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The emergence of longevity in the modern world has brought a sense of urgency to understanding age-related neurodegenera-

tive diseases such as Alzheimer’s disease. Unfortunately, there is a lack of consensus regarding the correlation between the

pathological substrates of neurodegeneration and dementia status, particularly in the oldest-old. To better understand the

pathological correlates of dementia in the oldest-old, we characterized the topographical spread and severity of amyloid-b,

tau, TDP-43 and a-synuclein pathologies in the 90 + Study, a prospective longitudinal population-based study of ageing and

dementia. Neuropathological analysis with immunohistochemically labelled sections was carried out blind to clinical diagnosis

on the first 108 participants of the 90 + Study who came to autopsy including participants with dementia (n = 66) and without

dementia (n = 42). We used quantitative and/or semi-quantitative measures to assess the burden of amyloid-b, tau, TDP-43 and

a-synuclein pathologies as well as hippocampal sclerosis. Amyloid-b and tau were the predominant pathologies in the 90 +

Study cohort and both amyloid-b area and tau area occupied measures were strongly associated with the presence of dementia,

as was Braak staging but semi-quantitative plaque scores were not. Notably, TDP-43 pathology also correlated with dementia,

while a-synuclein distribution did not. In addition, hippocampal sclerosis was specific to participants with dementia and

correlated with the presence of limbic TDP-43. In contrast to previous reports, we found that tau and amyloid-b continue

to be robust pathological correlates of dementia, even in the oldest-old. While individuals with no dementia had limited

hippocampal tau and neocortical amyloid-b pathology, dementia associated with an expansion in pathology, including increased

neocortical tau and hippocampal amyloid-b plaques, more abundant neocortical amyloid-b deposition and hippocampal sclerosis

with its attendant TDP-43 pathology.
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Introduction
Current models of Alzheimer’s disease suggest that dementia

results when a neuropathological threshold is crossed (Vemuri

et al., 2011). Several recent studies have suggested that this

threshold between cognitively normal and individuals with

Alzheimer’s disease narrows with age, especially the oldest-old,

those aged 585–90 years (Giannakopoulos et al., 1994; Riley

et al., 2002; Imhof et al., 2007; Haroutunian et al., 2008;

Savva et al., 2009). As the extensive pathological build up of

tau and amyloid-b may precede the emergence of clinical

Alzheimer’s disease by decades (Braak and Braak, 1997; Sperling

et al., 2011), the threshold of neuropathology that defines

Alzheimer’s disease is challenging to define due to the differential

effects of age, individual resilience or plasticity and other unknown

factors. Since by 2050, the US population of oldest-old living with

Alzheimer’s disease is expected to outnumber the total number of

patients with Alzheimer’s disease today (Hebert et al., 2003),

there is an urgent need to better understand the pathological cor-

relates of dementia in the oldest-old. For these reasons, the study

described here characterized the topographical spread and severity

of Alzheimer’s disease and related neurodegenerative disease

pathology in the 90 + Study (Kawas, 2008), a prospective longi-

tudinal population-based study of ageing and dementia. Briefly,

we show that dementia in the 90 + Study cohort associated

with neocortical tau, hippocampal amyloid-b plaques, more abun-

dant neocortical amyloid-b deposition and hippocampal sclerosis

with TDP-43 pathology.

Materials and methods

Study subjects
Study participants were the first 108 individuals to come to

autopsy from the 90 + Study, a longitudinal study of ageing and

dementia in people aged 590 years. Although it is not stan-

dardized to the whole US population, the 90 + Study is a

population-based study because its cohort is composed of sur-

vivors of a study conducted in the early 1980s in a geographically

defined area (The Leisure World Retirement Community). In add-

ition, recruited participants lived at home as well as institutions,

lived across the country, represent the full spectrum of health

and cognitive abilities, and are representative of the oldest-old

population in Orange County, Califonia (Corrada et al., 2011).

All 90 + Study participants agreed to neurological examinations

by a trained physician or nurse practitioner every 6 months,

including a full neuropsychological battery that incorporated the

Mini-Mental State Examination. Relevant medical history, medica-

tion use and brain imaging evaluations were obtained from the

participant’s physicians. Cognitive and functional abilities were

obtained from informants in frequent contact with the participants

using the Dementia Questionnaire (Kawas et al., 1994). After

death, the Dementia Questionnaire was repeated to inquire

about the participant’s condition after the last evaluation. The

Institutional Review Board of the University of California, Irvine,

approved all procedures and all participants or their surrogates

gave written informed consent. After a participant’s death, all

information available was reviewed and discussed during a

multidisciplinary consensus diagnostic conference led by the 90 +

Study principal investigator (C.K.). Participants were classified as

either ‘dementia’ or ‘no dementia’. Dementia diagnosis was estab-

lished using Diagnostic and Statistical Manual of Mental Disorders

4th edition criteria (American Psychiatric Association, 1994).

Participants with no dementia included individuals with a mild

cognitive or functional impairment not severe enough for dementia.

If a participant met dementia criteria, the primary and secondary

aetiologies of dementia were specified using standard criteria. All

cognitive diagnoses were made blinded to pathological evaluations.

Neuropathology
All autopsies were performed at the University of California, Irvine.

After weighing the whole brain and gross inspection, one hemi-

sphere was dissected as previously described (Berlau et al., 2009).

Six-micrometre thick, coronal sections of mid-frontal cortex,

superior temporal cortex, anterior hippocampus, amygdala,

substantia nigra and medulla oblongata were cut. All histological

staining, immunohistochemistry and microscopic analyses were

performed at the University of Pennsylvania. Sections were sub-

jected to immunohistochemistry using the avidin–biotin complex

detection method (VECTASTAIN� ABC kit; Vector Laboratories)

with ImmPACTTM diaminobenzidine peroxidase substrate (Vector

Laboratories) as the chromogen using antibodies to tau (mouse

antibody PHF1; 1:1000, gift from Dr Peter Davies), �-synuclein

(mouse antibody Syn303; 1:4000, generated in Center for

Neurodegenerative Disease Research) and TDP (rat antibody

p409/410, 1:1000, gift of Dr Manuela Neumann) (Uryu et al.,

2008), in addition to amyloid-b (mouse antibody NAB228;

1:15 000; generated in CNDR) (Lee et al., 2006).

Topographical Braak staging (Stages I–VI) was assigned, with

Stage VI distinguished from Stage V by the presence of a large

number of neurofibrillary tangle-bearing granule cells in the fascia

dentata (Braak and Braak, 1991). Consortium to Establish a Registry

for Alzheimer’s Disease (CERAD) plaque scores (0, A, B, C) were

obtained using thioflavin-s stained mid-frontal cortex and tem-

poral cortex sections (Mirra et al., 1991). Anterior hippocampus

slices were used to determine topographical amyloid phases (Thal

et al., 2006): phases 1–4 as per Thal et al. (2006) and phase 0 as

the complete absence of amyloid-b plaques. All sections were

stained for TDP-43 whose pathology was scored as absent,

minor, limbic (anterior hippocampus- or amygdala-positive) or

neocortical (mid-frontal cortex- or temporal cortex-positive) similar

to Geser et al. (2010). All sections were stained for �-synuclein

and the distribution of pathology was determined as absent,
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brainstem (substantia nigra- or medulla oblongata-positive), limbic

(anterior hippocampus- or amygdala-positive) or neocortical

(mid-frontal cortex- or temporal cortex-positive) similar to

Leverenz et al. (2008). Hippocampal sclerosis was assessed

based on haematoxylin and eosin staining using a 3-point scale

(absent = no observed gliosis and/or neuronal loss, minor = mild

gliosis and/or neuronal loss, definite = severe gliosis and neuronal

loss). Amyloid-b and tau were the predominant pathological bur-

dens in this study. Since the topographical amyloid phase and

Braak stage schemes do not directly quantify the severity of the

pathology, image analysis of neocortical amyloid-b burden and

hippocampal CA2/CA1 tau burden was performed to generate

amyloid-b and tau area occupied measures. To do this, sections

were scanned (Media Cybernetics Evolution QE camera, gain 2.0,

exposure 80 ms) at �5 on a Leitz DMRB microscope (Leica) using

Image Pro software 6.2 (Media Cybernetics). ImageJ 1.41o

(National Institutes of Health) was used for analysis (Morrison,

2006). The amyloid-b area occupied measure was obtained from

the maximum of mid-frontal cortex or superior temporal cortex

values obtained as follows: selected NAB228 stained cortical grey

matter had the multi-thresholder maximum entropy algorithm

applied; particle analysis on 50 � 50 pixels or greater including

holes (1500mm2) was applied. In 65 cases, both the frontal and

temporal cortex gave similar values; in 37 cases, the frontal value

was used; in six, the superior temporal cortex. Tau area occupied

was obtained from selecting the PHF1-stained CA2/CA1 region;

applying the maximum entropy algorithm, and performing particle

analysis on 10 � 10 pixels or greater including holes (60mm2).

Representative images of high and low, amyloid-b and tau area

occupied measures are shown in Supplementary Fig. 1. Finally, we

assessed the extent of cerebrovascular lesions via haematoxylin

and eosin, and cerebral amyloid angiopathy via thioflavin S.

Statistical analysis
We compared characteristics of dementia and participants with no

dementia using chi-square tests and Fisher’s exact tests for

categorical variables and t-tests for continuous variables. Logistic

regression models determined the association between each

individual neuropathological measure (as categorical variables)

with the odds of dementia. For some measures, the categories

were collapsed due to small numbers of individuals. To determine

the independent contribution of each measure to the odds of

dementia, we performed multiple logistic regression analyses

with the neuropathological measures as continuous variables.

We used likelihood score chi-square statistics to judge whether

variables contributed significantly to the fit of a model. All logistic

regression models were adjusted for age at death, gender and

education. All statistical analyses were performed using SAS

version 9.2 and SPSS version 17 (SPSS, Inc.).

Results

Subject characteristics
The demographics of the participants are summarized in Table 1.

The first 108 individuals to come to autopsy from the 90 + Study

were mostly females (74%) with a mean age at death of 97.5

years (range: 90–106) and the final Mini-Mental State

Examination score obtained an average of 5 months before

death. Autopsied participants did not differ from non-autopsy par-

ticipants in the 90 + Study cohort in most regards including age at

entry, gender, education, cognitive diagnosis or history of stroke

or transient ischaemic attack. Sixty-six participants met criteria for

dementia before death, with the majority (86%) diagnosed

with clinical Alzheimer’s disease with or without other possible

dementias. Participants with dementia had a smaller brain

weight (P = 0.02), a lower Mini-Mental State Examination score

(P5 0.001), less education (P = 0.04) and were more likely to be

APOE"4 allele carriers (P = 0.04) than participants with no

dementia.

Pathological distribution
To begin to understand the pathological correlates of dementia in

the oldest-old, we first focused on the topographical spread of the

four major neurodegenerative proteinopathies: tau, amyloid-b,

TDP-43 and �-synuclein. The results are presented in Table 2.

When pathological tau spread beyond the hippocampus and into

the neocortex, it clearly associated with dementia [Braak Stage IV;

odds ratio (OR) 3.29; 95% confidence interval (CI) 0.74–14.53 or

V and VI; OR 8.39; 95% CI 1.89–37.17). When the amyloid-b
burden reached its highest levels in the hippocampus, it too

associated with dementia (amyloid phase 4; OR 5.67; 95% CI

1.00–32.16). Surprisingly, although less widespread than either

amyloid-b or tau, the presence of a significant number of limbic

TDP-43 lesions also associated with dementia (limbic/neocortical;

OR 3.81; 95% CI 1.41–10.24). Forty-one per cent of the partici-

pants with dementia had an appreciable amount of TDP-43 inclu-

sions and neurites, an amount of pathology seen in only 17% of

the subjects with no dementia. �-Synuclein pathology was even

less widespread and failed to significantly associate with dementia

(limbic/neocortical; OR 2.54; 95% CI 0.72–8.94). In total, only

10% of the subjects without dementia had limbic Lewy bodies

and Lewy neurites, a burden that was limited to 20% of the

participants with dementia.

The distribution patterns of the major proteinopathies in the

90 + brain led to the following conclusions. Tau was primarily

hippocampal, although it was widespread in the cortex of partici-

pants with dementia. Amyloid-b deposits were primarily cortical,

although they did occur in the hippocampus in some of the

participants with dementia. In total, only six cases of dementia

with Lewy bodies were diagnosed, along with two cases of

frontotemporal lobar degeneration-TDP (Supplementary Table 1).

The relatively sparse �-synuclein and TDP-43 levels suggest that in

the majority of cases, both proteinopathies are co-morbid

accumulations rather than the primary substrates of dementia.

Pathological severity
The amyloid phase and Braak staging protocols evaluate distribu-

tion but do not directly measure the severity of pathological

amyloid-b and tau. To better understand the density of neocortical

amyloid-b and hippocampal tau pathology, we employed three
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measures: amyloid-b area occupied to quantify the total cortical

amyloid-b deposition, CERAD plaque scores to describe the sever-

ity of cortical neuritic plaques and tau area occupied to quantify

the primarily neuritic, hippocampal tau pathology. In addition,

because TDP-43 lesions may be specifically associated with hippo-

campal sclerosis (Amador-Ortiz et al., 2007), we also diagnosed

the presence of hippocampal sclerosis.

The best pathological protein correlate of dementia was

the neocortical amyloid-b area occupied measure (P = 0.004).

Although a straightforward approach to measuring amyloid-b
deposition compared with the topographical amyloid phase,

amyloid-b area occupied proved surprisingly robust. The two high-

est amyloid-b area occupied quartiles accounted for less than

one-third of the subjects with no dementia (28%), but almost

two-thirds of the participants with dementia (65%). Importantly,

amyloid-b area occupied had a consistent increase in the odds of

dementia with an increasing burden of pathology (third quartile:

OR 3.16, 95% CI 0.46–10.69; fourth quartile: OR 7.91, 95% CI

2.00–31.22). This increase was not seen with the CERAD plaque

score. In fact, neither the CERAD plaque score nor amyloid phase

were significantly associated with dementia (P = 0.41 and 0.11,

respectively), whereas amyloid-b area occupied definitely was

(P = 0.005).

The hippocampal tau area-occupied measure also significantly

correlated with dementia (P = 0.005). Only 28% of the subjects

with no dementia were in the two highest tau area quartiles com-

pared with 64% of the dementia group. This compares favourably

with the topographical staging of tau: 16% of the subjects with

no dementia and 46% of the participants with dementia were

graded Braak Stage IV or higher. Nonetheless, the odds of demen-

tia increased linearly with higher Braak stages, but not with

increasing quartiles of the tau area occupied measure.

The specific neuronal loss and gliosis of hippocampal sclerosis

were limited to participants with dementia. Although confined to a

subset of participants (n = 19; 29%), this was the only measure

specific to dementia. Additionally, participants with hippocampal

sclerosis correlated with a higher TDP-43 burden (Fig. 1F). Limbic

TDP-43 pathology in particular, while relatively rare in subjects

Table 1 Characteristics of the 90 + Study participants

Characteristics All subjects (n = 108) No dementia (n = 42) Dementia (n = 66) P-valuea

n (%)

Gender 0.34

Male 28 (26) 13 (31) 15 (23)

Female 80 (74) 29 (69) 51 (77)

Education 0.04

4 High school 33 (31) 7 (17) 26 (39)

Any college 51 (47) 24 (57) 27 (41)

Any graduate school 24 (22) 11 (26) 13 (20)

APOE "4 0.04

0 alleles 81 (78) 37 (88) 44 (71)

51 alleles 23 (22) 5 (12) 18 (29)

APOE "2 0.54

0 alleles 87 (84) 34 (81) 53 (85)

51 alleles 17 (16) 8 (19) 9 (15)

Clinical diagnosis NA

Normal 22 (20) 22 (52) –

CIND 20 (19) 20 (48) –

AD 40 (37) – 40 (61)

VaD 5 (5) – 5 (8)

DLB 1 (1) – 1 (1)

AD/VaD 7 (6) – 7 (11)

AD/DLB 7 (6) – 7 (11)

AD/Other 2 (2) – 2 (3)

Other 4 (4) – 4 (6)

Mean (SD)

Age at death (yrs) 97.5 (3.5) 97.5 (3.1) 97.5 (3.8) 0.99

Last MMSE scoreb 17.0 (10) 25.8 (3.4) 11.3 (8.6) 50.001

Interval from MMSE to death (months)b 5.1 (4.8) 5.0 (4.7) 5.2 (4.9) 0.85

Brain weight (g)c 1126 (123) 1162 (116) 1083 (123) 0.02

a P-values are for Fisher’s exact tests for binary variables, �2 tests for categorical variables, t-tests for continuous variables and compare dementia versus not participants
with dementia.
b excludes two participants with missing MMSE score.
c excludes four participants with missing brain weight.
AD = Alzheimer’s disease; APOE = Apolipoprotein E; CIND = cognitive impairment no dementia; DLB = dementia with Lewy bodies; MMSE = Mini-Mental State Exam;
Other = other neurodegenerative diagnoses; VaD = vascular dementia.
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with no dementia and participants with dementia without hippo-

campal sclerosis (17 and 26%, respectively), accounted for 79%

of the dementia subgroup with hippocampal sclerosis. In fact, the

dementia with hippocampal sclerosis subgroup seemed to account

for the dementia group’s overall high level of co-morbid TDP-43.

Together, the robust correspondence between hippocampal

sclerosis and TDP-43 imply a pathological substrate of dementia

in participants with hippocampal sclerosis separate from the

remaining participants with dementia. Nonetheless, most partici-

pants with dementia had significant Alzheimer’s disease

pathology, regardless of the presence of hippocampal sclerosis

(Supplementary Table 2), suggesting that hippocampal sclerosis

is a subset of pathological Alzheimer’s disease and not a distinct

diagnosis.

We also assessed the extent of cerebrovascular lesions and

noted the following cerebrovascular lesions pathology: a resolved

micro-infarct in one case; another with acute hypoxic damage; in

addition to minor hypoxic events, several cases had other focal

abnormalities such as possible neurodevelopmental defects due to

aberrant neuronal migration, but the majority of the cases dis-

played no evidence of infarcts, micro-infarcts or micro-bleeds in

the sections examined here. Additionally, the presence of mild to

moderate cerebral amyloid was detected in 52% (56/108) of the

cases. The cerebrovascular lesion and cerebral amyloid angiopathy

observations together imply a modest burden of vascular

pathology for the majority of cases with a grade of 0 or 1 + as

per Jellinger and Attems (2003); neither pathology was associated

with dementia (data not shown).

Taking into account both the severity and distribution of path-

ology in the 90 + cohort, we propose a model of dementia where

both hippocampal and neocortical lesions, primarily amyloid-b and

tau, readily distinguish participants with dementia from those

without (Fig. 1).

Neuropathological analysis
The best amyloid-b correlate of dementia was the severity of

cortical amyloid-b plaques as quantified by amyloid-b area occu-

pied (Fig. 1A). The subjects with no dementia mean of 5.6%

nearly doubled to 10.7% in the participants with dementia. In

contrast, the severity of cortical amyloid-b plaques as measured

by the CERAD semi-quantitative plaque score did not significantly

change from the no dementia mean of 1.2 to the dementia mean

of 1.5 (Fig. 1C). The anatomical distribution of amyloid-b also

associated with dementia, although the correlation was strongest

only when amyloid-b deposition reached its highest medial

temporal lobe severity as amyloid phase 4 (Fig.1D).

The distribution of pathological tau as measured by Braak stage

(Fig. 1B) correlated with dementia status, as did the severity of

tau pathology as quantified by tau area occupied (Fig. 1E). The

subjects with no dementia Braak stage mean was 2.8, while

participants with dementia averaged 3.6, a value that represents

the spread of neurofibrillary tangles beyond the medial temporal

lobe and a worsening of hippocampal tau pathology. Similarly, the

mean hippocampal tau area occupied increased from 4.6% for

subjects with no dementia to 7.2% for the participants with

dementia. Nonetheless, the odds of dementia increased linearly

Table 2 Association between neuropathology and
dementia

Measurea OR (95% CI)b P-valuec

Topographical distribution

Braak stage 0.03

I and II 1.00 (reference)

III 1.50 (0.55–4.12)

IV 3.29 (0.74–14.53)

V–VI 8.39 (1.89–37.17)

Amyloid phase 0.11

0 1.00 (reference)

1 1.56 (0.36–6.71)

2 0.64 (0.13–3.31)

3 1.80 (0.43–7.46)

4 5.67 (1.00–32.16)

TDP-43 scored 0.008

Absent/minor 1.00 (reference)

Limbic/neocortical 3.81 (1.41–10.24)

�-synuclein 0.15

Absent/brainstem 1.00 (reference)

Limbic/neocortical 2.54 (0.72–8.94)

Neocortex

CERAD plaque score 0.41

0 1.00 (reference)

A 2.40 (0.80–7.17)

B 1.52 (0.46–4.96)

C 2.25 (0.62–8.22)

Amyloid-b area occupied quartiles 0.004

First (0.4–2.4) 1.00 (reference)

Second (2.5–5.9) 0.89 (0.27–2.93)

Third (6–14.5) 3.16 (0.46–10.69)

Fourth (14.6–31.4) 7.91 (2.00–31.22)

Hippocampus

Tau area occupied quartiles 0.005

First (0.1–2.6) 1.00 (reference)

Second (2.7–5.7) 0.45 (0.14–1.44)

Third (5.9–9.2) 3.41 (1.00–11.58)

Fourth (9.5–21.9) 2.74 (0.80–9.42)

Hippocampal sclerosise No dementia Dementia NA

Absent/minor 100% 58%

Definite – 42%

a People were combined into categories for analyses when categories had 53
individuals.
b ORs and 95% CIs were generated from logistic regression models where the
dependent (outcome) variable was presence of dementia and the independent

variables were the neuropathological measures as categorical variables. Age,
gender and education were included as covariates and each neuropathological
measure was analysed in a separate model.
c P-values refer to the significance of all the categorical variables simultaneously
for each of the respective neuropathological measures. For example, the P-value
for Braak stage represents the significance of a model with the four categorical
variables representing Braak stage versus a model with only age, gender and

education.
d excludes two participants.
e excludes one participant. Only participants with dementia had hippocampal
sclerosis, therefore logistic regression analysis was not done.
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with higher Braak stages but not with increasing quartiles of tau

area occupied, leading us to conclude that Braak stages are a

better measure of pathological tau.

In conclusion, all measures of proteinopathy lesions, except

CERAD plaque scores, were on average higher in dementia than

in participants without dementia (Fig. 1) and by logistic regression

analyses, several of the pathological measures significantly asso-

ciated with dementia (Table 2). The most robust measures were

topographical tau as captured by Braak stage and the severity of

amyloid-b as quantified by amyloid-b area occupied. To determine

if the other measures further improved this model of dementia,

we ascertained the impact of each variable in a multiple logistic

regression model that included Braak stage and amyloid-b area

occupied. Both hippocampal sclerosis (P50.001) and TDP-43

(P = 0.02) significantly associated with dementia when individually

added to the model. This was not the case for �-synuclein

(P = 0.13) or the other tau and amyloid-b variables (data not

shown). Furthermore, TDP-43 failed to improve a model that

included Braak stage, amyloid-b area occupied and hippocampal

sclerosis (P = 0.98).

Discussion
Our clinical pathological investigation of the 90 + Study cohort

is the first to analyse the four major neurodegenerative disease

protein pathologies in the oldest-old, i.e. tau, amyloid-b,

�-synuclein and TDP-43 lesions. Although we report hippocampal

tau and neocortical amyloid-b pathology in individuals without

dementia, dementia in the oldest-old was associated with higher

Braak staging, hippocampal amyloid-b plaques, more abundant

neocortical amyloid-b deposition and hippocampal sclerosis with

its attendant TDP-43 pathology.

These findings are significant since recent studies have raised

questions about the extent to which Alzheimer’s disease pathology

accounts for dementia in the oldest-old (Haroutunian et al., 2008;

Savva et al., 2009). While we are not the first study to report an

association between dementia and Alzheimer’s disease pathology,

even above 90 years of age (Gold et al., 2000; Nelson et al.,

2008; Dolan et al., 2010), our model of dementia in the oldest-old

takes into account the severity and topographical distribution of

both tau and amyloid-b.

Figure 1 Neuropathology means according to dementia status. Dementia associated with (A–C) neocortical and (D–F) hippocampal

pathology. Neocortically, dementia associated with (A) a severe total amyloid-b plaque burden and (B) an outward spread of tau

neurofibrillary tangles. (C) The CERAD plaque scores were not significant. Hippocampal proteinopathies included (D) an increase in

amyloid-b plaques in the CA/subiculum and (E) an increase in neuritic tau levels in CA2/CA1. (F) Hippocampal sclerosis was present in

a subset of participants with dementia (29%; n = 19) and tightly correlated with limbic TDP-43 pathology. Box plots display the lower

(light grey) and upper (dark grey) interquartile range overlaid with a model depicting mean values (red) for each group. D = dementia;

hs = hippocampal sclerosis; ND = not dementia.
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Notably, the more extensive spread of tau pathology

beyond Braak Stage III may be important in the development

of clinical Alzheimer’s disease. Consistent with a previous report

(Giannakopoulos et al., 1994), we observed a substantial increase

in clinical dementia at Braak Stages IV–VI (81%; n = 30/37). Not

only does tau pathology extend more broadly into the frontal

cortex in Stage IV, but also hippocampal lesions increase substan-

tially (Braak et al., 2006), a result compatible with the increase

in the tau area occupied measure. While Braak staging is a

well-established correlate of dementia in this and most studies

(Giannakopoulos et al., 1994; Riley et al., 2002; Sonnen et al.,

2007; Nelson et al., 2008; Dolan et al., 2010), it is challenging to

determine how the diverse morphologies of amyloid-b deposits

(Thal et al., 2006) relate to neurodegeneration and dementia.

It has long been known that the exclusion of diffuse amyloid-b
pathology from CERAD criteria may omit an important biomarker

of Alzheimer’s disease (Mirra et al., 1991) and the validity of the

CERAD plaque score has been questioned previously (Prohovnik

et al., 2006). The severity of the cortical amyloid-b area occupied

measure had a stronger association with dementia than either

the amyloid phase or CERAD plaque score. The amyloid phase

scheme simplified the assessment of amyloid-b deposition, but

this measure only correlated with dementia at phase 4, rendering

it a binary variable in our hands. In contrast, the amyloid-b area

occupied measure doubled in participants with dementia com-

pared with subjects with no dementia. By implication, low levels

of amyloid deposits can be tolerated, but a severe burden is not; a

result not incompatible with a previous study (McKeel et al.,

2004). Moreover, as a quantitative measure of a single region

compared with the staging of amyloid phase or the multi-cortical

CERAD plaque score, the amyloid-b area occupied measure has

the advantage of being readily operationalized.

Despite the importance of tau and amyloid-b lesions in

Alzheimer’s disease, it is clear from our data that other patholo-

gies, such as concomitant �-synuclein and TDP-43 (Nelson et al.,

2008), may also contribute to dementia. The McKeith et al.

(2005) criteria formally address the problem of co-existent tau,

amyloid-b and �-synuclein pathologies, but no guidelines exist

for TDP-43 pathology. TDP-43 inclusions and neurites may be

downstream co-morbidities in the brains of patients already

affected by plaques, tangles or Lewy body pathology (Uryu

et al., 2008). Indeed, a recent clinicopathological study

found TDP-43 pathology more prevalent in dementia of the

Alzheimer’s-type patients than in patients with primary progressive

aphasia or even non-aphasic frontotemporal dementia (Bigio

et al., 2010). Intriguingly, the same study also tightly correlated

limbic TDP-43 pathology with hippocampal sclerosis, as in our

cohort and others (Amador-Ortiz et al., 2007). We also note

that the distribution pattern of these TDP-43 lesions appears to

develop according to a predictable sequence and may be age

related (Geser et al., 2010) as is the case with pathological tau.

In vivo imaging studies have shown that a third of cognitively

normal individuals harbour a significant amyloid-b load (Clark

et al., 2011). While imaging methods differ from post-mortem

measures, the results are not dissimilar from our own measure-

ments, where 28% of the subjects with no dementia had a high

number of amyloid-b lesions (amyloid-b area 3rd and 4th

quartile). The transition to dementia could have occurred in the

future, if these individuals lived longer (Giannakopoulos et al.,

1994) or this may reflect cognitive reserve.

There are several limitations to this study that should be noted.

For example, it is known that vascular lesions are particularly

common at advanced ages (Xuereb et al., 2000) even in cogni-

tively intact people. While the presence of cerebral amyloid angio-

pathy was noted in approximately half the participants (n = 56),

lacunar infarcts, microinfarcts and cystic infarcts were limited

in the regions sampled. A more comprehensive investigation

including an evaluation of white matter and subcortical regions,

combined with observations of arteriosclerosis and territorial

haemorrhages at time of death will be the focus of future studies

of the 90 + cohort. Finally, until the amyloid-b and tau area occu-

pied measures are extended to larger numbers of the oldest-old,

our results should be interpreted cautiously. It would also be

important to employ these measures in other studies to define

the full range of measurements and quartiles and to determine

their applicability in a younger cohort.

In summary, we propose a model of Alzheimer’s disease path-

ology that includes both the step-wise progression of pathological

tau and amyloid-b deposition as correlates of dementia in the

oldest-old. We found that the best measures associated with

dementia were: Braak stage, neocortical amyloid-b area occupied

and hippocampal sclerosis with attendant TDP-43 pathology.

Replication of these findings may lead to improved criteria for

the post-mortem diagnosis of Alzheimer’s disease and a better

understanding of the neuropathology underlying dementia in

the oldest-old.
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