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study, 0.3642 for 151938526 and 0.2699 for £s10994336; MAF in
controls of Ferreira et al,, 0.056 for rs1938526 and 0.053 for
1s10994336). Although significant difference in allele frequencies
was not detected in the analyses using each individual population,
they showed similar ORs, indicating insufficient statistical power
rather than truly negative association as a source of the lack of
significance. These results collectively suggest this SNP as a risk
marker common across ethnicities.

On the other hand, we could not observe association between
rs10994336 and BD. This discrepancy between two SNPs in our
populations, both of which showed genome-wide significant asso-
ciation in Ferreira et al., may be explained by the different degree of
LD among populations, particularly low LD in Korean and Japa-
nese. The D’ value between two SNPs was 0.86 in Caucasian (from
HapMap data), 0.84 in Han-Chinese in Taiwan, 0.76 in Korean, and
0.71 in Japanese (from our data). In accordance with different
degree of LD, ORs of 11938526 and rs10994336 in our data were
similar in Han-Chinese in Taiwan.(1.11 and 1.10) and slightly
different in Korean (1.12 and 0.92) and Japanese (1.06 and 1.01).

The OR 0f 1s1938526 estimated in this study was quite lower than
that detected in previous Caucasian studies. Previous studies for
ANK3 in BD suggested the presence of allelic heterogeneity in this
gene [Schulze et al.,, 2009; Smith et al., 2009]. In the case of
Parkinson’s disease, association signals in GWASs were detected
in genes whose rare functional mutations have already known to be
disease causing [Satake et al., 2009; Simon-Sanchez et al., 2009;
Edwards et al., 2010]. In the case of hypertriglyceridemia, excess of
rare mutations'in patients was observed in genes identified by
GWASswasreported [Johansen et al., 2010]. Therefore, it should be
worthwhile to resequence the locus around 151938526 seeking for
rare functional mutations.

In conclusion, the results of this study as well as the findings in
previous GWASs and its replication study supported the associa-
tion of ANK3 with BD. Especially, the genomic region around
11938526 is a valuable target for a rare mutation search by
resequencing.
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Exome sequencing identifies a novel missense
variant in RRM2B associated with autosomal
recessive progressive external ophthalmoplegia
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Abstract

Background: Whole-exome sequencing using next-generation technologies has been previously demonstrated to
be able to detect rare disease-causing variants. Progressive external ophthalmoplegia (PEO) is an inherited
mitochondrial disease that follows either autosomal dominant or recessive forms of inheritance (adPEO or arPEO).
AdPEQ is a genetically heterogeneous disease and several genes, including POLGT and C10orf2/Twinkle, have been
identified as responsible genes. On the other hand, POLGT was the only established gene causing arPEO with
mitochondrial DNA deletions. We previously reported a case of PEO with unidentified genetic etiology. The patient

was born of a first-cousin marriage. Therefore, the recessive form of inheritance was suspected.

Results: To identify the disease-causing variant in this patient, we subjected the patient’s DNA to whole-exome
sequencing and narrowed down the candidate variants using public data and runs of homozygosity analysis.

A total of 35 novel, putatively functional variants were detected in the homozygous segments. When we sorted
these variants by the conservation score, a novel missense variant in RRM28, whose heterozygous rare variant had
‘been known to cause adPEO, was ranked at the top. The list of novel, putatively functional variants did not contain
any other variant in genes encoding mitochondrial proteins registered in MitoCarta.

Conclusions: Exome sequencing efficiently and effectively identified a novel, homozygous missense variant in
RRM2B, which was strongly suggested to be causative for arPEO. The findings in this study indicate arPEO to be a
genetically heterogeneous disorder, as is the case for adPEO.

Background

Massively parallel sequencing, also known as next gen-
eration-sequencing, is a revolutionary technology that
enables us to obtain large amounts of genomic sequence
information in an incomparably more rapid and less
expensive manner than before [1]. This technology is
applicable for various investigations, including resequen-

cing of full genomes or more targeted parts thereof for

discovery of genomic variations, genome-wide mapping
of structural rearrangements, transcriptome sequencing,
genome-wide epigenetic analysis, metagenomic sequen-
cing, and so on [2]. Whole-genome and whole-exome
(sequences of all protein-coding regions) resequencing
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aiming at identification of causative variants for rare,
inherited diseases is one of these applications, and have
demonstrated their efficiency and effectiveness (reviewed
in [3]).

Previously, we reported a patient who had been born of
a first-cousin marriage and was suspected to be affected
by inherited progressive external ophthalmoplegia (PEO)
[4]. Inherited PEO is a form of mitochondrial disease that
follows either autosomal dominant or recessive forms of
inheritance (adPEO (MIM 157640; 609283; 609286;
610131, 613077) or arPEO (MIM 258450)). The charac-
teristic findings of inherited PEOs are multiple mito-
chondrial DNA (mtDNA) deletions and ragged red fibers
in the muscle biopsy [5]. Typical clinical symptoms are
bilateral ptosis and paralysis of the extraocular muscle.
Other symptoms include exercise intolerance, cataracts,
hearing loss, sensory axonal neuropathy, optic atrophy,

© 2011 Takata et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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ataxia, depression, hypogonadism, and Parkinsonism
[6-10].

In the present case, the recessive form of inheritance
was suspected because of the patient’s family history.
However, no pathogenic variant in POLGI (MIM 174763),
which encodes a mitochondrial DNA polymerase and was
the only established gene whose variants were known to
cause arPEO so far, was identified [4].

The proband in this study was the only child and the
available genetic information from family members was
limited. Therefore, it was almost impossible to identify the
causative variant using linkage analysis. On the other
hand, exome sequencing using a next-generation sequen-
cer has demonstrated its utility to detect causative variants
of rare disease using a small number of samples, especially
in the case of consanguineous family. Here, we performed
exome sequencing in combination with runs of homozyg-
osity (ROH) analysis in order to identify the causative
variant in this patient.

Results

Exome sequencing identifies a novel, homozygous
missense variant in RRM2B

A total of 3.2 Gb of sequence was generated from one lane
of sequencing using the Illumina Genome Analyzer II
(lumina, San Diego, CA, USA). The proportion of the
targeted exome covered at 1x, 5x and 10x was 96.3%,
88.0% and 78.3%, respectively. The mean coverage was
37.2x. A total of 19, 215 variants were detected in the cod-
ing regions defined by RefSeq Gene [11] and their flanking
splice sites. The number of detected coding variants does
not deviated greatly from that in previous reports [3,12].
After removing variants registered on the public database
of sequence variants (dbSNP, build 130) or found in eight
exomes of HapMap individuals [12] or the exome of a sin-
gle, healthy, unrelated Japanese individual, which was ana-
lyzed in the same run of Illumina Genome Analyzer II
sequencing, 1, 336 variants remained. Among these, 592
variants, including 141 homozygous ones, were functional
(nonsense, missense, frameshift or splice site). Next, we
performed ROH analysis to narrow down the candidate
regions, using the base calling data on single nucleotide
variants in this patient. To enhance the accuracy of the
variant calling used for this analysis, 1) only the data of
single nucleotide variants were used and insertion/deletion
variants were excluded because of lower reliability of the
detection of insertion/deletion variants [13], 2) variants
called with coverage less than 8x were excluded, 3) var-
iants called with a coverage of more than 100x were
excluded because genomic regions that are known to be
duplicated or have similar sequences such as pseudogenes
tend to be read with high coverage. Because the primary
aim of this analysis was not to evaluate ROH segments
precisely, but to narrow down the list of candidate variants
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without overlooking the causative variant, we used relaxed
criteria of ROH segments. The total size of ROH regions
was 992 Mb (about 32% of the genome), which was signifi-
cantly larger than the expected total size of ROH segments
in an offspring born from a first cousin marriage (one-
eighth of the genome). A total of 35 novel and functional
variants in 33 genes were identified in ROH segments. A
summary of the filtering strategy is given in Table 1.

When we sorted these listed variants by a conserva-
tion score (phyloP score) to identify those that were
most likely to be functional, a novel missense variant in
RRM2B (g.341G > A, p.P33S), whose rare, heterozygous
variant had been known to cause adPEO, was ranked at
the top (Table 2).

The existence of the RRM2B variant in the patient’s
DNA was confirmed by Sanger sequencing (Figure 1a). As
expected, each of the parents had this variant in the het-
erozygous state. This variant changes an amino acid resi-
due that is highly conserved across 44 vertebrates (Figure
1b). Among 359 control subjects (718 chromosomes) of
Japanese origin, one subject carried this variant in the het-
erozygous state.

Exclusion of other variants that could cause PEO

In the list of 35 novel and functional variants in the ROH
segments, no other variants in genes encoding mitochon-
drial proteins were registered in Human MitoCarta [14].
We could not find any pathogenic mutations in other
genes known to cause mitochondrial diseases with multi-
ple mtDNA deletions (POLGI, POLG2 (MIM 604983),
Cl0orf2 (MIM 606075), SLC25A4 (MIM 103220), OPA1
(MIM 605290), TYMP (MIM 131222) and WFSI (MIM
606201)) in exome analysis, as was observed in a previous
study using Sanger sequencing [4]. Although the mtDNA
sequence was not targeted by the SureSelect Human All
Exon Kit (Agilent, Santa Clara, CA, USA), 16, 558 of 16,
568 (99.9%) bases in mtDNA were read four or more
times due to its higher copy number than nuclear DNA,
and no known pathogenic variant was found. Because of
the family history of the patient, we suspected that his
disease was caused by a recessive mutation. However,
there was another possibility that de novo variants affect
him in a dominant manner. To test this possibility, we
investigated whether he had de novo variants that could
explain his symptoms. In the list of 592 novel and puta-
tively functional variants, there were 26 heterozygous
variants in genes registered in MitoCarta. Among them,
five variants were not found in dbSNP132 or 1000 Gen-
ome Project data [15] (SNP calls released in June 2011),
and were located at conserved base positions (phyloP
score > 2). By performing Sanger sequencing, we con-
firmed that all of these variants were not de novo, but
inherited from either of his healthy parents or found as a
false positive (Table 3).
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Table 1 Summary of the filtering to narrow down the candidates for the causal variant

Criteria for the filtering

Number of remaining variants

Coding variants

Not in dbSNP130

Not in eight HapMap exomes [12]

Not in in-house data of a healthy Japanese individual
Functional (missense, nonsense, frameshift and splice site)
In run-of-homozygosity regions

19, 215
2,015
1,833
1,336
592
35 (in 33 genes)

The filtering was performed using the listed criteria in descending order.

Evaluation of the amount of mtDNA

The mtDNA copy number relative to nuclear DNA in
the patient’s skeletal muscle was not decreased, but
rather increased (Figure 2). As expected, the ND4/RNa-
seP ratio was lower than the NDI/RNaseP ratio in the
patient, which suggests increased levels of mtDNA dele-
tions that include the ND4 region, such as the 4, 977-bp
common mtDNA deletion [16]. This result indicated
that the clinical manifestation in the present patient was
not due to mtDNA depletion.

Discussion :

In this study, we subjected DNA from a PEO patient with
unidentified genetic etiology to exome sequencing and
detected a novel, homozygous missense variant in
RRM2B. RRM2B encodes p53-inducible ribonucleotide
reductase small subunit 2-like protein (p53R2) and this
protein plays an essential role in the maintenance of
mtDNA by reducing ribonucleotides in the cytosol [17],
as is indicated by the fact that rare variants in this gene
cause various forms of mitochondrial diseases character-
ized by mtDNA depletion and deletions. To our knowl-
edge, 15 cases of mitochondrial depletion syndrome
(MIM 612075) from 11 families [18-22] and one sporadic

case of mitochondrial neurogastrointestinal encephalopa-
thy [23] (MIM 603041) associated with homozygous or
compound heterozygous rare variants in RRM2B have
been reported. More recently, two families with-adPEO
due to a heterozygous nonsense variant were described
[24]. In the screening of RRM2B variants in 50 mitochon-
drial disease patients without causative variants in
POLGI and CI10orf2, one Kearns-Sayre syndrome (MIM
530000) patient who carried two different novel missense
variants and one PEO patient who carried an in-frame
deletion were identified [25].

The clinical symptoms and findings in the muscle
biopsy of our case were typical for Mendelian-inherited
PEO. No members of his maternal family have shown
any neuromuscular symptoms, suggesting that the
mtDNA deletions of the patient were not maternally
inherited. Real-time quantitative PCR analysis revealed
that there was no mtDNA depletion. We did not observe
gastrointestinal dysmotility, cardiac conduction abnorm-
alities, pancreatic dysfunction and sensory ataxic neuro-
pathy, which are characteristic symptoms for other
mitochondrial diseases associated with mtDNA deletions,
namely mitochondrial neurogastrointestinal encephalo-
pathy, Kearns-Sayre syndrome, Pearson syndrome, and

Table 2 List of novel and functional variants in run-of-homozygosity regions

Chromosome Position’ Reference allele Variant allele Variant calling/coverage Gene

Amino acid change PhyloP score

8 103313660 G A
1 39620317
4 107449465
22 15980313
64117795
29010439
49482400
238437608
85362528
99094433
336547

1
1
3
3
3 46595758
4
5

- > 0 > - N >

>0 > 4060000 >»0

169335658
140538797

- 00606

(@)

58/58 RRM2B Pro33Ser 6.741
5/7% MACFT Arg2523Gln; Arg3025GIn 5329
63/63 MGCi16169 Asn34lys 5.199
5/5% LOC100287323  Val569lle 4997
4/4* SLC22A12 Trp37Stp; Trp258Stp 4.945
24/24 BAMBI Gly108Ala 4878
4/4* NFATC2 Ala778Val 4437
10712 FMN2 Pro1101Leu 3.804
65/69 WDR63 Splice site 3.503
24/34 DKFZp667G2110  Lys546Glu 3.299
23/23 CHL1 Ser30Ala 3014
27/40* LRRC2 Arg41Gly 2.522
9/13* ANXATO Thr193Pro 2257
127/127 PCDHBS Thr333lle 2011

Variants with PhyloP score > 2 are listed. Asterisks indicate variants with coverage < 8x or a variant calling/coverage ratio < 0.7; the reliability of these variant

calls is generally lower than that of the others.
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Figure 1 The identified disease-associated variant in RRM2B. (a) Partial sequence of RRM2B in the patient's DNA (left) and control DNA
(right). Red squares indicate the base position of the g.341G > A, p.P33S variant. (b) The substituted amino acid residue (red box) is highly
conserved across 44 vertebrate species (from the UCSC genome browser [31)).
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sensory ataxic neuropathy, dysarthria, and ophthalmopar-
esis (MIM 607459), respectively. Therefore, this patient
was diagnosed as having arPEO caused by a homozygous
missense variant of RRM2B.

Before this study, POLGI had been the only estab-
lished gene responsible for arPEQO, while adPEO is a
genetically heterogeneous disease, caused by rare var-
iants in POLGI, POLG2, C10orf2, SLC25A4, OPA1 and
RRM2B. The results of this study identifying the second

responsible gene for arPEO indicate that arPEO is also a
genetically heterogeneous disease, as is the case for
adPEO.

The symptoms observed in this patient included major
depressive episodes. Frequent comorbidity of mood dis-
orders in patients of mitochondrial disease has been
generally recognized [26] and several lines of evidences
have supported the possible involvement of mitochon-
drial dysfunctions in the pathophysiology of mood

Table 3 List of novel, putatively functional and heterozygous variants in mitochondrial genes

Chromosome Position  Reference Variant Variant calling/ Gene Amino acid PhyloP  Inheritance
allele allele coverage change score

7 ) 30615756 G C 36/69 GARS  Asp256His 6.494 Paternally inherited

10 104476790 T T 14/30 SFXN2  Leu73Pro 4.906 Maternally inherited

7 100670236 C C 20/51 Fist AlaS0Pro 3.824 Maternally inherited

1 47620527 A A 3/8 MTCH2 Tyr23His 3680 Not confirmed in Sanger
sequencing

1 10286026 C G 22/46 KIF18  lle732Met 3.092 Maternally inherited

Variants with PhyloP score > 2 are listed.
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Figure 2 Relative amounts of mtDNA in skeletal muscle tissues
from the patient and four control subjects. ND1/RNaseP and
ND4/RNaseP ratios calculated by real-time quantitative PCR were
used to evaluate mtDNA levels. The mtDNA level in the patient was
comparable to those of controls. Values are relative to the average
of all four controls.

disorders [27]. So far, rare variants of POLGI, C10orf2
and SLC25A4 have been reported in inherited PEO ped-
igrees with frequent comorbidity of mood disorders
[28]. Given the typical symptoms of major depressive
disorder in the present case, RRM2B should be added to
the list of genes causal for PEO associated with mood
disorders. -

The identified P33S variant changes an amino acid resi-
due highly conserved among vertebrates. The amino-term-
inal region of p53R2, in which this altered amino acid is
located, is suggested to be crucial for interaction with p21
protein. p53R2 may contribute to DNA repair in coopera-
tion with p21 [29]. In its amino-terminal region, the
homozygous p.R41P variant was detected in a mitochon-
drial depletion syndrome case [21]. On the other hand,
other pathogenic missense variants have been located in
various sites of p53R2, including those involved in iron-
binding [18,20], those putatively crucial for homodimeriza-
tion of p53R2 [21,23] or heterotetramerization with the
RRMI1 (ribonucleoside-diphosphate reductase large subu-
nit) homodimer [18,22], and so on. The relationships
between clinical phenotypes and the properties of variants,
as well as their underlying mechanisms, should be the sub-
ject of further investigations.

Conclusions

In this study, we describe a homozygous missense var-
iant in RRM2B that is strongly suggested to cause
arPEO. We were not only able to identify the disease-
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associated variant, but could also exclude other candi-
dates (that is, variants in known PEO-related genes such
as POLGI, other mitochondrial genes in nucleic DNA
and mtDNA) using data from single exome sequencing.
This result further demonstrates the efficiency and effec-
tiveness of exome sequencing to detect causative var-
iants of rare, inherited, and genetically heterogeneous
diseases.

Materials and methods

Clinical information of the patient

The detailed clinical history, family history and laboratory
data of the studied subject are described elsewhere [4].
Briefly, a 43-year-old man presented with hearing loss,
bilateral ptosis, external ophthalmoplegia and muscle
weakness. Examinations revealed the existence of pigmen-
tary degeneration of the retina and gonadal atrophy. The
initial symptom of progressive hearing loss began at age
16 years. Depressive mood, anxiety and hypochondriacal
complaints were observed in his clinical course. His par-
ents were first cousins, he had no siblings, and no other
member of his family has a known history of neurological
illness. In the muscle biopsy, marked variation of muscle
fiber size, ragged red fibers, COX-negative fibers and mul-
tiple mtDNA deletions were detected. According to his
clinical history, family history and laboratory data, arPEO
was suspected.

The present study conformed to the Declaration of
Helsinki, and was approved by the RIKEN Wako Institute
Ethics Committee I, as well as the ethics committees of
Kagoshima University Graduate School of Medical and
Dental Sciences and other participating institutes. Writ-
ten informed consent was obtained from every subject.

Exome sequencing and data analysis

Total DNA was obtained from peripheral blood of the
patient using standard protocols. Total DNA (3 pg) was
sheared into approximately 300-bp fragments using a
Covaris sonicator (Covaris, Woburn, MA, USA). A
paired-end exome library for Illumina sequencing was
prepared using the SureSelect Human All Exon Kit (Agi-
lent) following the manufacturer’s instructions. Massively
parallel sequencing was performed using one lane of the
Genome Analyzer II (Illumina) at RIKEN Omics Science
Center by the Life Science Accelerator system. Base call-
ing was performed by the Illumina pipeline with default
parameters. Obtained reads were mapped against the
human reference genome (UCSC hg18/GRCh36) using
CLC Genomics Workbench v4.0.2 software (CLC Bio,
Aarhus, Denmark) with default parameters. Variant call-
ing was performed using the SNP and DIP detection
tools in CLC Genomics Workbench v4.0.2 with default
parameters. Analysis of ROH was performed using
PLINK software v1.0.7 [30]. The primary aim of this
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analysis was not to evaluate ROH segments precisely, but
to narrow down the list of candidate variants without
overlooking the causative variant. Therefore, we used
relatively small (1, 000 kb) sliding windows for ROH seg-
ments, did not consider local blocks of linkage disequili-
brium in the Japanese population, and did not exclude
the data of variants whose frequency was not registered
in dbSNP; those variants might not be polymorphic in
the Japanese population and possibly contributed to
extend the length of ROH. Conservation information for
the variants among 44 vertebrate species (phyloP score)
was collected from the UCSC genome browser [31].

Sanger sequencing

Sanger sequencing of PCR amplicons was performed to
confirm the detected disease-associated variant using a
3730 x L. DNA Analyser (Applied Biosystems, Foster City,
CA, USA). The primers used were: forward, 5-AGGCA-
GACAGGCTCTCAAAC-3’; reverse, 5-GGCAGAATTA-
GATGCCATTG-3.

Real-time quantitative PCR

The amount of nuclear DNA and mtDNA in the skeletal
muscle of the patient and four age- and sex-matched con-
trols (all males aged 39 to 48 years) was evaluated by real-
time quantitative PCR analysis according to the previously
validated methods [32]. Briefly, copy numbers of RNaseP
(for nuclear DNA), ND1 and ND4 (for mtDNA) were eval-
uated using the TagMan method (Applied Biosystems).
Analysis of the patient’s tissue was. performed in two inde-
pendent reactions, and each experiment was triplicated.

NDI1/RNaseP and ND4/RNuseP ratios were calculated as 2
[Ct(RNaseP)-Ct(each gene)].

Data accessibility
The sequence data from this study have been submitted
to dbGaP [33] (study accession [phs000392.v1.p1]).
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ABSTRACT

Objective: We investigated the association between glucose tolerance status defined by a 75-g
oral glucose tolerance test (OGTT) and the development of dementia.

Methods: A total of 1,017 community-dwelling dementia-free subjects aged =60 years who under-
went the OGTT were followed up for 15 years. Outcome measure was clinically diagnosed dementia.

Results: The age- and sex-adjusted incidence of all-cause dementia, Alzheimer disease (AD), and
vascular dementia (VaD) were significantly higher in subjects with diabetes than in those with
normal glucose tolerance. These associations remained robust even after adjustment for con-
founding factors for all-cause dementia and AD, but not for VaD (all-cause dementia: adjusted
hazard ratio [HR] = 1.74, 95% confidence interval [Cl] = 1.19 to 2.53, p = 0.004; AD: adjusted
HR = 2.05, 95% C! = 1.18 t0 3.57, p = 0.01; VaD: adjusted HR = 1.82, 95% Cl = 0.89 to
3.71, p = 0.09). Moreover, the risks of developing all-cause dementia, AD, and VaD significantly
increased with elevated 2-hour postload glucose (PG) levels even after adjustment for covariates,
but no such associations were observed for fasting plasma glucose (FPG) levels: compared with
those with 2-hour PG levels of <6.7 mmol/L, the multivariable-adjusted HRs of all-cause demen-
tia and AD significantly increased in subjects with 2-hour PG levels of 7.8 to 11.0 mmol/L or over,
and the risk of VaD was significantly higher in subjects with levels of =11.1 mmol/L.

Conclusions: Our findings suggest that diabetes is a significant risk factor for all-cause dementia,
AD, and probably VaD. Moreover, 2-hour PG levels, but not FPG levels, are closely associated
with increased risk of all-cause dementia, AD, and VaD. Neurology® 2011;77:1126-1134

GLOSSARY

AD = Alzheimer disease; Cl = confidence interval; DSM-IlI-R = Diagnostic and Statistical Manual of Mental Disorders,
3rd edition, revised; FPG = fasting plasma glucose; HR = hazard ratio; IFG = impaired fasting glycemia; IGT = impaired
glucose tolerance; NGT = normal glucose tolerance; OGTT = oral glucose tolerance test; PG = postload glucose; VaD =
vascular dementia. .

Diabetes mellitus is one of the most common metabolic disorders, and its prevalence has risen
globally in recent years. Some epidemiologic studies have reported that diabetes is independently
implicated in the development of dementia.!> However, these findings are inconsistent for its
subtypes; one study found an association between diabetes and the risk of both Alzheimer disease
(AD) and vascular dementia (VaD),! whereas other studies found an association with only AD?? or
only VaD,%~ and still others showed no association between diabetes and either condition.®? These
conflicting results may have been related to differences in the study designs, including the defined
criteria for diabetes and dementia subtypes, as well as in the regional characteristics and ethnicities of
the settings and subjects. Thus, accurate definitions of diabetes and dementia subtypes are needed to
ascertain the true associations between the two, and a 75-g oral glucose tolerance test (OGTT) and
morphologic examination of the brain may meet this requirement. However, to date, very few

cohort studies have had enough quality data to allow reliable diagnosis using these methods.
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To resolve these issues, we performed a
prospective cohort study of dementia in a Jap-
anese community-dwelling population, all
members of which underwent the OGTT.
The most important feature of this study is
that the subtypes of dementia were verified by
detailed neurologic and morphologic exami-
nation, including neuroimaging and autopsy.
Using data from this cohort study, we investi-
gated the association between glucose toler-
ance levels defined by the OGTT and the
development of dementia and its subtypes.

METHODS Study population. A population-based pro-
spective study of cerebro-cardiovascular diseases was begun in
1961 in the town of Hisayama, a suburb of the Fukuoka metro-
politan area of Kyushu Island in Japan. In addition, comprehen-
sive surveys of cognitive impairment in the elderly of this town
have been conducted since 1985. In 1988, a total of 1,228 resi-
dents aged =60 years (91.1% of the total population in this age
group) participated in a screening examination for the present
study. After exclusion of 33 subjects who had dementia, 90 who
had already had breakfast, 5 who were on insulin therapy, and 81
who could not complete the OGTT, a total of 1,019 subjects
withour dementia underwent the OGTT. From a total of 1,019
subjects, 2 who died before starting follow-up were excluded,
and the remaining 1,017 subjects (437 men and 580 women)
were enrolled in this study.

Follow-up survey. The subjects were followed up prospec-
tively for 15 years, from December 1988 to November 2003
(mean 10.9 years; SD 4.1 years). A complete description of the
follow-up survey is provided in appendix e-1 on the Neurology®
Web site at www.neurology.org.

Diagnosis of dementia. The diagnosis of dementia was made
based on the guidelines of the DSM-III-R.*® Subjects diagnosed
with AD met the National Instirute of Neurological and Com-
municative Disorders and Stroke—Alzheimer’s Disease and Re-
lated Disorders Association criteria'! and subjects diagnosed with
VaD met the National Institute of Neurological Disorders and
Stroke—Association Internationale pour la Recherche et
I"Enseignement en Neurosciences criteria.'? Possible or probable
dementia subtypes were diagnosed with clinical information includ-
ing neuroimaging. Definite dementia subtypes were also deter-
mined on the basis of dlinical and neuropathologic information.
The diagnostic procedure for autopsy cases was reported previ-
ously.”” A neuropathologic diagnosis of AD was made following the
National Institute on Aging—Reagan Institute criteria,' where the
frequency of neuritic plaques and neurofibrillary tangles was evalu-
ated using the Consortium to Establish a Registry for Alzheimer’s
Disease criteria’® and Braak stage.!s Definite VaD cases were con-
firmed with causative stroke or cerebrovascular change and no neu-
ropathologic evidence of other forms of dementia. Every dementia
case was adjudicated by expert psychiatrists.

During the follow-up, 232 subjects (79 men and 153
women) developed dementia. Of these, 201 (86.6%) were evalu-
ated by brain imaging, and 118 (50.9%) underwent brain au-
topsy; in 110, both were performed. Thus, 209 subjects in all
(90.1%) had some kind of morphologic examination. Among
the 118 autopsy cases, the clinical diagnosis of 42 cases (35.6%)

was changed by the neuropathologic findings. Among all de-
mentia cases, 18 AD cases and 11 VaD cases had other coexisting
subtypes of dementia. These cases were counted as events in the
analysis for other dementia. In all, 105 cases were categorized as
AD, 65 as VaD, and 62 as other dementia.

Risk factor measurement. At the baseline examination, we
performed the OGTT after an at least 12-hour overnight fast.
Plasma glucose levels were determined by the glucose-oxidase
method. Glucose tolerance status was defined by the 1998
WHO criteria’”: normal glucose tolerance (NGT), fasting
plasma glucose (FPG) <6.1 and 2-hour postload glucose (PG)
<7.8; impaired fasting glycemia (IFG), FPG 6.1 to 6.9 and
2-hour PG <7.8; impaired glucose tolerance (IGT), FPG <7.0
and 2-hour PG 7.8 to 11.0; and diabetes, FPG =7.0 mmol/L or

. 2-hour PG =11.1 mmol/L. Each of the FPG and 2-hour PG

level was also divided into 4 categories (FPG: <C5.6, 5.6 to 6.0,
6.1 10 6.9, and =7.0 mmol/L; 2-hour PG: <6.7, 6.7 t0 7.7, 7.8
to 11.0, and =11.1 mmol/L). -

In order to assess the independent effects of glucose tolerance
levels on dementia occurrence, the following baseline factors in ad-
dition to age and sex were used as confounding factors: 1) informa-
tion on smoking habits, alcohol intake, and physical activity was
obtained by means of a questionnaire administered to each subject;
2) a low education level was defined as =6 years of formal educa-
tion; 3) history of stroke was determined on the basis of all clinical
dara available in the Hisayama Study; 4) hypertension was defined
as blood pressure levels =140/90 mm Hg or current treatment with
antihypertensive agents; 5) EKG abnormalities were defined as left
ventricular hypertrophy (Minnesota Code 3-1), ST depression (4-1,
2, or 3) or atrial fibrillation (8-3); 6) serum total cholesterol levels
were measured enzymatically; and 7) body mass index (kg/m?) and
waist to hip ratio were used as indicators of obesity.

Statistical analysis. The SAS software package, version 9.2
(SAS Institute, Cary, NC), was used to perform all statistical
analyses. Age- and sex-adjusted mean values of possible risk fac-
tors were calculated by the analysis of covariance method. Fre-
quencies of risk factors were adjusted for age and sex by the
direct method. The differences in the mean values and frequen-
cies of risk factors between NGT and other glucose tolerance
levels were tested using Fisher least significant difference method
and logistic regression analysis, respectively. The incidence of
dementia was calculated by the person-years method and was
adjusted for age and sex by the direct method using 5-year age
groups of the overall study population; the differences among
glucose tolerance levels and trends across FPG and 2-hour PG
levels were tested using Cox proportional hazards model. The
adjusted hazard ratios (HRs) and their 95% confidence intervals
(CIs) were also calculated using the Cox proportional hazards
model. Missing values of waist to hip ratio (n = 27) and educa-
don (n = 12) were replaced with the means in the multivariate
analysis. The population attributable fraction of combined cate-
gory of IGT and diabetes for dementia was calculated using the
following equation with the observed multivariate-adjusted HR
of the combined category and its frequency in event cases (Pe)'®:

PAF = Pe (HR — 1)/HR
Two-sided p < 0.05 was considered statistically significant

in all analyses.

Standard protocol approvals, registrations, and patient
consents. This study was conducted with the approval of the
Kyushu University Institutional Review Board for Clinical Re-
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Table 1 Age- and sex-adjusted mean values or frequencies of potential risk factors for dementia according
to the 1998 WHO criteria: The Hisayama Study, 19882

: N;é}'njal‘glﬁciose : Impalredfastmg . ,Impalredglucose L No. of
 tolerance - . ‘glycemia -tolerance - Diabetes. missing
. i : =859 . =73 (h=235) ~(n=150) values
Age, y, mean (SD) 68(6) ‘ 70 (6) 69 (6) 69 (6) 0
Mene ' 0 R e R g e
Fasting plasma glucose, mmol/l-. . 53 (0 9) 6.4 (0.9 " B8 (0.9)° 7.7 (0.9 o}
mean (SD) ‘
,Two-hourpostloadg!ucose,   : '5::‘9(2'.'2) .59 (2.2); o soR2r 149220 0
~m olIL,mean(SD) e SR e R ’ g :
Systolic blood pressure, mm Hg, 133(21) 141 (218 143 (21)¢ 145 (21)° .0
mean (SD) . 3
Diastolick blood pressure, mm Hg, 75 (iO)T: 78100 78 oy 77 (10P 0
mean(SD) : Ll e e . : T
Hypertension, %¢ ; 438 66.7° 63.2° 62.2¢ 0
i Elect ocardcogram abnormahtnes, %{' 206 e 317 . S 188 : 218 [o}
Bodymassmdex.kg/m mean(SD) 21.8(3.0) 22.2{3.0) 23.2(3.0)° 23.2(3.0 o]
Waisttohipratio,cm/cm,mean(sn)  091(007)  093(007°  093(0.07F 094(0.07¢ 27
*Total cholesterol mmoIIL, mean (SD) 5.3(11) 55(1.1) 54(1.1) - B7(1ar 0
'"'Hlstoryofstrokeatentry,% 33 : e 3:5\ L 59 e .83 0
Education <6y, % 10.3 . 125 139 : 11.3 12
- Smoking.% . 235 238 235 227
Alcohol intake, % 234 - 29.0 277 '34.8°
 Physicalactivity,% 202 228 168 147 0

® Mean age was sex adjusted. Percentage of men was age adjusted. Electrocardiogram abnormalities were defined as

Minnesota Code 3-1, 4-1, 4-2, 4-3, or 8-3.
b p < 0.05 vs normal glucose tolerance.
¢ p < 0.01 vs normal glucose tolerance.

< Hypertension: blood pressure =140/90 mm Hg or current use of antihypertensive agents.

search, and written informed consent was obtained from the
participants.

RESULTS Table 1 shows the age- and sex-adjusted
mean values or frequencies of risk factors for demen-
tia by the WHO criteria at baseline. Compared with
those with NGT, the mean values of systolic and
diastolic blood pressures, body mass index, waist to
hip ratio, and total cholesterol, and the frequencies of
hypertension and alcohol intake, were higher in sub-
jects with IFG, IGT; or diabetes.

~ The age- and sex-adjusted incidences and ad-
justed HRs of all-cause dementia and its subtypes
according to glucose tolerance status defined by the
WHO criteria are shown in table 2. Compared with
those with NGT, the age- and sex-adjusted incidence
and HR of all-cause dementia were significantly
higher in subjects with IGT as well as those with
diabetes. This association remained unchanged in
subjects with diabetes even after adjustment for age,
sex, hypertension, EKG abnormalities, body mass in-
dex, waist to hip ratio, total cholesterol, history of
stroke at entry, education, smoking habits, alcohol
intake, and physical activity. In regard to subtypes of
dementia, the age- and sex-adjusted incidence and
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adjusted HRs of AD were significantly higher in sub-
jects with diabetes than in those with NGT. The
age- and sex-adjusted incidence and HR of VaD
were significantly increased in subjects with IGT or
diabetes compared with those with NGT; however,
these associations were not significant after multi-
variable adjustment. No significant associations were
observed between glucose tolerance levels and the
risk of other dementia. When IGT and diabetes were
brought together in one category, this category also had
the significantly higher risks of all-cause dementia, AD,
and VaD in the age- and sex-adjusted analysis, and
these associations remained significant for all-cause de-
menta and AD even after adjustment for other possible
risk factors. The population attributable fraction of this
combined category was 14.6% for all-cause dementia,
20.1% for AD, and 17.0% for VaD.

Table 3 presents the associations between FPG
levels and adjusted risks of all-cause dementia and its
subtypes. The age- and sex-adjusted incidences and
HRs of all-cause dementia and any of the dementia
subtypes did not differ among FPG levels. This ten-
dency was unchanged even in the multivariate analy-
sis. Conversely, as shown in table 4, the age- and
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Table 2 Age- and sex-adjusted incidence and adjusted hazard ratios and their 95% confidence intervals for the
development of all-cause dementia and its subtypes according to glucose tolerance status defined by
WHO criteria
Glucose Pérébn o.of  Age-and e Age-and ' Multivariable-
toler: .years . events, sex-adjusted CrudeHR = . sex-adjusted . adjusted® = oo
level  atriskn n incidence  (95%Cl)  p  HR(95%C)  p  HR(95%C)  p
VAIl-cause‘ ‘ ‘
- dementia :

Normal 6,658 115 201 J‘.:(Vréfkerent)' : ‘ J.(feférént)"Af - S - 1(referent)

F6 854 13 160 0.89(050-1.58) 070 074(0.42-131) 030 063(0.35-113) 012
16T 2611 63 249 146(107-199) 002 140(103-191) 003 135(098-186) 007

DM R 1544 41 203 162(114-232) 0008 171(1.18-244) 0.003 174(1.18-253) 0.004
© IGT+DM 4155 104 263 152(117-196) 0.002 151(116-197) 0002 146(110-1.92) 0.008
B S et ; e veherc i g : ,
disease - .

Normal 6658 51 86  ilefereny  ifeferent)  Lleferent)

IFG  gs4 5 66 , 077(031-194) 058 063(0.25-157) 032 061 (0.24-155) 0.29
6T 2611 20 117 | 153(097-241) 007 146(0.92-230) 011 160(0.99-259) 0.05

DM 1544 20 142 181(1.08-303) 0.03 1.94(1.16-326) 001 205(118-357) 0.01
IGT+DM 4155 49 125  163(110-241) 001 162(110-240) 002 173(1.15-260) 0.009
i o ; X ! 3 ; / 2 4
_ dementia .

. Normal 6658 27 51 Lfreferent) Lheferent)  dlreferent)

IFG 854 6 71 176(0.73-426) 021 140(058-341) 046 1.01(0.41-252) 0.98
leT 2611 20 78 195(1.09-347) 002 186(105-332) 004 139(0.76-254) 020
DM 1544 12 }3.7‘ ’2.06(1.01-3.95) 004 207(105-409) 004 1.82(0.89-371) 0.09
IGT+DM 4155 32 79 197(118-320) 001 194(116-323) 001 154(090-263) 011
= ; , : o Rt ot D ; &
dementia
\Ndl"m&“‘ 6,658 C 37 64 : 1 (referent) 1 (referent) S dfreferent)

IFG g4 2 22 042(010-175) 023 036(009-151) 016 0.34(0.08-1.44) 014
16T 2811 14 55  099(054-184) 099 096(0.52-178) 090 094(0.49-178) 084
oM 1544 9 65 108(0.52-224) 083 110(0.53-228) 0.80 119 (0.56-252) 0.66
_IGT+DM 4155 23 58 103(061-1.73) 092 1.01(0.60-170) 097 087(057-167) 051

Abbreviations: Cl = confidence interval; DM = diabetes mellitus; HR = hazard ratio; IFG = impaired fasting glycemia; IGT =
impaired glucose tolerance.
2 Multivariate adjustment was made for age, sex, hypertension, electrocardiogram abnormalities, body mass index, waist to
hip ratio, total cholesterol, history of stroke at entry, education, smoking habits, alcohol intake, and physical activity.

sex-adjusted incidences and HRs of all-cause demen-
tia, AD, and VaD significantly increased with rising
2-hour PG levels. Compared with those with 2-hour
PG levels of <6.7 mmol/L, the age- and sex-adjusted
incidences and HRs of all-cause dementia, AD, and
VaD were marginally or significanty higher in subjects
with 2-hour PG levels of 7.8 to 11.0 mmol/L and sig-
nificantly higher in subjects with 2-hour PG levels of
=11.1 mmol/L. These associations remained robust
even after multivariable adjustment; the risks of all-
cause dementia and AD were significantly increased in
subjects with 2-hour PG levels of 7.8 to 11.0 mmol/L
and over, and the risk of VaD was significantly higher in
those with 2-hour PG levels of =11.1 mmol/L.
Sensitivity analysis in which only definite cases of
dementia determined by brain autopsy were used as

event cases did not make any material difference in
these findings, except with respect to VaD, for which
the significant association disappeared, probably due
to the few event cases (table 5). When only clinical
diagnoses were used for cases with both clinical and
neuropathologic diagnoses, the findings were sub-
stantially unchanged, though the HRs became
slightly lower probably due to the decreased accuracy
of diagnosis (tables e-1, e-2, and e-3).

DISCUSSION In a long-term prospective study of
an elderly Japanese population, we demonstrated
that diabetes that was assessed 15 years earlier was
a significant risk factor for the development of all-
cause dementia, AD, and VaD. Moreover, the
risks of developing all-cause dementia and its sub-
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Table 3

Féétmg Mt ay i e :
~ plasma ';~‘;Person- No.of Age- and - Age-and . Multivariable-
: glucose years:: events, . sex-ad_;usted Crude HR " sex-adjusted - " adjusted®
levels: - atrisk, ‘n noo0 mc:dence , (95% Cl) “p HR(95%Cl) . p HR(95% ch P
All-cause T '
dementia )
<56 5,589 : 101 207 1(referent) o 1(referent). 1 (referent) .
56-60 3286 71 251 1.24 (o.él—i.es) 047 121(0.89-164) 022 118(0.86-161) 031
6169 1724 39 216 113(091-191) 014  113(0.78-164) 052 096(0.65-141) 082 -
=70 1,067 21 223 121(0.70-1.79) 064 1.14(0.71—1.82) 0.60 1.21(0.75-1.96) 0.44
: e g bfortrend:023 pfortrend:0.42 - pfortrend:0.63
Alzheimer o '
disease .
<56 ‘5,5‘89 S48 10‘.'1 ; i 1'(rféfe'rent) q : 1(r§fei'ent)~ oo A(referent) ‘
56-60 3286 30 103 111(070-1.74) 067 114(0.72-1.80) 058 111 (0.69-1.77) 0.68
61-69 1724 = 16 - o1 . 115(065-202) 064 1.00(0.57-1.77) 099 099 (0.49-1.64) 0.72
=70 1,067 11 119 123 (0.64-2.37) 053 1.29(6.67—2.48) 0.45 ‘1.41 (0.72-2.76) 0.32
: s : -~ pfortiend: 0.47 - pfortrend: 0.56 p for trend: 0.58
Vascular ‘
! dementia
<56 . 5589 ' 24 : 49 1 (referent): 1(referent) = ’ 1 {referent)
5.6-6.0 3,286 19 87 1.38(0.76-252) 029 129 (0171;2,36) 0.41 119(0.64-219) 0.58
'6.1-5'.9‘ ;1,‘7243 o170 87 - 2.40(1.29-4.47) 0.006 1.93'(1.03‘-3;61) 0.04 1.48(0.77-2.84) 0.24
=7.0 i,os7' 5 5.2 112(0.43-293) 082 1.10(0.42-2.89) . 0.84 ’0.99(0"37—2.69) 0.99
: : i pfor,tn’eihd: O.io, : P fbrtrépgji 019 pfdrtren,d‘: 049
Otﬁer ’ J
dementia )
<56 5589 29 57  1feferent) 1 (referent)  ilreferent)
5.6-6.0 3,286 22 81 133(0.76-2.31) 0.32 1.27(0.73-2.21) 040 1.21(0.68-216) 0.51
6169 1724 6 38 069(0.29-167) 042 060(0.25-1.45) 026 053(022-131) 017
=7.0 5 52 o.é2(0.36-2.37) 0.86 0.91(0.35—2.36) 0.85 1.02(0.39-267) 097

Age- and sex-adjusted incidence and adjusted hazard ratios and their 95% confidence intervals for the
development of all-cause dementia and its subtypes according to fasting plasma glucose levels

1,067

~pfor treﬁd:yO‘BB' o

: pfortrehdéo.sé i

P fo:r‘trend: 0.52
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Abbreviations: Cl = confidence interval; HR = hazard ratio.

2 Multivariate adjustment was made for age, sex, hypertension, e!ectrocardxogram abnormalities, body mass index, waist to
hip ratio, total cholesterol, history of stroke at entry, education, smoking habits, alcohol intake, and physical activity.

types progressively increased with elevating 2-hour
PG levels.

In prior prospective epidemiologic studies, there
have been conflicting results regarding the associa-
tions between diabetes and incidences of all-cause de-
mentia and AD, while the influence of diabetes on
the risk of VaD has been positive in most studies.>*~7
Cohort studies in which diabetes was defined by
nonfasting blood glucose levels or clinical informa-
tion did not reveal clear associations of diabetes with
the development of all-cause dementia and AD,*-8
while the risks of dementia and its subtypes signifi-
cantly increased in diabetes in some studies, most of
which defined diabetes using the OGTT."? The lat-
ter findings were in accord with ours. This fact sug-
gests that differences in the methods used to define
diabetes lead to a discrepancy in the association be-
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tween diabetes and the risk of dementia, especially
AD, and that an OGTT is essential for the definition
of diabetes in epidemiologic studies on the diabetes—
dementia association.

In our study, the incidence of VaD was signifi-
cantly higher in subjects with IGT or diabetes than
in those with NGT, but this association disappeared
after adjustment for other covariates. This might oc-
cur due to the few VaD cases. In addition, since
other known cardiovascular risk factors, such as hy-
pertension, obesity, and dyslipidemia, accumulate
under a prediaberic or diabetic state, as shown in our
data (table 1), IGT and diabetes seem to increase the
risk of VaD through mediation of these risk factors,
especially hypertension.

In the present study, increased 2-hour PG levels
including a prediabetic range were significantly
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Table 4

development of all-cause dementia and its subtypes according to 2-hour postload glucose levels

on- | No.of Age— and : g
a ,events, sex-ad_;uste - Crude HR : ﬂ,sex—adjusted adjusted® o
/ 3 . n. b mcldence - (95% Cl) P . ;’HR (95% Cl) ~HR (95% cy i)
'Arll-eause R L
dementna
8 ‘, <67 5354 85 L ‘1;7‘6‘ : i‘(re'ferent)‘ o 1(révferent),,f \Vl(referent)i . g
6.7-7.7 2,277 44 20.9 1.20(0.84-1.73) O.Sé 1.25{0.87-1.80) 0.24 116(0.78-1. 71) 0.47 )
781102844 67 247 . 153(111-211) 0009 154(112-212) 0009 1.50 (L. 07-211) 002
;11.1 1,19é ’ 36 32.8 2.08(1.41-3.07) <0.001 2.32 (1.57-3.44) <0.001 2.47(1.62-3.77) <0 001
w & . ! s pfor trend <0 001 pfortrehdﬁ <0001 el p’fortre“nd:’ <,Q.001 -
Alzheimer . '
disease
<67 5,354 37 76 1 referent) & ‘1(referen1‘:); : ’ ‘ E '1 (referent) :
6.7-7.7 ’2,277 20 88 1.25(0.73-2.16) 0.41 . 1.23 (0.71-212) 0.46  1.49(0.83-2. 67) 0.17
«7.&?11’;0:1 2844 30 113 159(098-257) 006 1.56(0.96-253) '~ ,0.077 187(113-312) 002
=111 1,192‘ '18 158 2744 {(1.39-4.29) 6.002 275 (1.56—4.85) <°.001 342 (183—6.40) <0.601
; ‘. pfor trend: 0.002 pfyortreh:d:“<Q."001‘ S :p‘f‘o‘rtre‘n'd: '{b.VOOl
Vascelar . s ‘ ‘ -
dementia
<67 5354 21 46 1(referent) : 1(refererif)j‘,;"‘ - (referent)
6.7-7.7 2277 12' 8.3 ’ 1.33 (0.55-2.;70) 0.43 14:-9 (0. 73;3 04)  0.27 114 (0.54-2. 41) 0.73
| 78-110 2844 20 72 183(099-338) 005 18701 01-3 45) 1004 138(0.72-264) 034
2111 1,192 12 11.2 2.75(1.35-5.60) 0.005 315 (1. 55 -6.43) 0.002 266 (i.24~5.70) 0.01 -
: : o ‘ : pf‘ortr:end: 0.004 - Tpfortrend 0002"'; " pfortrend: 0.0:2 ‘ :
' Other o ' : h ‘
dementia ) :
<67 5354 270 54 1 (referent) V'ln(ryefereht) s ‘1(referent) : i
6.7-7.‘7: 2277 12 58 104 (d.52-2,04) 0.82 A 1.08(0.55;2.15) ) Q.82 0.86(0.40-1.84) 0.70
781102844 17 62 121(066-223) 053 121(066-223) 053 114(060-216) 069
=111 ’ 6 1.05 (0.44-2.55) 091 112 (0,46’-‘2.71) 1.21 (0.48—3.04)’ 0.69

1192 5.8
i ; 'b;f’o‘r trend: 0.65

Abbreviations: Cl = confidence interval; HR = hazard ratio.

 Ageand

p‘for,“'trehd: 059

081

Age- and sex-adjusted incidence and adjusted hazard ratios and their 95% confidence intervals for the

Multivariables

p for trend: 0.59

@ Multivariate adjustment was made for age, sex, hypertension, electrocardiogram abnormalities, body mass index, waist to
hip ratio, total cholesterol, history of stroke at entry, education, smoking habits, alcohol intake, and physical activity.

linked to elevated risks of all-cause dementia, AD,
and VaD, but no such associations were observed for
FPG. The epidemiologic evidence from Asia has also
indicated that 2-hour PG levels are better in detect-
ing prediabetes and diabetes compared with FPG lev-
els.’® However, very few prospective studies have
investigated the associations between FPG as well as
2-hour PG levels and the risks of dementia and its
subtypes. Only the Uppsala Longitudinal Study of
Adult Men evaluated the associations of FPG levels
with the risks of developing AD and VaD,*?! and
this study concluded that increased FPG levels were
not risk factors for these subtypes of dementia. This
is in good agreement with our findings. The Uppsala
Study® and the Honolulu-Asia Aging Study! also
found no clear associations between 2-hour PG levels
and the risks of AD and VaD. These findings are

inconsistent with ours. Qur recent clinicopathologic
study of deceased Hisayama residents revealed that
higher levels of 2-hour PG but not of FPG were
clearly associated with increased risk for formation of
neuritic plaques even after adjustment for confound-
ing factors.?* This evidence together with the find-
ings of the present study suggests that elevated
2-hour PG levels play an important role in the for-
mation of neuritic plaques, and thereby in the devel-
opment of AD. Meanwhile, it is well known that
increased 2-hour PG levels are closely associated with
the development of stroke, which is well established
as a main cause of VaD. Thus, it is reasonable to -
postulate a close association between 2-hour PG lev-
els and the risk of VaD.

Possible pathophysiologic mechanisms through
which diabetes or elevated blood glucose levels might
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Table 5 Age- and sex-adjusted hazard ratios and their 95% confidence intervals for the development of all-
cause dementia and its subtypes determined by autopsy according to 2-hour postload glucose levels

- 2-Hour postload ' - -

=111

- : pfdrtréhd:b.gg S

p for trend: 0.88 -

cenn Sl e Age-and. :
glucose Person-years . No.of "  CrudeHR i sex-adjusted .
. Ieﬁye!sf - ’ atrisk; n o e‘vents‘,n‘,f’ (95% Ql) : P HR (95% ClI) P
All;causs‘démentia ‘ '
<67 : ‘5,35‘4 ‘ . 47 1(re‘fér‘ér:if)~ : ’ - 1{referent)
6.7;7.7 ‘ 2,277 ’ 23 1.14(0.69-1.88) 0.61 1.24(0.75-2.05} 0.39
7.8-11.0° 2844 29 119(0.75-1.89) 047 - 1.20(0.76-1.91) 0.44
=111 A 1,192 19“ 1.94’(1.1’4-‘3‘.31) 6.01 ’ 2.24 (1.31-3.83} 0.003
- : o - p for trend: 0.04 ! p for trend: 0.02
Alzheirﬁer disea’se ‘ ‘
67 5354 iiirgg i(referént) o ifreferent)
6.7—7.7 2,277 ‘ 7 1.35(0.53-3.44) 0.53 ‘ 1.4(j (0.55-3.56) 0.48
78410 2844 12 194(087-433) 010 192(086-426) 041
,‘ =111 ‘ 1,225 8 ‘ 3.27 (1.34-;8'00) . 0.008 © 3.88(1.58-9.53) 0.003
p for trend: 0.009 o * pfortrend: OAQOS'
Vascular dementia ' ' ‘ '
<67 ‘ : - 5,354’ 17 ; 11(re’f‘ereryit) . 1(referer¥t)
6.7-7.7 2277 ‘ ’ - 1.09 (6.47-2,54) : 0.83‘ 1.23 (0.53-2.86) 0.63
7.8-11.0 2844  090(0.33-209) 081 092(040-212) . 084
;211.1 1,192 1.8 (0.82-4.77) 0.13 ‘ 2,32 (0.96-5.61) 0.06
i ‘ g b‘fortre‘h‘d: 0)36' *pfortrend: 0.26
Otheryden"aénfia ‘ - ‘
: <67 : 5354 : 18 o ;(r‘e‘ferent)‘ E k 1 {referent)
‘6.‘7-7’.7 2,277 8 1.04 (d.45—2.39) 0938 1.17(0.51-2.70) 0.72
78110 2844 9 - 096(043-214) 092 - 088(0.44-219) 097
1,192 ‘ 4 1.04 (0.35-3.07) 095 1.16 (0.39—3‘43) 0.79

Abbreviations: Cl = confidence interval; HR = hazard ratio.

affect the initiation and promotion of dementia have
been extensively discussed in a number of studies.?> A
recent review summarized 4 major pathways for
hyperglycemia-induced dementia: namely, athero-
sclerosis, microvascular disease, glucose toxicity lead-
ing to the accumulation of advanced protein
glycation and increased oxidative stress, and changes
in insulin metabolism resulting in an insulin-
resistant state and distorted amyloid metabolism in
the brain.?® The former 2 pathways are considered to
be involved in the development of VaD, while the
latter 2 pathways may mainly contribute to the devel-
opment of AD. Additionally, recent evidence has
emerged to imply that vascular factors may be in-
volved in AD.?* It is reported that 2-hour PG values
can be a good marker of oxidative stress levels arising
from hyperglycemia®?> and correlate with insulin re-
sistance.?s Higher oxidative stress and insulin resis-
tance may precede the accumulation of amyloid-8
peptide and neurofibrillary tangles*?” and accelerate
arteriosclerosis in the brain,?® resulting in increased
risk of AD and VaD. It is known that Asians have
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lower levels of insulin secretion compared with other
ethnic groups® and can develop diabetes, insulin re-
sistance, and metabolic syndrome with lower body
mass index levels.*® These findings suggest that hy-
perglycemia plays a larger role in the development of
dementia compared with insulin resistance in Asians
including Japanese. Further studies are needed to
elucidate the pathogenesis of hyperglycemia and dia-
betes in the development of dementia.

The strengths of our study include its longitudi-
nal population-based study design, use of OGTT for
determination of glucose tolerance levels in all sub-
jects, long duration of follow-up, perfect follow-up
of subjects, and morphologic examination of the
brains of most dementia cases with autopsy and neu-
roimaging. Several limitations of our study should be
noted. First, the diagnosis of glucose tolerance status
was based on a single measurement of glucose levels
at baseline, as was the case in most other epidemio-
logic studies. During the follow-up, risk factor levels ,
were changed due to modifications in lifestyle or
medication especially in subjects with diabetes, and
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misclassification of glucose tolerance categories was
possible. This could have weakened the association
found in this study, biasing the results toward the
null hypothesis. Therefore, the true association may
be stronger than that shown here. Second, some sub-
33 to 65) did not participate in the
follow-up surveys of cognitive function performed in
1992, 1998, and 2005, and their cognitive condi-
tions were evaluated only by mail or telephone. This

jects (n =

might have resulted in failure to detect dementia
cases. However, we also collected information on the
development of dementia in another way, namely
through the daily monitoring system established in
the town. Thus, we believe that we detected almost
all dementia cases, and this bias did not affect our
findings. Third, the diagnosis of dementia was veri-
fied by autopsy only in 50.9% of dementia cases,
resulting in a certain degree of subtype misclassifica-
tion; agreement rate between clinical diagnosis and
neuropathologic diagnosis was not high (64.4%) in
our autopsy cases of dementia. However, a sensitivity
analysis using only definite cases of dementia deter-
mined by brain autopsy did not make any material
difference in our findings.

Our findings emphasize the need to consider-dia-
betes as a potential risk factor for all-cause dementia,
AD, and probably VaD. The other main finding,
that elevated 2-hour PG levels are closely associated
with increased risks of all-cause dementia and its sub-
types, supports the view that postprandial glucose
regulation is critical to prevent future dementia. Fur-
ther investigations are required to clarify the associa-
tions between 2-hour PG levels by the OGTT and
subtypes of dementia in other ethnic populations.
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| Association of Alzheimer disease pathology

-with abnormal lipid metabolism
| The Hisayama Study

ABSTRACT

Objective: The relationship between lipid profiles and Alzheimer disease (AD) pathology at the
population level is unclear. We searched for evidence of AD-related pathologic risk of abnormal
lipid metabolism.

Methods: This study included brain specimens from a series of 147 autopsies performed between
1998 and 2003 of residents in Hisayama town, Japan (76 men and 71 women), who underwent
clinical examinations in 1988. Lipid profiles, such as total cholesterol (TC), triglycerides, and
high-density lipoprotein cholesterol (HDLC), were measured in 1988. Low-density lipoprotein
cholesterol (LDLC) was calculated using the Friedewald formula. Neuritic plagues (NPs) were as-
sessed according to the Consortium to Establish a Registry for Alzheimer's Disease guidelines
(CERAD) and neurofibrillary tangles (NFTs) were assessed according to Braak stage. Associations
between each lipid profile and AD pathology were examined by analysis of covariance and logistic
regression analyses.

Results: Adjusted means of TC, LDLC, TC/HDLC, LDLC/HDLC, and non-HDLC (defined as TC-
HDLC) were significantly higher in subjects with NPs, even in sparse to moderate stages
(CERAD = 1 or 2), compared to subjects without NPs in multivariate models including APOE 4
carrier and other confounding factors. The subjects in the highest quartiles of these lipid profiles
had significantly higher risks of NPs compared to subjects in the lower respective quartiles, which
may suggest a threshold effect. Conversely, there was no relationship between any lipid profile
and NFTs.

Conclusion: The results of this study suggest that dyslipidemia increases the risk of plaque-type
pathology. Neurology® 2011;77:1068-1075

GLOSSARY

AD = Alzheimer disease; CERAD = Consortium to Establish a Registry for Alzheimer's Disease; Cl = confidence interval;
HDLC = high-density lipoprotein cholesterol; LDLC = low-density lipoprotein cholesterol; NFT = neurofibrillary tangle; NP =
neuritic plaque; OR = odds ratio; TC = total cholesterol; TG = triglycerides.

To elucidate the association of lifestyle diseases with Alzheimer disease (AD) pathology, a
large-scale, population-based clinicopathologic study is required. Since 1961, we have been
conducting a long-term prospective cohort study of cerebro-cardiovascular diseases in the town
of Hisayama, a suburb of Fukuoka City in Japan. Careful surveillance of cognitive impairment
was started from 1985, which was carried out through a daily monitoring system established by
the study team, local practitioners, and the town government. In a series of studies, we have
reported the incidence and survival of dementia,! and trends in the prevalence of AD and
vascular dementia.? These studies indicate that the prevalence of AD is increasing at an acceler-
ating pace in parallel with an increase of metabolic disorders. Recently, we also reported that insulin
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resistance is associated with the plaque-type pa-
thology of AD,? even though there are some
controversial findings.%>

Along with insulin resistance and diabetes,
dyslipidemia is an important metabolic disor-
der. In humans, however, there are few studies
regarding the association between dyslipidemia
and AD-related pathology.” In this study, to
clarify the relationship between abnormal lipid
metabolism and AD, we searched for evidence
of AD-related pathologic risk by examining the
associations between lipid profiles and the typical
AD-related pathologic outcomes, neuritic plaques
(NPs) and neurofibrillary tangles (NFTs).

METHODS Subjects. The design of the Hisayama Study
has been described in detail elsewhere.?#-'* In the present study,
we examined a series of autopsy samples of Hisayama residents
from October 1, 1998, to March 31, 2003. During this period,
290 residents in Hisayama died and 214 were autopsied (autopsy
rate 73.8%). The clinical data for the present study were col-
lected from a clinical examination performed in 1988, as de-
scribed previously.? Briefly, of a total of 3,227 residents aged
4079 years included in the study registry, 2,587 (participation
rate, 80.2%) took part in a clinical examination in 1988. Of the
214 autopsy cases, we excluded 3 subjects whose brain specimens
were inadequate for evaluation, and 64 subjects who did not
complete the fasting blood protocol in 1988. Finally, 147 sub-
jects who underwent both the fasting blood protocol and brain
autopsy were included in the present study. None of the 147
subjects showed signs of dementia at the clinical examination in
1988. The study subjects mostly overlapped with those in our
previous study, in which we reported the association of insulin
resistance with the plaque-type pathology of AD.?

Standard protocol approvals, registrations, and patient
consents. The study was approved by the Ethics Commitree of
the Faculty of Medicine, Kyushu University, and was performed
- in accordance with the ethical standards described in the 5th
revision of the Declaration of Helsinki, 2000. Written informed
consent was obtained from all study subjects.

Risk factors. In the clinical examination performed in 1988,
blood samples were collected on the morning after an overnight
fast. We used values of total cholesterol (TC), low-density lipo-
protein cholesterol (LDLC), high-density lipoprotein cholesterol
(HDLQ), wiglycerides (TG), TC/HDLC, LDLC/HDLC, and
non-HDLC as lipid profiles. Levels of TC, HDLC, and TG
were determined enzymatically. LDLC was calculated using the
Friedewald formula (LDLC = TC — HDLC — TG/5)." Non-
HDLC was defined as non-HDLC = TC ~ HDLC. Other risk
factors were also measured as described previously.? APOE geno-
typing was determined by direct sequencing. The homozygous
€4 genotype was not found among these participants, and those
who carried one copy of the €4 allele were categorized as APOE
€4 carriers.

Assessment of neuropathologic changes. Brain specimens
in each case included the middle frontal gyrus, superior and mid-
dle temporal gyri, inferior parietal lobule, anterior cingulated
gyrus, amygdala, hippocampus with entorhinal and transento-

thinal cortex, calcarine cortex, basal ganglia including the nu-
cleus basalis of Meynert, thalamus, substantia nigra, locus
ceruleus, and dorsal vagal nucleus. Sections were routinely
stained using hematoxylin-eosin, Kliiver-Barrera stain, and a
modified Bielschowsky method. Specimens from each subject
were immunostained with antibodies against phosphorylared tau
(AT8, mouse monoclonal, 1:500; Innogenetics, Belgium). The
assessment of AD pathology was conducted according to the
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) guidelines' and to Braak stage.’>! For the pathologic
assessment of cerebrovascular diseases, any type of cerebral
infarction or hemorrhage was recorded according to gross ex-
amination and microscopic assessment, regardless of clinical
features.

Statistical analyses. Mean or geometric mean values of con-
tinuous data among the NP or NFT groups were adjusted for age
and sex and compared by analysis of covariance. Proportions of
categorical data were adjusted for age and sex by direct method
and compared by logistic regression analysis. We also used logis-
tic regression analysis to determine relationships berween risk
factors and pathologic outcome, which are expressed as odds
ratios (OR) and 95% confidence intervals (CI). Model 1 was
adjusted for age and sex. Model 2 was adjusted for model 1 plus
systolic blood pressure, fasting blood glucose levels, fasting insu-
lin levels, body mass index, smoking habit, regular exercise, and
cerebrovascular disease. Model 3 was adjusted for model 2 plus
APOE €4 carrier.

Each lipid profile was divided into 4 groups to compare the
risk of NPs among quartiles. Missing values (2 for LDL choles-
terol, 1 for fasting insulin levels, 7 for APOE €4 carrier, and 1 for
the grading of Braak stage) were excluded from the analysis. In
addition, subjects were divided into high or low groups at the
boundary of the most unfavorable quartile to compare the risk of
NPs. Significance was defined as p < 0.05.

RESULTS The demographic characteristics of the
study subjects at clinical examination are described in
table 1. The mean age at death was 76 years in sub-
jects without NPs (CERAD = 0) and 83 years in
those with NPs (CERAD = 1 to 3). There was no
clear selection bias regardless of autopsy, according to
a comparison of demographic characteristics between
our study subjects and those who did not undergo
autopsy (data not shown). After the clinical examina-
tion in 1988, 34.0% (o = 50) of subjects developed
26) were
Alzheimer-type dementia, 13.6% (n = 20) were vas-

dementia; specifically, 17.7% (n =

cular dementia, and 2.0% (n = 3) were mixed-type
dementia.

The frequencies of NPs were categorized into the
following 4 groups by CERAD criteria: 32.0% (n =
47) for none (score 0), 15.7% (n = 23) for sparse
(score 1), 15.0% (n = 22) for moderate (score 2),
and 37.4% (n = 55) for frequent (score 3). The ex-
tent of NFTs was classified into the following 4
groups by Braak stage: 13.0% (n = 19) for stage 0,
17.8% (n = 26) for stage I to I1, 43.8% (n = 64) for
stage I1I to IV, and 25.3% (n = 37) for stage V to
VL. Prevalence of cerebrovascular disease at autopsy
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