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Abstract.

Background: The Hisayama study is a prospective cohort study of lifestyle-related diseases that

commenced in 1961. Through it, a significant increasing trend in the prevalence of Alzheimer’s

disease has been observed over the past 18 years.

Objectives: We sought to investigate the increases in brain pathology related to Alzheimer’s disease

using automated MATLAB morphometric analyses for quantifying tau pathology.

Methods: We examined a series of autopsied cases from Hisayama residents obtained between 1998

and 2003 (group A: 203 cases), and between 2009 and 2014 (group B: 232 cases). We developed

custom software in MATLAB to analyze abnormal tau deposits quantitatively. Specimens were

immunostained with both anti--protein and anti-phosphorylated tau antibodies.

Results: Both the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) criteria for

senile plaques and Braak stage for NFT were higher in group B. Morphometric analyses of the

hippocampi also revealed a trend towards increased tau pathology in both men and women over 80

years of age in group B. The increases were also significant when the subjects were examined

independently according to high or low CERAD scores and in all levels of AD neuropathologic

change according to the National Institute on Aging-Alzheimer's Association guidelines

(2012).



Conclusion: We revealed a recent trend of increased tauopathy in the older people, which is partly

independent of AP pathology.
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INTRODUCTION

The World Alzheimer Report 2015 documented that dementia affects over 46 million people

worldwide, and that this number is estimated to increase about 3-fold by 2050 [1]. In Japan, the

population is becoming increasingly aged, so dementia has become a critical social problem.

Alzheimer’s disease (AD) is the most common cause of dementia and is known to be associated

with lifestyle-related diseases such as abnormal lipid metabolism and insulin resistance [2, 3].

The deposition of hyperphosphorylated tau in brains, tauopathy, is implicated in a wide variety

of neurodegenerative diseases, including AD. Tau deposits are characterized by their location

and shape, in addition to the individual tau protein isoform involved. The two main pathological

features of the AD brain are well known; the deposits of B-proteins, known as senile plagues,

and the aggregation of hyperphosphorylated tau, known as neurofibrillary tangles (NFT).

The town of Hisayama, a suburb of Fukuoka, Japan, has demographic characteristics

representative of the national average of Japan, including the distribution of age, occupational

status, and nutrient intake [4]. In Hisayama, a long-term prospective cohort study of cerebro-

cardiovascular diseases has been running since 1961. This population-based study has shown

that the prevalence of all-cause dementia and AD significantly increased between 1985 and

2005 [5]. The Hisayama study has also revealed an association between lifestyle factors and
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dementia [6-8]. The aim of the current study was to quantitatively assess the brain pathologies

related to AD and to investigate the changes in pathology in an aged population.

MATERIALS AND METHODS

Subjects

This study included specimens from a series of autopsies performed on residents of the town of

Hisayama in Fukuoka Prefecture, Japan. There were two groups, group A (1998-2003; 203

cases; mean age at death, 78.8 = 12.8 years, range, 32-100 years) and group B (2009-2014;

232 cases; mean age at death, 83.0 £ 10.8 years, range, 42—-105 years), with approximately 10

years difference between the survey dates of these groups. The characteristics of the two groups

are shown in Table 1 and 2. The clinical diagnosis of dementia was made based on the

Diagnostic and Statistical Manual of Mental Disorders, Third Edition — Revised [9]. Details of

the clinical survey have been described in a previous report [5].

The study was approved by the Ethics Committee of the Faculty of Medicine, Kyushu

University, and was performed in accordance with the ethical standards described in the fifth

revision of the Declaration of Helsinki, 2000.



Neuropathological assessment

The brains were weighed and fixed in 10% buffered formalin for at least 2 weeks. The

specimens included the middle frontal gyrus, superior and middle temporal gyri, inferior

parietal lobule, hippocampus with entorhinal cortex and transentorhinal cortex (at the level of

the lateral geniculate body), calcarine cortex, basal ganglia including the nucleus basalis of

Meynert, thalamus, substantia nigra, locus ceruleus, and the dorsal vagal nucleus. Sections were

embedded in paraffin and routinely stained using hematoxylin-eosin, the Kllver-Barrera, and a

modified Bielschowsky method [10]. The specimens were immunostained using antibodies

against the phosphorylated microtubule-associated protein tau (clone AT8, mouse monoclonal,

1:500; Innogenetics, Ghent, Belgium) and against B-protein (clone 6F/3D, mouse monoclonal,

1:200; Dako, Glostrup, Denmark) after antigen retrieval by autoclaving in 0.01 M citrate buffer,

pH 8 or incubating in 90% formic acid in one hour, respectively, and detected using a standard

indirect immunoperoxidase method and visualized using diaminobenzidine (Dojindo,

Kumamoto, Japan) as a chromogen. Senile plaques were detected using both a modified

Bielschowsky method and immunohistochemistry for B-protein (AB). The assessment of AD

pathology was assessed according to the Consortium to Establish a Registry for Alzheimer’s

disease (CERAD) guidelines [11] and Braak and Braak stage [12, 13]. The CERAD score and
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Braak and Braak stage were combined to estimate the likelihood of AD. The pathological

diagnosis of AD was conducted according to the National Institute on Aging (N1A)-Reagan

Institute criteria [14]. Additionally, we also subdivided all cases into four levels of AD

neuropathologic change; “Not”, “Low”, “Intermediate”, or “High”, according to NIA-

Alzheimer’s Association (NIA-AA) guidelines using a combination of Braak, CERAD and

Thal scores [15]. The frequency of neuritic plaques was semiquantitatively categorized into the

following four groups: none, sparse, moderate, and frequent according to CERAD criteria

(Table 1). The severity of the NFTs was semiquantitatively categorized into six groups, stages

I-VI1, according to Braak and Braak stage criteria (Table 1). To evaluate the relationship

between tau deposits and CERAD stage, we categorized the data into low CERAD score (hone

and sparse) and high CERAD score (moderate and frequent) groups. The neuropathological

assessment of dementia with Lewy bodies (DLB) was performed using standard diagnostic

criteria for DLB [16, 17]. The neuropathological changes of the 203 cases in group A were

examined as described previously [5].

Image analyses using custom software in MATLAB

We developed custom software in MATLAB (MathWorks Inc., Natick, MA, USA) for
8



quantitatively analyzing abnormal tau deposits including NFTs and pre-tangles and other

neuropil tau pathologies including neuropil threads, grains, and neuritic plaques (Figs. 1 and 2).

From the results of the immunohistochemical analyses using AT8 we chose the most aberrant

regions of tau deposits as the regions of interest (ROI) and captured images with a 20x objective

lens with a total field size of 704 x 528 um? and pixel numbers of 1600 x 1200 pixels (0.44 um

x 0.44 um/pixel; Fig. 2A). The minimum size we calculated was 1 pixel: 0.44x0.44 um?. The

color space of each image captured was converted from RGB to CIE 1976 L* (brightness) a*

(green to magenta) b* (blue to yellow) color space using the MATLAB and the Euclidean

distance in CIE 1976 L*a*b* color space was calculated. The CIE 1976 L*a*b* color is more

suitable for quantifying human vision than the RGB color space. In CIE 1976 L*a*b*, the

differences between any two colors can be approximated by taking the Euclidean distance

between them [18]. More details of the conversion of RGB to CIE 1976 L*a*b* are available

from MathWorks [19]. Abnormal tau deposits were then divided into three groups including the

tau deposits, the backgrounds, and questionable or ambiguous staining, by K-means clustering

[20]. After removing small objects of four or fewer pixels as noise, we calculated a variety of

indices characterizing the extracted abnormal tau deposits in regards to morphology (e.g.,

circularity and eccentricity) and size (e.g., area, corresponding radius, and perimeter). The total
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number of abnormal tau deposits was also calculated. We constructed a scatter plot of the

circularity versus the relative corresponding radius and calculated Euclidean distances between

each plot. We then automatically classified abnormal tau deposits into three groups including

NFTs and other small-size tauopathies, with or without large circularity, by K-means clustering

(Figs. 3B and E). The perimeter (L) and area (S) were calculated directly to give the polygon

length and area. Circularity, a parameter of the shape complexity, was defined as:

Circularity = 4 = S/L2.

The corresponding radii were calculated as

Corresponding radii = V(S/z).

Finally, we obtained the total number and the total area (um?) of tau deposits, NFTs, and

neuropil tau deposits, and calculated the percentage of area per total field size. These indices

can be used for quantitatively evaluating NFT and neuropil tau deposits.

Quantitative analyses of tau deposits in the cornu ammonis 1 (CA1) region

The CA1 area of the hippocampus is vulnerable to tauopathy, and abnormal tau deposits are

noted in the region through from the initial to the most advanced stage of Braak and Braak

staging. Therefore, we considered the CA1 area a very suitable region in which to elucidate

10



sequential tau pathology in human brains. We analyzed the CAL region in 203 of the 209

autopsied cases in group A and 232 of the 235 autopsied cases in group B. Six cases in group A

and three in group B were excluded from the digital analyses, because the brain specimens had

severe damage (n = 6) or the brains of were not examined by autopsy (n = 3). The CALl region

with most intense tau deposits was chosen and imaged using a 20x objective lens. The images

captured were quantitatively analyzed using our new programs to reveal areas, numbers, and

morphometric indices including corresponding radius, circularity, and eccentricity.

Statistical analyses

Statistical analyses were conducted using JMP Pro 11 (SAS Institute, Cary, NC, USA). The p

values of mean age at death were calculated by Welch’s t test, and the p values of the median

area of total tau deposits, NFTs, and neuropil tau deposits were calculated using Mann-Whitney

U tests. Significance was defined as p < 0.05.

RESULTS

CERAD stage and Braak and Braak stage trends

Compared with group A, both the CERAD stage for senile plaques and Braak and Braak stage
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for NFT were higher in group B (Table 1).

Image analyses

We could reproducibly extract images of abnormally phosphorylated tau, and distinguish NFTs

and other neuropil tau deposits (Figs. 1 and 2). Most NFT have large relative corresponding

radii, most neuropil threads have small relative corresponding radii and small circularity, and

grains have small relative corresponding radii and large circularity (Fig. 2E). However, it was

difficult to discriminate precisely between neuropil threads and grains using our image analysis

system, so we examined these as neuropil tau deposits.

Comparison of tau deposits between group A and group B

The relationship between the total area of tau pathology and the age at death is shown in Figure

3A. The total area of tau pathology in both groups A and B gradually increased from around 70

years of age (Fig. 3A). The total area of tau pathology in group B was significantly higher (p <

0.001) than that in group A (Fig. 3B). The area of NFT and neuropil tau deposits was also

significantly higher (p < 0.001) in group B than in group A (Fig. 3C and D).

To examine the results in further detail, we subdivided groups A and B into 5-year age groups
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according to their age at death (Supplementary Fig. 1 and Supplementary Table 1). Overall, the

total area of hippocampal tau pathology increased with age, and the increase in tau pathology

in older people in group B was substantially more than in group A. Some cases in group B had

earlier deposits of abnormal tau, in their mid-60s (Fig. 3A).

When the group A data were analyzed by sex, the total area of tau pathology, NFT, and neuropil

tau deposits of females was significantly higher (p < 0.001) than that of males (Table 3 and

Supplementary Fig. 2). In group B, the total area of tau pathology and neuropil tau deposits in

females were also significantly increased (p = 0.035 and 0.018, respectively). Although the

mean and median areas of NFT in females were higher (Table 3 and Supplementary Fig. 2),

these were not significant.

Levels of tau deposits relate to CERAD scores

To evaluate the relationship between tau deposits and CERAD stage, we categorized the data

according to CERAD score and examined the total tau, NFT, and neuropil areas (Fig. 4, Table

4, and Supplementary Fig. 3). In the low CERAD score group, the total area of tau pathology

was significantly larger (p < 0.001) in group B. In the high CERAD group, a similar trend was

also observed (p < 0.001).
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Levels of tau deposits relate to AD pathologic changes

We subdivided all cases into four levels of AD neuropathologic change; “Not”, “Low”,

“Intermediate”, or “High” according to NIA-AA criteria, and then assessed the total tau area in

each level (Table 5). The area of total tau was significantly increased in every level in group B

(Fig. 5, and Supplementary Fig. 4).

Levels of tau deposits relate to DLB

We examined the influence of other neurodegenerative disorders, particularly DLB, as the

pathology of DLB is known to frequently co-exist with AD pathology [17, 21].

To analyze the association between DLB and tau deposits, we subdivided the cases into 4

groups; (1) controls with no AD or DLB, (2) pure AD, (3) comorbid AD and DLB, and (4) pure

DLB (Fig. 6Aand B). Both the pure AD cases and the comorbid AD and DLB cases had greater

areas of total tau pathology compared with the no AD or DLB controls or the pure DLB cases.

We compared groups A and B, and found that the total tau area in pure AD was increased in

group B (Fig. 7A), but not in DLB irrespective of the presence or absence of comorbid AD

pathology (Fig. 7B and C).
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DISCUSSION

In this study, we developed automated MATLAB morphometric analyses for the quantitative

evaluation of abnormal tau deposits. Using this method, we examined the trend of tauopathies

in the hippocampi from a series of autopsied cases of Hisayama. Total tau pathology, NFT, and

neuropil tau deposits were significantly greater in the more recent group of subjects (group B).

This is the first report of a recent trend of increased tauopathy in the hippocampi of Japanese

elderly.

In agreement with our results, a recent autopsy study in the town of Hisayama revealed a

significant increasing trend in the prevalence of AD and senile dementia of the NFT type (SD-

NFT) [22]. Aging is considered one of the most important risk factors for accelerating tau

pathology. The mean age at death was higher in group B than in group A, and associated with

an increase in the area of total tau pathology. When comparing by age at death, the total area of

tau pathology tended to increase in the aged brains of group B. Moreover, in the low and

intermediate AD neuropathologic change groups, the gap in the mean age at death between

groups A and B was small despite the obvious increases in tau deposits in group B. These results

suggest that in recent years there may have been an emergence of risk factors for tau pathology
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other than aging.

It has also been reported that the dominant cause of dementia in males in Hisayama has changed

from vascular dementia (around 2005) to AD in 2016 [22]. In the present study, the time periods

of sampling group A and group B were across this turning point, with group A being before

2005, and group B after. Our results reflect a changing trend in the type of dementia in this

population. When analyzed by sex, the total areas of tau pathology, NFT, and neuropil tau

deposits of females in group A were significantly higher than those of the males. In group B,

the total area of tau pathology of females was significantly higher, while the difference in the

area of NFT between males and females was not significant. This indicates that the level of tau

pathology in males is approaching that of females. The Framingham study demonstrated that a

non-demented 65-year-old male has a 6.3%, and a 65-year-old woman a 12%, chance of AD

onset [23]. This gender difference in lifetime risk is thought to reflect the longevity of women.

The increasing longevity of men in Japan may result in a notable increase in tauopathy: As

society becomes more aged, more males will develop AD.

It is believed that abnormal tau phosphorylation is involved mainly in two processes, an

amyloid-based process contributing to neocortical tangles [24] and an aging process that

accounts for medial temporal lobe tangles. The amyloid-based process is widely described as
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the amyloid cascade hypothesis [25-27]. Aging-related pathology can occur in the absence of

significant AP plaque pathology and is largely restricted to the medial temporal lobe. This was

previously called tangle-predominant senile dementia [28], or SD-NFT [29]. Recently, to

describe a tau-related pathology that is commonly observed in the brains of older individuals,

the term primary age-related tauopathy (PART) has been proposed [30]. PART can be

distinguished from AD by the absence or scarcity of neuritic plagues and a Braak and Braak

stage that is usually 111 or lower. Currently, tau pathology independent of the amyloid cascade

has received wide attention. In our study, the area of tau deposits in group B was significantly

increased in the group with low CERAD scores. This result suggests that the burdens of tau

pathology are increasing in both men and women, partly independent of the amyloid cascade.

Recently, digital pathology and image analysis have been used to detail the characteristics and

perform quantitative assessments of the neuropathological changes in neurodegenerative

disorders [31-37]. Here, we developed new image-analysis programs in MATLAB for the

quantitative evaluation of abnormal tau deposits. In particular, NFTs were extracted accurately

and the total NFT numbers and areas were successfully obtained.

In a previous report, Savva et al. [38] demonstrated in a population-based cohort study the effect

of age on the relationship between the classic neuropathological features of dementia and the
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clinical manifestation of dementia. In their report, tangles gradually increased from the age of

70 years in non-demented patients. Our results are compatible with previous quantitative

analyses of tauopathies, suggesting that the programs we developed are effective for

quantifying tau. We performed quantitative analyses of not only NFTs but also neuropil deposits.

Our results also revealed that neuropil tau and NFTs in area CAL appear from around the age

of 65 years.

In comorbid AD and DLB cases, a-synuclein pathology correlates with A pathology, and tau

tends to co-localize with a-synuclein in limbic areas [39, 40]. In this study, the total area of tau

pathology in comorbid AD and DLB cases was slightly different to that in pure AD cases, and

was higher than in non-AD and pure DLB cases. This may imply that the presence of DLB has

a minor influence on the area of tau pathology. When comparing between groups A and B, only

the pure AD cases in group B had greater areas of tau pathology. The comorbid AD and DLB

cases had little difference in the area of tau pathology between groups A and B. This could be

due to the relatively small number of comorbid AD and DLB cases and the difference in sex

ratio in each group: no male and seven females in group A, and three males and three females

in group B. This study has shown that the area of tau pathology in males tends to be lower than

that in females. Thus, it should be noted that the areas of total tau pathology could be affected

18



by the difference in the sex ratios between the groups.

One of the limitations of this study is that all participants were residents of Hisayama town,

Japan, and therefore may not reflect other populations and races. Recently, some European

population-based studies showed the incidence of dementia was declining in older people [41,

42]. On the other hand, in China [43] and some other Asian countries the number of people with

dementia continues to increase. The World Alzheimer Report 2015 [1] suggested that regional

trends of dementia prevalence fall into three broad groups: Developed regions have a high

baseline of dementia cases and a mild increase, Latin America and Africa have increasing

numbers of people with dementia, and Asian countries such as India and China have a high

baseline and relatively rapid increases in case numbers. Our results may fit with the general

regional trend occurring in Asia.

CONCLUSION

In this study, we developed effective automated programs for the morphometric study of

abnormally phosphorylated tau deposits. We then revealed that tau pathology gradually and

steadily becomes more severe both in amyloid-dependent and aging-dependent processes,

particularly in older Japanese people.
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Aging could be one of the crucial backgrounds to increasing burdens of tau pathology. However,

we revealed that even in low CERAD score cases increases in tau pathology occurred,

suggesting that there are other risk factors for the development of tau pathology. Further studies

are needed to research these risk factors in greater detail.
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Table 1

Profiles of analyzed cases

1998-2003 2009-2014 p value
Total cases 203 232
(mean age + SD) (78.8 £12.8) (83.0 £ 10.8) <0.001
Male 108 120
(74.0+12.4) (80.4 + 10.3) < 0.001
Female 9o 112
(84.2+11.0) (85.8 + 10.6) 0.286
AD cases
(mean age = SD)
Total 34 71
(87.4 £ 6.84) (90.3 £ 6.16) 0.035
Male 7 27
(84.7 £8.0) (88.3 £ 6. 66) 0.302
Female 27 44
(88.0 £ 6.5) (91.5+£5.57) 0.028
CERAD cases
(mean age + SD)
None 71 48
(71.4 £ 14.6) (75.5+£10.2) 0.075
Sparse 32 49
(79.8 £ 11.0) (83.1+11.4) 0.202
Moderate 31 27
(82.2 £ 10.6) (79.9£11.9) 0.451
Frequent 69 108
(84.3 £8.32) (87.1£8.31) 0.033
Braak and Braak stage
cases
8mean age £ SD) 71 55
—I1 (70.2 £ 14.6) (72.4 £11.4) 0.352
", v 81 73
(82.3 £9.08) (83.0 £8.52) 0.667
V, VI 51 104
(85.0 £ 8.60) (88.7 £ 7.09) 0.009
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AD, Alzheimer’s disease; CERAD, Consortium to Establish a Registry for Alzheimer's

disease; SD, standard deviation.
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Table 2.

Pathological diagnoses of the patients.

1998-2003 2009-2014

Diagnosis Male cases/ mean age at Male cases/  mean age at

female cases death = SD female cases death £ SD
Not demented 90/51 75.2+13.3 76/50 781+11.1
AD 3/13 87.4+6.6 19/36 91.4+5.6
AD+AGD - - 1/0 81
AD+DLB 0/6 86.4+6.5 3/3 89.7+ 3.3
AD+DLB+VD 0/1 93 - -
AD+PD with dementia - - 1/0 88
AD+PSP 1/0 89 - -
AD+VD 1/4 88.8+7.2 2/5 86.3+7.2
sCJD+AD - - 1/0 73
DLB 1/4 86.6 +4.9 2/1 85.7 £ 4.04
AGD - - 0/1 94
PD with Dementia - - 1/0 64
SD-NFT 1/1 905+2.1 5/4 88.9+22
SD-NFT+DLB+VD 1/0 95 - -
SD-NFT+AGD - - 1/2 91.7+6.4
PSP - - 1/0 75
VD 9/7 84.1+6.4 3/7 84.3+6.6
VD+DLB 3/0 92.7+6.5 - -
VD+SD-NFT - - 2/2 89.5+6.2
Other dementia 1/0 81 2/1 80.7 +4.7
Total 203 232

AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; SD-NFT, senile dementia of

neurofibrillary tangle type; VD, vascular dementia; AGD, argyrophilic grain disease; PD,

Parkinson’s disease; sCJD, sporadic Creutzfeldt-Jakob disease; PSP, progressive supranuclear

palsy; and Other dementia: Pick disease (n = 1), lymphoma (n = 1), normal pressure

hydrocephalus (n = 1), mitochondrial encephalomyopathy (n = 1). The “Not demented” group

consisted of participants with no neurological deficits (n = 121), cerebral vascular disease (n =
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124), head trauma (n = 15), brain metastases (n = 9), meningitis (n = 1), meningioma (n = 1),

and primary central nervous system lymphoma (n = 2).
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Table 3

Examination of the total areas of tau pathology, NFTs, and neuropil tau deposits divided by

gender in group A and group B.

male Female p value
median (min—-max) median (min—-max)

Group A (1998-2003)

Total area (%) 0.204 (0-3.45) 0.615 (0-6.46) <0.001

NFT (%) 0.155 (0-2.46) 0.507 (0-4.11) <0.001

Neuropil tau deposits (%) 0.036 (0-1.43) 0.135 (0-2.34) <0.001
Group B (2009-2014)

Total area (%) 0.873 (0-8.77) 1.510 (0-7.37) 0.035

NFT (%) 0.626 (0-4.64) 0.931 (0-4.70) 0.190

Neuropil tau deposits (%) 0.257 (0-4.83) 0.427 (0-4.05) 0.018

30



Table 4

Examination of the total area of tau pathology according to CERAD staging.

1998-2003 2009-2014 p value
CERAD: None and Sparse (n) 103 97
mean age + SD 740+ 141 79.3+114 0.004
tauopathy: median (min—max) 0.168 (0-3.621) 0.648 (0-4.680) 0.001
CERAD: Moderate and Frequent (n) 100 135
mean age + SD 83.7x0.1 85.7+9.5 0.107

tauopathy: median (min—max) 0.879 (0-6.456) 1.167 (0-8.771) <0.001
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Table 5

Profiles of cases according to AD neuropathologic changes

1998-2003 2009-2014

AD neuropathologic  Male cases/  mean age at Male cases/  mean age at
change female cases  death + SD female cases  death + SD
Not 40/31 71.4 = 14.6 26/22 755 £ 10.2
Low 32/20 79.3 = 105 37/28 80.4 = 123
Intermediate 24/16 84.3+8.9 23/22 85.0+8.2
High 12/28 85.7 = 8.0 34/40 89.0 = 6.9
Total 203 232
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Supplementary Table 1

Examination of the total area of tau pathology comparing 1998-2003 and 2009-2014 with

groups A and B subdivided into 5-year age groups

age 1998-2003 2009-2014
<64 (n) 28 16
mean age + SD 54.4+8.2 57.6%6.1
median of total tau (min—-max) 0 (0-0.27) 0 (0-0.52)
65-69 (n) 9 12
mean age 66.6 £ 1.5 67.2+1.7
median of total tau (min—-max) 0 (0-2.66) 0.22 (0-3.48)
70-74  (n) 24 15
mean age 719+13 82.1+13
median of total tau (min—-max)  0.11 (0-2.61) 0.31 (0-3.44)
75-79  (n) 34 27
mean age + SD 774+15 770+x14
median of total tau (min—max)  0.39 (0-6.46) 0.62 (0-4.10)
80-84 (n) 33 42
mean age 82.1+13 82.1+15
median of total tau (min—-max)  0.55 (0-3.60) 0.86 (0.03-7.37)
85-89  (n) 33 56
mean age 87.2+14 87.1+15
median of total tau (min—-max)  0.62 (0-3.83) 1.62 (0.05-6.28)
90-94  (n) 29 42
mean age + SD 919+16 92.1+19
median of total tau (min—-max)  1.01 (0-4.06) 2.03 (0.15-6.28)
95-99  (n) 12 14

33



mean age
median of total tau (min—max)
<100 (n)
mean age

median of total tau (min—max)

96.7 + 1.7
1.08 (0.21-3.07)
1

100

1.17

96.4+ 1.5
2.64 (0.20-6.51)
9

100.1+ 1.6

2.14 (1.16-0.67)

FIGURE LEGENDS

Fig. 1. Workflow for the image analysis.

Fig. 2. Detail analyzed image.

A: The area of hippocampal CA1 immunostained using anti-hyperphosphorylated tau antibody

is captured using 20x objective lens with a total field size of 704 x 528 mm?. B: Abnormal tau

deposits are extracted. C, D: Higher magnifications of squared areas in panel A and B,

respectively. NFT is marked with *, and neuropil threads are pointed out with arrows in panels

C and D. E: The extracted image is classified depend on their relative corresponding radius (x-

axis) and circularity (y-axis). A scatter plot of the circularity versus the relative corresponding

radius was constructed to classify abnormal tau deposits.
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Fig. 3. Comparison of the total area of tau pathology, NFTs, and neuropil tau deposits between

groups A and B.

A, C, D: Total areas of tau pathology (A), NFTs (C), and neuropil tau deposits (D) according to

age at death are shown. Group A (1998-2003) and group B (2009-2014) are shown as circles

and deltas, respectively. B: The area of total tau of group B is significantly higher than that of

group A. *Mann-Whitney U test, p < 0.001.

Fig. 4. Plotting of the total area of tau pathology according to CERAD staging.

Group A (1998-2003) and group B (2009-2014) are shown as circles and deltas, respectively.

The total area of tau pathology of group B is higher than that of group A irrespective of CERAD

stage.

Fig. 5. Total area of tau pathology according to the levels of AD neuropathologic changes.

Group A (1998-2003) and group B (2009-2014) are shown as circles and deltas, respectively.

The total areas of tau pathology in group B are significantly higher than those in group Ain

all levels of AD neuropathologic change.
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Fig. 6. Total area of tau pathology according to AD and Dementia with Lewy bodies (DLB)

pathology.

Black, yellow, red, and green circles show (1) non-AD and non-DLB (Non-AD/DLB) cases,

(2) AD without DLB (Pure AD) cases, (3) comorbid AD and DLB (AD and DLB) cases, and

(4) DLB without AD (pure DLB) cases, respectively.

A: Scatterplot and B: box plot of the total area of tau pathology showing AD and AD with

DLB cases tend to have a greater total tau pathology area.

Fig. 7. Total area of tau pathology in groups A and B according to AD and DLB pathology.

A: The total tau pathology of AD without DLB (Pure AD) cases of group B is significantly

higher compared with group A.

B, C: No significant differences are observed between groups A and B.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Fig. 1. Histogram of the median total tau pathology divided into 5-year age
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groups.

The black and gray (with slanting line) histograms correspond to the medians of the areas of

total tau pathology in groups A (1998-2003) and B (2009-2014), respectively. The median

areas of total tau pathology in group B are always larger than those in group A.

Supplementary Fig. 2. Examination of the total areas of tau pathology, NFTs, and neuropil tau

deposits divided by sex in group A (A, C, E) and group B (B, D, F).

The total areas of both tau pathology (A, B) and neuropil tau deposits (E, F) are significantly

higher in females than in males in both groups. The area of NFTs in females in group A is

significantly higher than that in males (C), but there is no significant difference between

males and females in group B (D).

Supplementary Fig. 3. Examination of the total area of tau pathology according to CERAD

staging.

A: CERAD: none and sparse. B: CERAD: moderate and frequent. Group A (1998-2003) and

group B (2009-2014) are shown as circles and deltas, respectively. The total areas of tau

pathology of group B are significantly higher than those of group A in both the lower and
37



higher CERAD stages.

Supplementary Fig. 4. Total area of tau pathology according to the level of AD

neuropathologic change in group A (A, C, E, G) and group B (B, D, F, H)

The total area of tau pathology of group B tended to be higher than that of group Ain all

levels of AD neuropathologic changes.
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Fig. 1
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Fig. 4
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Fig. 6
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Supplementary Fig. 2
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Supplementary Fig. 3
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