 with CBD,
and 1 with PSP). In the UoM cohort, TDP-43 pro-
teinopathy was present in 19/119 (16%) individuals.
When restricted to individuals with cognitive impair-
ment/dementia, TDP-43 proteinopathy was present in
21/102 (20%) individuals in the BDR cohort and in
11/38 (29%) individuals in the UoM cohort. In two
of these individuals in the BDR cohort with FTD,
this was severe and widespread throughout the cere-
bral cortex and conformed to FTLD-TDP type A
pathology. Of the remaining 19 individuals, 13 had
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AD, 4 had DLB, 1 had CBD, and 1 had PSP. In the
UoM cohort, 6 individuals had AD, 2 had DLB, 1
had ARTAG, and 2 had cerebrovascular disease. In
these, TDP-43 pathology was restricted to cells of
dentate gyrus, fusiform gyrus and, to variable but lim-
ited extents, inferior and middle temporal gyri, rarely
occurring in frontal cortex. No individuals without
neurodegenerative disease in the BDR cohort showed
TDP-43 pathological changes in any brain region
examined whereas 1 individual with pathology con-
sidered ‘normal for age’ showed TDP-43 inclusions
in the UoM cohort. The overall proportion of individ-
uals with cognitive impairment/dementia in the BDR
cohort with TDP-43 proteinopathy did not differ from
that in the UoM cohort (21/102, 21% versus 11/38,
29%, respectively; p=0.295). Similarly, when only
those individuals with AD were considered, there was
a similar proportion of individuals with TDP-43 pro-
teinopathy in the UoM cohort compared to the BDR
cohort (6/23, 26% versus 13/68, 19%, respectively;
p=0.477).

Vascular pathology

There was no significant difference in the degree
of vascular pathology when all participants in the
BDR and UoM cohorts were compared for total
scores (p=0.612), degree of CAA (p=0.314), SVD
(p=0.353), or degree of tissue infarction (p =0.220).
Similarly, there were no significant differences in the
degree of vascular pathology (infarction, p =0.647,;
degree of CAA, p=0.984; SVD, p=0.842; total
scores, p=0.567) when all demented participants in
the BDR and UoM cohorts were compared, or when
all non-demented participants in the BDR and UoM
cohorts were compared (infarction, p = 0.435; degree
of CAA, p=0.760; SVD, p=0.760; total scores,

p=0.612). When demented participants in the UoM
cohort were compared with non-demented partici-
pants, the degree of CAA tended to be greater in
the demented participants (p=0.064) though there
were no significant differences in the extent of infarc-
tion (p=0.611), SVD (p=0.462), or overall scores
(p=0.561). Similarly, when demented participants in
the BDR cohort were compared with non-demented
participants, the degree of CAA again tended to
be greater in the demented participants (p =0.068),
and again there were no significant differences in
the extent of infarction (p =0.746), SVD (p=0.413),
or overall scores (p=0.484). When analyzed sepa-
rately, there were no significant differences in either
cohort between males and females or demented and
non-demented, in respect of any of these vascular
pathology measures. Similarly, there were no dif-
ferences with regards any of the vascular measures
between the BDR or UoM cohorts with respect to
males or females or demented or non-demented indi-
viduals.

APOE genotypes

Full details regarding APOE genotypes are pre-
sented in Table 5. Overall, APOE &4 allele frequency
was significantly higher (p=0.003) in the BDR
cohort than in the UoM cohort. Although the age
and gender composition of the cohorts seemed to
have a small effect on this outcome, the differ-
ence remained when controlling for the effects of
age and gender (OR=0.546, 95% CI: 0.327-1.015;
p=0.056). When participants were stratified into
individuals with or without neurodegenerative dis-
ease, no such differences were seen either for normal
individuals (p =0.605) or those with neurodegener-
ative disease (p=0.542). The higher frequency of

Table 5

APOE allele and genotype numbers (percentage frequency in parentheses) in BDR and UoM cohorts, in total and when
stratified into normal individuals and those with dementia. *, **, and *** denotes significantly different from

respective BDR group, p<0

.05, <0.01, and < 0.001, respectively

BDR UoM
All Normal Demented All Normal Demented

(n=134) (n=36) (n=98) (n=116) (n=177) (n=39)
£2/g2 0(0) 0(0) 0(0) 2(1.7) 2 (2.6) 0(0)
£2/e3 6 (4.5) 1(2.8) 5(.1) 12 (10.3) 12 (15.6) 0(0)
&2/e4 2 (1.5) 1(2.8) 1(1.0) 2(1.7) 0(0) 2(5.1)
£3/e3 62 (48.6) 26 (72.2) 36 (36.7) 66 (56.9) 45 (58.4) 21(53.8)
e3/e4 48 (36.1) 7(19.4) 42 (42.9) 32 (27.6) 18 (23.4) 14 (35.9)
edl/ed 15 (11.3) 1(2.8) 14 (14.3) 2(1.7) 0(0) 2(5.1)
2 8 (3.0) 2(2.8) 6(3.1) 18 (7.8)** 16 (10.4)* 2 (2.6)
e3 179 (66.8) 60 (83.3) 119 (60.7) 176 (75.8) 120 (77.9) 56 (71.8)
4 81 (30.2) 10 (13.9) 71(36.2) 38 (16.4)%** 18 (11.7) 20 (25.6)***
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APOE €4 alleles in the BDR cohort was due to the
higher proportion of individuals with neurodegener-
ative disease (mostly AD) for which possession of
APOE &4 allele is a known risk factor. Conversely,
APOE ¢2 allele frequency was significantly higher
(p=0.022) in the UoM cohort than in the BDR cohort,
and this difference remained the case when control-
ling for the effects of age and gender (OR =3.696,
95% CI: 1.334-10.244; p=0.012). Similarly, when
only normal individuals were considered, this was
also the case (p=0.050) due to the higher propor-
tion of individuals without neurodegenerative disease
in the UoM than the BDR cohorts, more of whom
bore APOE €2 allele. Again, gender and age at death
had no influence on this outcome (OR =5.094, 95%
CI: 0.990-26.201; p=0.051). No such difference
between each cohort was seen for those individuals
with neurodegenerative disease (p =0.764).

DISCUSSION

In the present study we have compared the
demographic, clinical, and neuropathological char-
acteristics of individuals whose brains were donated
as part of The University of Manchester Longitudi-
nal Study of Cognition in Normal Healthy Old Age
(UoM) with donors recruited through the Manchester
arm of the UK Brains for Dementia Research (BDR)
program. In contrast to the recent study [35] looking
at the BDR cohorts at two different centers (Cardiff
and London), clinicopathological correlations were
not the principal focus of this work. However, we too
found similar distribution of pathological features in
the UoM and BDR cohorts and an extent of disagree-
ment between clinical and pathological diagnoses.

Community and population-based studies with
brain donation end-points are becoming more com-
mon [1-9]. The UoM cohort was initially established
as alongitudinal study of aging and cognition through
voluntary recruitment of healthy persons and as such
avoided many of the selection criteria inherent in
other studies, such as cognitive status, age, gender, or
ethnicity [3, 4]. It is typical and representative when
compared with other community-based, population-
based, or clinico-pathological cohorts [12]. Unlike
the UoM, the BDR program was established, prima
facie, to collect brains from both demented and
non-demented individuals for the purpose of build-
ing a tissue research resource and, as such, does
not mirror other population-based longitudinal cog-
nitive studies with autopsy outcomes. Clinical and

demographic details were incorporated into the study,
though given that many of the demented individuals
had suffered for many years before recruitment and
were at the end-stages of their illness when acces-
sioned, these largely provided only a ‘snapshot’ of
their decline and could not be considered to truly
map the course of their illness. Of the non-demented
individuals recruited, all had died without develop-
ing overt neurodegenerative disease. Hence, the BDR
cohort largely represents a cross-sectional rather than
a longitudinal study. As a consequence, there was
a much higher proportion of recruits with dementia
(mostly with AD) within the BDR cohort than in the
UoM cohort, and this elevated the overall APOE &4
allele frequency in the BDR cohort compared to the
UoM cohort. Nonetheless, APOE &4 allele frequency
did not differ between demented or non-demented
participants of either cohort suggesting that although
the method of recruitment may have differed between
the two cohorts, the genetic characteristics of the par-
ticipants in each may be similar.

There are some general limitations of this inves-
tigation. In the UoM study, brain donation was only
introduced in 2004 and was not in the original scope
of the study. Thus, a number of potential donors were
lost due to withdrawal from the study or death before
2004. In the BDR study, only 13 donations were
missed due to various circumstances. These included
absence of staff during holiday periods, donor’s fam-
ily deciding against brain donation after death and,
most commonly, the Brain Bank not being informed
of a donor’s death in a timely manner. This high-
lights the need for study coordinators to have good
communication and relationships with donor family
members as well as the donors themselves. Similar
to all studies of this kind, sample size is a limitation
imposed on both the BDR and UoM cohorts, and
the fact that both cohorts were self-selected suggests
that the study samples may not be representative of
the general population. In addition, the geographical
areas covered by the BDR (North of England) and
UoM (Greater Manchester and Newcastle) may not
reflect society as a whole. Although a diagnosis of
dementia was not confirmed by a diagnostic clinical
interview, consensus was reached by experts using a
wide range of in-life measures. Time from last exam-
ination until death is also a limiting factor, especially
for the UoM cohort. For example, the two cognitively
normal individuals who exhibited Braak V-VI pathol-
ogy were last examined many years before death
when they were still cognitively intact (as ascertained
by TICSm score). A lack of follow up closer to death
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means that cognitive decline may have been missed.
It is of note that no dementing illness was listed as
a cause of death for either individual meaning that
either they were cognitively intact at death or that
dementia was present but not recognized as a pri-
mary or secondary cause of death; a problem which
persists and has been highlighted previously [36, 37].

Although there was a marginally higher frequency
of pathologically confirmed AD cases among the
BDR demented individuals compared to the UoM
cohort (67% versus 61%), the converse was true
for other disorders, particularly small vessel disease
which was more common in the UoM cohort. As
would be anticipated, given the higher proportion
of cases with AD, there was a higher proportion of
cases at Braak stages V-VI among the BDR dementia
cases compared to the UoM cohort, but the converse
was seen for cases at Braak stages III-IV which is
higher in the UoM cases. Among the non-demented
cases, there was higher proportion of cases at Braak
stages O-II in the BDR cohort compared to the UoM
cohort, but converse was seen for Braak stages III-IV
which was higher in the UoM cases. Such observa-
tions again reflect the polar recruitment of demented
and non-demented individuals in the BDR cohort
where insufficient study time may have elapsed for
disease onset and development in the non-demented
individuals to take place, whereas in the UoM cohort
there had been nearly 30 years of study time for
most individuals still enrolled at the point of brain
donation during which there had been sufficient time
for a much broader spread of AD-type pathologi-
cal changes to have evolved in the brains of both
demented and non-demented participants.

Although Lewy body pathology was found in both
cohorts, the greater overall prevalence in the BDR
cohort probably reflects the targeted recruitment of
demented individuals in this cohort over the natural
evolution of disease in initially healthy individuals
recruited into the UoM cohort, though the proportions
of people clinically affected by Lewy body disease
within each cohort did not differ.

Similarly, TDP-43 pathology was found in both
cohorts, mainly as a comorbid pathology. Excluding
those 2 individuals in the BDR cohort with FTLD-
TDP type A, TDP-43 pathology was restricted in
all other 38 individuals, to cells of dentate gyrus,
fusiform gyrus, and, to variable but limited extents,
inferior and middle temporal gyri, rarely occurring
in frontal cortex. This histological pattern of TDP-
43 pathology has been widely reported previously in
both late onset AD [38], DLB [39, 40], and PSP/CBD

[41] and has been considered to be a ‘secondary’
pathology as opposed to the primary pathology asso-
ciated with FTLD-TDP. Again, the higher overall
prevalence of TDP-43 proteinopathy in the BDR
cohort compared to the UoM cohort reflects the
targeted recruitment of individuals into this cohort
with those dementing disorders in which this kind of
TDP-43 proteinopathy is commonly seen. Although
the overall proportion of individuals with cognitive
impairment/dementia in the BDR cohort with TDP-
43 proteinopathy did not differ from that in the UoM
cohort, it was seen that there was a higher propor-
tion of individuals with TDP-43 proteinopathy in the
UoM cohort compared to the BDR cohort when only
those individuals with AD were considered. In AD,
the prevalence of TDP-43 proteinopathy is greater
in late onset AD compared to early onset AD [38]
and its presence is considered to be an age-associated
phenomenon. The higher proportion of individuals
with AD showing TDP-43 proteinopathy in the UoM
cohort compared to the BDR cohort may therefore
reflect the later age at death of those individuals in
the UoM cohort.

Vascular pathology, as assessed by VCING guide-
lines [33], was commonly seen in both cohorts.
Demented participants were more likely to exhibit
moderate to severe CAA when compared with their
cognitively normal counterparts. This is unsurprising
as CAA is a known contributor to cognitive decline
and intracerebral hemorrhage stroke in the elderly
[42] However, this was not the case when examin-
ing SVD or tissue infarction. It is possible that SVD
in isolation or tissue infarction was not sufficient
to produce the clinical manifestation of cognitive
impairment.

In conclusion, this study highlights the importance
of an appropriate recruitment strategy when conduct-
ing this type of research. Case-control studies are
possibly more suited to a recruitment strategy similar
to that employed by the BDR whereas community or
population based clinico-pathological studies should
perhaps opt for a recruitment strategy similar to the
UoM and add longitudinal aspects to the study. In
pathological terms, the BDR cohort seems to be more
‘polarized’, being more likely to be composed of
demented cases with high Braak pathology scores
and non-demented cases with low Braak scores,
and fewer non-Alzheimer pathology cases than the
UoM cohort. The latter seems to be more mixed in
pathology with more demented cases showing com-
bined Alzheimer/vascular/other pathologies, each of
which in isolation is less likely to meet established
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pathological diagnostic criteria for AD and other
disorders, but in combination with age-related reduc-
tions in ‘cerebral reserve’ will generate cognitive
failure/dementia. Dementia in the oldest old seems
to be a feature of combined pathologies whereas in
less elderly persons a single overwhelming cause is
usual.
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