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Abstract

Brain aging is characterized by the formation of neurofibrillary tangles (NFT) and senile plaques (SP) in both cognitively intact
individuals and patients with Alzheimer's disease (AD). The ubiquitous presence of these lesions and the steady increase of the prevalence of
dementia up to 85 years have strongly supported a continuum between normal brain aging and AD. In this context, the study of
nonagenarians and centenarians could provide key informations about the characteristics of extreme aging. We provide here a detailed review
of currently available neuropathological data in very old individuals and critically discuss the patterns of NFT, SP and neuronal loss
distribution as a function of age. In younger cohorts, NFTs are usually restricted to hippocampal formation, whereas clinical signs of
dementia appear when temporal neocortex is involved. SPs would not be a specific marker of cognitive impairment as no correlation was
found between their quantitative distribution and AD severity. The low rate of AD lesions even in severe AD as well as the weakness of
clinicopathological correlations reported in the oldest-old indicate that AD pathology is not a mandatory phenomenon of increasing
chronological age. Our recent stereological observations of hippocampal microvasculature in oldest-old cases challenge the traditional
lesional model by revealing that mean capillary diameters is an important structural determinant of cognition in this age group.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The continued expansion of the elderly population and a
growing awareness of age-related diseases such as dementia
have prompted considerable interest in the study of the aging
☆ This work was supported by grants AG02219 and AG05138 from the
National Institutes of Health, Bethesda, Md (PRH), the Doris Duke
Foundation, New York, Ny (TLB) and the Jérôme Tissières Foundation,
Geneva, Switzerland (PG).
⁎ Corresponding author. Service of Geriatric Psychiatry, Department of

Psychiatry, University of Geneva School of Medicine, CH-1225 Chêne-
Bourg, Geneva, Switzerland. Tel.: +41 22 305 5001; fax: +41 22 305 5044.

E-mail address: Panteleimon.Giannakopoulos@medecine.unige.ch
(P. Giannakopoulos).

0022-510X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jns.2007.01.025
human brain. The aging population is rapidly growing as a
result of increased accessibility of advanced medical
technology and declining birth rates. By 2020 it is estimated
that at least 1 billion people will be older than 60 years
representing more than 20% of the total population. The few
individuals who reach very old ages are called “longevity
outliers”. This particular group represents the fastest growing
age group worldwide. For instance, people over age 85
accounts for 2.1% of the general population in France and
this proportion is expected to increase to 3.3% in 2020 and
6.8% in 2050. Similarly, the number of centenarians in-
creases steadily in the US population and their numbers are
expected to grow to more than 400000 in the next 30 years
(for review see [1]). This phenomenon has been also
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confirmed in New Zealand and Japan [2,3]. A well-known
paradox is the high proportion of centenarians in the African
American community (19.6 per 100000) in spite of a lower
life expectancy at birth [4].

The growing evidence for a steady increase of the num-
ber of centenarians worldwide was paralleled by several
community-based longitudinal and cross-sectional studies
aiming to determine possible psychobiological particularities
of these individuals [5–10]. These studies showed that the
known predictors of mortality such as socio-demographic
factors, smoking and obesity are less important in this age
group. In contrast, levels of disability as well as depression
are key determinants of both morbidity and mortality after
90 years. Centenarians are less prone to oxidative stress and
are thought to have better antioxidant defences, nutritional
status, immunologic profile, endocrinologic and metabolic
characteristics than younger elderly cohorts [11,12]. Psy-
chologically, they report greater satisfaction with life and
social and family relations and display lower scores for
anxiety and depression and better coping abilities compared
to less elderly individuals [13]. In this age group, good health
and not moving home are associated with greater intellectual
activity, while extraversion and negative life events with
greater social activity [14]. These data support the possibility
that centenarians form a select cohort with relatively slow
rates of aging and increased resistance to biological and
psychological stress and age-related diseases such as cancer,
stroke and heart disease.

2. Dementia in the oldest-old

Although prevalence and incidence data are still scarce in
this age group, it has long been thought that very old age is
associated with the highest prevalence of dementia [15].
Several earlier studies reported an increased prevalence of
dementia with aging, to 100% in the 100-year age group
[16,17]. Methodological biases were present in most of these
studies and limit the validity of their conclusions. First, the
samples included only a limited number of nonagenarians
and centenarians. Second, the clinical diagnosis of dementia
made by the physician was based on the global decline of
cognitive performances rather than on a detailed analysis of
each cognitive function leading to an overestimation of the
prevalence of dementia in the oldest-old. In fact, recent
epidemiological studies in larger cohorts of very old individ-
uals showed prevalence rates which varied from 27 to 62%
pointing to the fact that dementia is not inevitable in very old
individuals (for review see [1,18]). In an epidemiological
survey of 1694 patients who met criteria for probable or
definite Alzheimer’s disease (AD), Lautenschlager and col-
leagues [19] also reported that the risk of AD decreases
significantly after age 90. Similar results were drawn by
a community-based study of 402 individuals older than
85 years who have been assessed using structured interviews
in Munich [20]. A relative resistance of centenarians to the
degenerative process was also suggested by the observations
of Howieson and collaborators [21] who performed a
longitudinal study of 31 non-demented individuals older
than 80 years and reported a preservation of cognitive
abilities during a follow-up period of 5 years. Furthermore, a
lack of association between AD and apolipoprotein E allele
epsilon 4, a major risk factor for late-onset AD in younger
cohorts, has been demonstrated in centenarians [22–25].
However, one may argue that these epidemiological findings
reflect only the fact that younger cohorts are at higher risk to
develop AD and do not necessarily support differential
neuronal aging in this age group. During the period 1990–
2000, case-control neuropathological studies provided the
first lines of evidence supporting the presence of distinct
patterns of neuronal vulnerability to the degenerative process
in centenarians.

3. Patterns of AD-related lesion distribution in the
oldest-old: early contributions

From a neurobiological point of view, the study of oldest-
old individuals may permit to define the spectrum and extent
of changes in brain morphology that occur with normal brain
aging and assess correlations between the neuropathological
definition of normal brain aging and clinical development of
dementing process [26–28]. Brain aging is characterized by
the formation of neurofibrillary tangles (NFT) and senile
plaques (SP), as well as neuronal and synaptic loss in both
cognitively intact individuals and patients with AD. In non-
demented cases, NFT are usually restricted to the hippo-
campal formation, whereas the progressive involvement of
the association areas in the temporal neocortex parallels the
development of overt clinical signs of dementia. In contrast,
severe SP formation may take place in several neocortical
areas in the presence of very mild cognitive impairment and
there is no correlation between the quantitative distribution
of SP and severity of AD (for review see [29,30]). With
regard to neuronal loss, stereological analyses have revealed
age-related decreases in total neuron number of 30% and
50% in the dentate hilus of the hippocampus and subiculum,
respectively, between ages 13 and 85. Conversely, no neu-
ronal loss was found in CA1-3 fields and entorhinal cortex
where AD lesions are also observed [31–33]. These studies
also showed that in AD, there is an additional depletion of
neuronal cell bodies in the dentate hilus and subiculum, as
well as a massive reduction in the numbers of pyramidal
neurons in the CA1 field and layers II and Vof the entorhinal
cortex [31–35]. Moreover, earlier and recent studies have
shown a neuronal reduction in temporal, inferior and
superior parietal and frontal cortices of AD cases [35,36].

Does the pattern of lesion distribution and neuronal loss
change in extreme aging? A first observation concerns the
presence of several cases with minimal AD pathology and
preserved cognitive functions [26,28,37]. These individuals,
also called “supernormal centenarians”, represent a rare
phenotype relatively protected from AD pathology and may
be thus an example of successful aging near the upper age
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limit of life. Several neuropathologic analyses postulated that
in contrast to younger cases where dementia is mainly related
to severe NFT formation within adjacent components of the
medial and inferior aspects of the temporal cortex, oldest-old
individuals display a preferential involvement of the anterior
part of the CA1 field of the hippocampus whereas the
inferior temporal and frontal association areas are relatively
spared [34,37]. The first contributions in this field have
considered that the extent of NFT development in the hippo-
campus is the key determinant of dementia in the very old.
For instance, Hauw et al. [38] examined the NFT distribution
in the cerebral cortex of 12 centenarians (1 case with AD),
and found higher NFT densities in the CA1 field in the
demented patient than in cognitively intact centenarians. In
their study of 27 non-demented centenarians and younger
AD cases, Mizutani and Shimada reported that demented
patients had dramatically higher NFT densities in the dentate
hilus of the hippocampus, whereas no difference was
observed in the entorhinal cortex and the subiculum [28].
More recent studies attempted to define the exact cognitive
impact of NFT, SP, and neuronal loss in this age group (see
Table 1). We found a significant difference in NFT densities
in the anterior CA1 field, but not in the posterior CA1 field
and entorhinal cortex, between demented and non-demented
very old patients and suggested that nonagenarians and
centenarians may show a specific subregional distribution of
NFT within the CA field [26,34,39]. Two recent reports led
to discrepant conclusions. In their study of 19 centenarians
(including 4 AD cases), Garcia-Sierra et al. [40] found a
substantial NFT involvement of hippocampus and entorhinal
cortex supporting the notion of a limbic dementia in the
oldest-old. Using a semiquantitative assessment of AD
lesions, the longitudinal Oregon Brain Aging study reported
that NFT and SP densities in neocortical areas were signifi-
cantly related to cognitive scores [27]. Moreover, it has been
reported that overt clinical signs of AD in oldest-old
individuals requires a progressive damage of areas 7, 22,
23 and 24 suggesting a displacement of NFT, such that
parietal and cingulate cortex are more affected than is usually
the case in AD, whereas superior frontal and inferior tem-
poral association areas are relatively preserved [34,41].
Unlike younger cohorts where SP formation does not cor-
relate with neuronal depletion and cognitive status [42–44],
earlier and more recent studies suggested that SP densities in
the neocortex are related to the degree of neuronal loss and
severe AD in the oldest-old [27,34]. Moreover, the extensive
neuronal loss in the hippocampal formation reported in
younger AD series [45] appears to be confined to the layer II
of the entorhinal cortex in nonagenarians and centenarians
[34].

Three main methodological issues explain the discor-
dance between these contributions. First, most of them
compared controls to severe AD cases without taking into
account cases with questionable and mild dementia. Second,
estimates of AD-related pathology were performed with non-
stereologic methods which are subject to sampling bias.
Most importantly, AD pathologic hallmarks are usually
studied separately without taking into account the well es-
tablished interaction between amyloid deposition, NFT for-
mation and neuronal loss [for review see [29,30]]. Using
rigorous stereological design, we recently analyzed the pat-
terns of AD lesion distribution and clinicopathological
correlations in a prospectively documented series of non-
agenarians and centenarians. In the following chapters, we
summarize these data and critically discuss their pertinence in
the context of the debate regarding the relationship between
AD pathological process and normal brain aging.

4. Hippocampal AD-related pathology after 90 years:
sparing of the entorhinal cortex and CA1 field

Our first stereologic study included 12 patients older than
90 years who died and were autopsied in the Departments of
Geriatrics and Psychiatry of the University of Geneva School
of Medicine [46]. All cases underwent neuropsychological
assessment within the last 6 months prior to their death and a
Clinical Dementia Rating (CDR) scale score was available
for all of them. This analysis revealed several differences in
lesion distribution within the hippocampus and entorhinal
cortex between oldest-old individuals and previously
analyzed younger cohorts of elderly persons [47,48]. In
particular, the progression of NFT formation across the
different CDR groups was significantly slower in nonagen-
arians and centenarians (from 1 to 17% in the entorhinal
cortex and 1.7 to 37% in the CA1) compared to younger
cases [from 4 to 79% in the entorhinal cortex and 3 to 80% in
the CA1 field [48]]. Interestingly, the only community-based
neuropathologic study of oldest-old individuals also con-
firmed this pattern of NFT distribution in the CA1 field [27].
The relative resistance of the hippocampal formation to NFT
development in this age group was even more striking in
respect to the entorhinal cortex. In agreement with our
previous observations in centenarian brains [34], even cases
with moderate dementia display only mild NFT formation in
this area with more than 80% of preserved neurons. This
contrasts with the results of several previous studies in
younger samples which demonstrated that the entorhinal
cortex is more severely affected and involved earlier in the
degenerative process than other hippocampal regions
[30,41,49,50]. Our cases also displayed significantly lower
total amyloid volume in the areas studied compared to that
reported in younger series [47]. Similarly, the magnitude of
neuronal loss in the entorhinal cortex and CA1 field in these
cases was also significantly lower than that reported in
younger AD cases [35,48,51–53]. In this latter group, the
number of layer II entorhinal cortex neurons is thought to
decrease even by 60% in patients with CDR 0.5 and by 90%
in severe AD cases [35]. In the CA1 field, a depletion of 38%
to 69% was also reported [35,48,51–53]. These data also
imply that, like AD pathologic changes, neuronal loss is
less prominent in the oldest-old even in the presence of AD
[34]. In conjunction with the observations of Itoh and



Table 1
Neuropathological studies in the oldest-old from 1995 to 2006

Author Hospital
based

Community
based

Aged
over 90

Cognitive status AD pathology Vessels

Giannakopoulos et al. [37] x 29 10 non demented,
19 demented

Dementia severity was related
to SP formation; differential
distribution of NFT compared
to younger cohorts

No information

Troncoso et al. [90] x 6 3 possible AD,
1 probable AD,
2 definite AD

Correlation between cognitive
decline and amyloid deposits
in neocortex; absence of SP in
non demented cases

No information

Giannakopoulos et al. [32] x 50 13 non demented,
15 MCI,
22 demented

Dementia in very old age requires
both high NFT densities in the anterior
CA1 field and progressive damage
of the neocortex; dissociation between
NFT and neuronal loss

No information

Itoh et al. [52] x 13 5 non demented,
8 MCI

No relationship between hippocampal
NFT and cognitive status

Cerebral amyloid
angiopathy in 53.8%
of cases

Green et al. [25] x 15 6 non demented,
2 MCI,
7 demented

Strong positive correlation between
rate of cognitive decline and AD lesions

No information

Garcia-Sierra et al. [38] x 19 15 non demented,
4 demented

The density of intracellular NFTs in
the entorhinal cortex correlates
with mental status

No information

Leuba et al. [91] x 21 10 non demented,
9 MCI, 2 AD

Very old age does not influence
NFT formation in the primary
visual system

No information

Neuropathol. Group of
medical research council
cognitive function and
ageing study [92]

x 65 29 non demented,
36 demented

Extensive overlap of intermediate
Alzheimer-type pathology among
demented and non demented very
old cases

No correlation between
vascular disease and
dementia

Iseki et al. [93] n.s. 6 6 demented No difference in AD-related
hippocampal pathology between
oldest-old and younger cases

No information

Silver et al. [7] x 14 6 non demented,
4 AD demented

Absence of relationship between
AD lesions and cognition in 4 cases

No information

Thal et al. [94] n.s. 3 1 non demented,
1 MCI,
1 unknown

AD-related pathology is related to small
vessel changes due to cerebral
amyloid angiopathy

Strong correlation
between the extension
of small vessel lesions
and cognitive status

Snowdon [95] x 3 2 non demented,
1 demented

No clinicopathological correlations No information

von Gunten et al. [44] x 12 4 non demented,
2 MCI,
6 demented

Decreased NFT numbers and amyloid volume
in hippocampus compared to younger series;
only mild neuronal loss in CA1 field and
entorhinal cortex in demented centenarians

No information

Prohovnik et al. [96] x 81 18 non demented,
11 MCI,
52 demented

Dementia severity is unrelated to
neuropathological markers; decreased
SP densities in very old AD cases

No information

Bouras et al. [69] x 19 4 non demented,
4 MCI,
11 demented

Total amyloid volume was not related to
cognitive status; significant relationship
between NFT number and CDR scores in
the CA1 field, but not in the entorhinal cortex

Mean capillary diameters
in entorhinal cortex
predict more than 30%
of CDR variability

n.s. not specified, MCI: mild cognitive impairment.
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collaborators [54] who first reported only mild synaptic loss
and cerebral amyloid angiopathy in centenarians, these
findings give additional experimental support to the notion
that the occurrence and progression of AD-related pathologic
changes are not a sine qua non concomitant of increasing
aging [27,34,39,55].
Another intriguing result of this study was the clear
dissociation between total neuron numbers and AD-related
lesions in the hippocampal formation. Although this is
expected for amyloid deposits based on previous work in
elderly individuals younger than 85 [for review see [44]],
it may be more surprising for NFT numbers, given that
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several stereologic and non-stereologic quantitative studies
have reported strong relationships between NFT counts and
neuron loss in the hippocampal formation and neocortex
suggesting that NFT-dependent neuronal loss may be the
rule in the cerebral cortex [35]. In contrast, non-NFT-
related mechanisms of neurodegeneration may determine
neuronal depletion in this age group [34]. Although these
mechanisms remain largely speculative, recent contribu-
tions postulate that apoptosis, oxidative stress and excito-
toxic mechanisms play a key role in inducing neuronal
death that would predate NFT formation in some regions
[for review see [52]].

The most striking finding of this study was the relative
paucity of correlations between AD pathological hallmarks
in the hippocampal formation and clinical status after
90 years. Only a modest percentage of the CDR variability
was explained by NFT counts in CA2-3 (18%) and dentate
gyrus (17%). In contrast, neither Nissl-stained neuron
numbers nor total amyloid volume was significantly related
to CDR score in both univariate and multivariate models. In
this respect, it is worth noting that in spite of the clear
neuronal loss observed in cases with moderate to severe
dementia, total neuron numbers in the entire sample did not
significantly predict cognitive status. Moreover, NFT
numbers in the CA2-3 fields and dentate gyrus predict at
the best less than 25% of CDR variability indicating that
independent morphometric variables may decisively con-
tribute to the cognitive decline in this age group [56].

Besides AD-related pathology, structural parameters of
the cerebral vasculature have been thought to determine
cognitive performances in the elderly. In the 90's, several
age-related alterations of the microvascular ultrastructure
(such as perivascular collagen deposits, atrophy of
endothelium, basement membrane thickening and pericyte
degeneration) as well as qualitative changes in microvas-
cular structure (such as glomerular loops and twisted
capillaries) have been described both in the aging brain and
in AD [for review see [57–60]. In contrast, quantitative
analyses of structural parameters in brain capillaries led to
controversial data. Increased age-related capillary density
attributed to tissue shrinkage in the human neocortex and
hippocampus has been reported earlier [61], but more
recent animal and human studies challenged these findings
[62–66]. Similarly, an age-related increase of capillary
diameters and decrease of capillary length has been found
in the aging human hippocampus [67] but not in neo-
cortical areas [65,68]. As for AD-related lesions, the
discordance of the previous observations mainly reflects
methodological biases related to the use of density-based
estimates of microvascular parameters. Recently, the devel-
opment of modern design-based stereological techniques
allowed for an accurate assessment of age-related changes
in the capillary network [69,70]. Using this design, we
explored the morphometric characteristics of the capillary
network in nonagenarians and centenarians as well as their
impact on cognition.
5. Microvascular morphology in the oldest-old: a new
correlate of cognitive status?

This second stereologic study included 19 very old
individuals with various degrees of cognitive impairment.
Besides estimates of total NFT and neuron numbers as well
as total amyloid volume, we also assessed total capillary
length, number, and length-weighted mean diameters in the
CA1 and entorhinal cortex [71]. Both mean diameters and
total capillary numbers were strongly related to total neuron
numbers in the CA1 field and entorhinal cortex. In a multi-
variate model including total NFT and capillary numbers (or
diameters) in the CA1, both variables significantly explained
neuron number variability. In contrast, there was no signifi-
cant association between total capillary length and neuron
number in the areas studied. No relationship was found
between AD-related lesions and capillary morphological
parameters in the CA1 and entorhinal cortex. These results
revealed that total capillary numbers may explain more than
40% of the neuron number variability in the CA1 and
entorhinal cortex, supporting a strong relationship between
microvascular changes and AD-related neuronal depletion.
Importantly, previous studies postulated that decreases in
capillary number and diameter could disrupt the balance
between energy requirements and cerebral blood supply,
rendering the brain more vulnerable to oxidative stress
damage and ultimately neuronal death [58,72,73]. In partic-
ular, an early animal study showed that chronic brain hypo-
perfusion in rats induces ultrastructural capillary changes in
CA1 field which were accompanied by a substantial
compromise of spatial memory [74]. Supporting a primary
role of cerebral hypoperfusion in triggering AD-related
pathology, a single photon emission computerized tomogra-
phy study revealed the presence of regional cerebral
perfusion abnormalities which preceded clinical symptoms
in presenilin-1 mutation carriers [75].

In terms of clinicopathological correlations, mean capil-
lary diameters in the CA1 field and entorhinal cortex were
significantly related to CDR scores. In a univariate model,
they explained respectively 19% and 31.1% of the cognitive
variability. Importantly, these associations persisted in
multivariate models where total neuron numbers, NFT
numbers or amyloid volume were considered [71]. The
biological significance of these findings remains unclear. A
critical assumption that has to be made in this context is that
the capillaries observed in postmortem material correspond
to the structure in its in vivo state. Such a correlation has
been reported [76,77] and it seems likely that instead of the
recruitment of additional capillaries, increased cognitive load
induces differential distribution of flow [78], heterogeneity
in blood flow velocity [79] and changes in diameters [80].
Changes in the flow distribution are usually regulated in the
capillary network itself through the local diffusion of nitric
oxide [81], serotonin and other neurotransmitters [82,83].
Decreased capillary diameters may lead to impaired micro-
circulation within the hippocampal formation and thus
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prevent adaptive responses to local changes in metabolic
demands.

6. Conclusions

The debate whether there is continuity or discontinuity
between normal brain aging and dementia has a long history
and is not merely of academic interest. The hypothesis that AD
is an aging-related condition is supported by the nearly
ubiquitous presence of AD pathologic changes in the course of
brain aging and the exponential increase of AD prevalence
after 65 years of age. Contrastingwith this conception of aging,
the study of oldest-old individuals indicates that the occurrence
ofADpathology is not a mandatory phenomenon of increasing
chronologic age. In particular, the neuropathology of advanced
aging strongly suggests that very old individuals with AD
display a striking resistance to the neurodegenerative process
and only mild neuronal loss in the hippocampal formation. Our
hospital-based findings supporting a dissociation between the
clinical expression and traditionally assessedADpathology are
consistent with the recent neuropathological observations of
the NewEnglandCentenarian Study [7,84] and show the limits
of the “lesional” model for explaining the expression of
dementia symptoms in this particular age group. Furthermore,
they offer a new perspective in the field of clinicopathological
correlations by revealing the key cognitive impact of decreased
capillary diameter, a structural but not lesional parameter of the
aging brain.

The biological background of the increased resistance to
AD lesion development after 90 years is still poorly
understood. Thirty years ago, it was suggested for the first
time that oldest-old people show genetic variations which
influence basic mechanisms of brain aging resulting in a
decreased susceptibility to age-associated diseases [85]. In
particular, it has been proposed that nonagenarians and
centenarians may lack the “disease genes” that predispose to
fatal age-related diseases [86]. Alternatively, they may have
genetic variations that confer protection against age-related
illnesses (the “longevity-enabling” genes [87]). In this respect,
the sparing of CA1 field and entorhinal cortex may be related
to a genetically determined resistance of these neuronal sub-
populations in very old people. Importantly, evidence from
genetic studies of aging and AD implies that a number of
susceptibility genes may modify or delay the onset of late-life
brain failure. These gene families form a natural target for
devising strategies to delay the onset of late-onset dementia
[88]. More recently, the importance of genetic factors has been
further stressed by studies of centenarian pedigrees showing
increased relative survival probabilities in centenarian siblings
compared to the general population [87]. The fist community-
based linkage and association studies identified two candidate
genes predisposing to longevity. Both of them were related to
lipoprotein synthesis suggesting that protection against
cardiovascular diseases may be primordial to achieve extreme
old age [89–91]. Although the relationship between these
vascular “longevity-enabling” genes and AD-related patholo-
gy is not clear, the link between preserved cognition and brain
capillary diameter points to the need for exploring the genetic
determinants of the microvascular system in very old
individuals. Moving away from the classical link between
lesion and function, the research on extreme brain aging
should focus on the mechanisms surrounding the activation of
functional brain reserve. With the population of centenarians
growing at such a rapid rate, complex longitudinal studies
including functional neuroimaging, quantitative assessment of
microvascular parameters in neocortical areas and differential
gene expressionmay provide cues for a better understanding of
both genetic and neurobiological dimensions of longevity.

References

[1] Ankri J, Poupard M. Prevalence and incidence of dementia among the
very old. Review of the literature. Rev Epidemiol Sante Publique
2003;51:349–60.

[2] Robine JM, Saito Y, Jagger C. The emergence of extremely old people:
the case of Japan. Exp Gerontol 2003;38:735–9.

[3] Wilkinson TJ, Sainsbury R. The association between mortality,
morbidity and age in New Zealand's oldest old. Int J Aging Hum
Dev 1998;46:333–43.

[4] Miles TP, Bernard MA. Morbidity, disability, and health status of black
American elderly: a new look at the oldest-old. J Am Geriatr Soc
1992;40:1047–54.

[5] Gueresi P, Troiano L, Minicuci N, Bonafe M, Pini G, Salvioli G, et al.
The MALVA (MAntova LongeVA) study: an investigation on people
98 years of age and over in a province of Northern Italy. Exp Gerontol
2003;38:1189–97.

[6] Nybo H, Petersen HC, Gaist D, Jeune B, Andersen K, McGue M, et al.
Predictors of mortality in 2,249 nonagenarians—the Danish 1905-
Cohort Survey. J Am Geriatr Soc 2003;51:1365–73.

[7] Silver MH, Newell K, Brady C, Hedley-White ET, Perls TT.
Distinguishing between neurodegenerative disease and disease-free
aging: correlating neuropsychological evaluations and neuropatholog-
ical studies in centenarians. Psychosom Med 2002;64:493–501.

[8] Stek ML, Gussekloo J, Beekman AT, van Tilburg W, Westendorp RG.
Prevalence, correlates and recognition of depression in the oldest old:
the Leiden 85-plus study. J Affect Disord 2004;78:193–200.

[9] von Heideken Wagert P, Ronnmark B, Rosendahl E, Lundin-Olsson L,
Gustavsson JM, Nygren B, et al. Morale in the oldest old: the Umea 85+
study. Age Ageing 2005;34:249–55.

[10] von Strauss E, Fratiglioni L,ViitanenM, Forsell Y,Winblad B.Morbidity
and comorbidity in relation to functional status: a community-based study
of the oldest old (90+ years). J Am Geriatr Soc 2000;48:1462–9.

[11] Andersen HR, Jeune B, Nybo H, Nielsen JB, Andersen-Ranberg K,
Grandjean P. Low activity of superoxide dismutase and high activity of
glutathione reductase in erythrocytes from centenarians. Age Ageing
1998;27:643–8.

[12] Moroni F, Di Paolo ML, Rigo A, Cipriano C, Giacconi R, Recchioni R,
et al. Interrelationship among neutrophil efficiency, inflammation,
antioxidant activity and zinc pool in very old age. Biogerontology
2005;6:271–81.

[13] Dello Buono M, Urciuoli O, De Leo D. Quality of life and longevity: a
study of centenarians. Age Ageing 1998;27:207–16.

[14] Hilleras PK, Jorm AF, Herlitz A, Winblad B. Activity patterns in very
old people: a survey of cognitively intact subjects aged 90 years or
older. Age Ageing 1999;28:147–52.

[15] Schneider EL. Aging in the third millennium. Science 1999;283: 796–7.
[16] Blansjaar BA, Thomassen R, Van Schaick HW. Prevalence of dementia

in centenarians. Int J Geriatr Psychiatry 2000;15:219–25.
[17] Thomassen R, van Schaick HW, Blansjaar BA. Prevalence of dementia

over age 100. Neurology 1998;50:283–6.



78 A. Imhof et al. / Journal of the Neurological Sciences 257 (2007) 72–79
[18] Kliegel M, Moor C, Rott C. Cognitive status and development in the
oldest old: a longitudinal analysis from the Heidelberg Centenarian
Study. Arch Gerontol Geriatr 2004;39:143–56.

[19] Lautenschlager NT, Cupples LA, Rao VS, Auerbach SA, Becker R,
Burke J, et al. Risk of dementia among relatives of Alzheimer's disease
patients in the MIRAGE study: What is in store for the oldest old?
Neurology 1996;46:641–50.

[20] Fichter MM, Meller I, Schroppel H, Steinkirchner R. Dementia and
cognitive impairment in the oldest old in the community. Prevalence
and comorbidity. Br J Psychiatry 1995;166:621–9.

[21] Howieson DB, Dame A, Camicioli R, Sexton G, Payami H, Kaye JA.
Cognitive markers preceding Alzheimer's dementia in the healthy
oldest old. J Am Geriatr Soc 1997;45:584–9.

[22] Hestad K, Kveberg B, Engedal K. Low blood pressure is a better
predictor of cognitive deficits than the apolipoprotein e4 allele in the
oldest old. Acta Neurol Scand 2005;111:323–8.

[23] Juva K, Verkkoniemi A, Viramo P, Polvikoski T, Kainulainen K,
Kontula K, et al. APOE epsilon4 does not predict mortality, cognitive
decline, or dementia in the oldest old. Neurology 2000;54:412–5.

[24] Salo A, Ylikoski R, Verkkoniemi A, Polvikoski T, Juva K, Rastas S,
et al. Does apolipoprotein E influence learning and memory in the
nondemented oldest old? Int Psychogeriatr 2001;13:451–9.

[25] Spencer DC, Zitzelberger T, Spielman D, Kaye J. MRS in relation to
hippocampal volume in the oldest old. Neurology 2003;60:1194–6.

[26] Giannakopoulos P, Hof PR, Surini M, Michel JP, Bouras C.
Quantitative immunohistochemical analysis of the distribution of
neurofibrillary tangles and senile plaques in the cerebral cortex of
nonagenarians and centenarians. Acta Neuropathol (Berl) 1993;85:
602–10.

[27] Green MS, Kaye JA, Ball MJ. The Oregon brain aging study:
neuropathology accompanying healthy aging in the oldest old.
Neurology 2000;54:105–13.

[28] Mizutani T, Shimada H. Neuropathological background of twenty-
seven centenarian brains. J Neurol Sci 1992;108:168–77.

[29] Giannakopoulos P, Hof PR, Michel JP, Guimon J, Bouras C. Cerebral
cortex pathology in aging and Alzheimer's disease: a quantitative
survey of large hospital-based geriatric and psychiatric cohorts. Brain
Res Brain Res Rev 1997;25:217–45.

[30] Morrison JH, Hof PR. Life and death of neurons in the aging brain.
Science 1997;278:412–9.

[31] Price JL, Davis PB, Morris JC, White DL. The distribution of tangles,
plaques and related immunohistochemical markers in healthy aging
and Alzheimer's disease. Neurobiol Aging 1991;12:295–312.

[32] West MJ. Regionally specific loss of neurons in the aging human
hippocampus. Neurobiol Aging 1993;14:287–93.

[33] West MJ, Coleman PD, Flood DG, Troncoso JC. Differences in the
pattern of hippocampal neuronal loss in normal ageing and
Alzheimer's disease. Lancet 1994;344:769–72.

[34] Giannakopoulos P, Hof PR, Kovari E, Vallet PG, Herrmann FR,
Bouras C. Distinct patterns of neuronal loss and Alzheimer's disease
lesion distribution in elderly individuals older than 90 years.
J Neuropathol Exp Neurol 1996;55:1210–20.

[35] Gómez-Isla T, Price JL, McKeel Jr DW, Morris JC, Growdon JH,
Hyman BT. Profound loss of layer II entorhinal cortex neurons occurs
in very mild Alzheimer's disease. J Neurosci 1996;16:4491–500.

[36] O'Banion MK, Coleman PD, Callahan LM. Regional neuronal loss in
aging and Alzheimer's disease: a brief review. Semin Neurosci
1994;6:307–14.

[37] Delaère P, He Y, Fayet G, Duyckaerts C, Hauw JJ. Beta A4 deposits are
constant in the brain of the oldest old: an immunocytochemical study
of 20 French centenarians. Neurobiol Aging 1993;14:191–4.

[38] Hauw JJ, Vignolo P, Duyckaerts C, Beck H, Forette F, Henry JF, et al.
Neuropathological study of 12 centenarians: the incidence of
Alzheimer type senile dementia is not particularly increased in this
group of very old patients. Rev Neurol (Paris) 1986;142:107–15.

[39] Giannakopoulos P, Hof PR, Giannakopoulos AS, Herrmann FR,
Michel JP, Bouras C. Regional distribution of neurofibrillary tangles
and senile plaques in the cerebral cortex of very old patients. Arch
Neurol 1995;52:1150–9.

[40] Garcia-Sierra F, Hauw JJ, Duyckaerts C, Wischik CM, Luna-Munoz J,
Mena R. The extent of neurofibrillary pathology in perforant pathway
neurons is the key determinant of dementia in the very old. Acta
Neuropathol (Berl) 2000;100:29–35.

[41] Hof PR, Bierer LM, Perl DP, Delacourte A, Buée L, Bouras C, et al.
Evidence for early vulnerability of the medial and inferior aspects of
the temporal lobe in an 82-year-old patient with preclinical signs of
dementia. Regional and laminar distribution of neurofibrillary tangles
and senile plaques. Arch Neurol 1992;49:946–53.

[42] Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT.
Neurofibrillary tangles but not senile plaques parallel duration and
severity of Alzheimer's disease. Neurology 1992;42:631–9.

[43] Arriagada PV, Marzloff K, Hyman BT. Distribution of Alzheimer-type
pathologic changes in nondemented elderly individuals matches the
pattern in Alzheimer's disease. Neurology 1992;42:1681–8.

[44] Giannakopoulos P, Herrmann FR, Bussière T, Bouras C, Kövari E, Perl
DP, et al. Tangle and neuron numbers, but not amyloid load, predict
cognitive status in Alzheimer's disease. Neurology 2003;60:1495–500.

[45] Simic G, Kostovic I, Winblad B, Bogdanovic N. Volume and number
of neurons of the human hippocampal formation in normal aging and
Alzheimer's disease. J Comp Neurol 1997;379:482–94.

[46] von Gunten A, Kövari E, Rivara CB, Bouras C, Hof PR,
Giannakopoulos P. Stereologic analysis of hippocampal Alzheimer's
disease pathology in the oldest-old: evidence for sparing of the
entorhinal cortex and CA1 field. Exp Neurol 2005;193:198–206.

[47] Bussière T, Friend PD, Sadeghi N, Wicinski B, Lin GI, Bouras C, et al.
Stereologic assessment of the total cortical volume occupied by
amyloid deposits and its relationship with cognitive status in aging and
Alzheimer's disease. Neuroscience 2002;112:75–91.

[48] Hof PR, Bussière T, Gold G, Kövari E, Giannakopoulos P, Bouras C,
et al. Stereologic evidence for persistence of viable neurons in layer II
of the entorhinal cortex and the CA1 field in Alzheimer disease.
J Neuropathol Exp Neurol 2003;62:55–67.

[49] Bouras C, Hof PR, Giannakopoulos P, Michel JP, Morrison JH.
Regional distribution of neurofibrillary tangles and senile plaques in
the cerebral cortex of elderly patients: a quantitative evaluation of a
one-year autopsy population from a geriatric hospital. Cereb Cortex
1994;4:138–50.

[50] Bouras C, Hof PR, Morrison JH. Neurofibrillary tangle densities in the
hippocampal formation in a non-demented population define sub-
groups of patients with differential early pathologic changes. Neurosci
Lett 1993;153:131–5.

[51] Kordower JH, Chu Y, Stebbins GT, DeKosky ST, Cochran EJ, Bennett
D, et al. Loss and atrophy of layer II entorhinal cortex neurons in
elderly people with mild cognitive impairment. Ann Neurol 2001;49:
202–13.

[52] Kril JJ, Patel S, Harding AJ, Halliday GM. Neuron loss from the
hippocampus of Alzheimer's disease exceeds extracellular neurofi-
brillary tangle formation. Acta Neuropathol (Berl) 2002;103:370–6.

[53] Price JL, Ko AI, Wade MJ, Tsou SK, McKeel DW, Morris JC. Neuron
number in the entorhinal cortex and CA1 in preclinical Alzheimer
disease. Arch Neurol 2001;58:1395–402.

[54] Itoh Y, Yamada M, Suematsu N, Matsushita M, Otomo E. An immuno-
histochemical study of centenarian brains: a comparison. J Neurol Sci
1998;157:73–81.

[55] Giannakopoulos P, Hof PR, Giannakopoulos AS, Buée-Scherrer V,
Surini M, Delacourte A, et al. Dementia in the oldest-old: quantitative
analysis of 12 cases from a psychiatric hospital. Dementia 1994;5:
348–56.

[56] Dickson DW, Crystal HA, Bevona C, Honer W, Vincent I, Davies P.
Correlations of synaptic and pathological markers with cognition of the
elderly. Neurobiol Aging 1995;16:285–98 [discussion 98-304].

[57] Bailey TL, Rivara CB, Rocher AB, Hof PR. The nature and effects of
cortical microvascular pathology in aging and Alzheimer's disease.
Neurol Res 2004;26:573–8.



79A. Imhof et al. / Journal of the Neurological Sciences 257 (2007) 72–79
[58] Buée L, Hof PR, Bouras C, Delacourte A, Perl DP, Morrison JH, et al.
Pathological alterations of the cerebral microvasculature in Alzhei-
mer's disease and related dementing disorders. Acta Neuropathol
(Berl) 1994;87:469–80.

[59] Farkas E, Luiten PG. Cerebral microvascular pathology in aging and
Alzheimer's disease. Prog Neurobiol 2001;64:575–611.

[60] Gold G, Giannakopoulos P, Bouras C. Re-evaluating the role of
vascular changes in the differential diagnosis of Alzheimer's disease
and vascular dementia. Eur Neurol 1998;40:121–9.

[61] Meier-Rouge WJ, Ulrich J, Abdel-Al S. Stereologic findings in normal
brain aging and Alzheimer's disease. In: Werthemimer J, Marios M,
editors. Senile Dementia: Outlook for the Future. New York: Alan R.
Liss; 1984. p. 125–35.

[62] Abernethy WB, Bell MA, Morris M, Moody DM. Microvascular
density of the human paraventricular nucleus decreases with aging but
not hypertension. Exp Neurol 1993;121:270–4.

[63] Amenta F, Cavallotti D, Del Valle M, Mancini M, Naves FJ, Vega JA,
et al. Age-related changes in brain microanatomy: sensitivity to
treatment with the dihydropyridine calcium channel blocker darodipine
(PY 108-068). Brain Res Bull 1995;36:453–60.

[64] Amenta F, Ferrante F, Mancini M, Sabbatini M, Vega JA, Zaccheo D.
Effect of long-term treatment with the dihydropyridine-type calcium
channel blocker darodipine (PY 108-068) on the cerebral capillary
network in aged rats. Mech Ageing Dev 1995;78:27–37.

[65] Mann DM, Eaves NR, Marcyniuk B, Yates PO. Quantitative changes
in cerebral cortical microvasculature in ageing and dementia.
Neurobiol Aging 1986;7:321–30.

[66] Sonntag WE, Lynch CD, Cooney PT, Hutchins PM. Decreases in
cerebral microvasculature with age are associated with the decline in
growth hormone and insulin-like growth factor 1. Endocrinology
1997;138:3515–20.

[67] Bell MA, Ball MJ. Morphometric comparison of hippocampal
microvasculature in ageing and demented people: diameters and
densities. Acta Neuropathol (Berl) 1981;53:299–318.

[68] Hunziker O, Abdel'Al S, Schulz U. The aging human cerebral cortex: a
stereological characterization of changes in the capillary net. J Gerontol
1979;34:345–50.

[69] Lee GD, Aruna JH, Barrett PM, Lei DL, Ingram DK, Mouton PR.
Stereological analysis of microvascular parameters in a double transgenic
model of Alzheimer's disease. Brain Res Bull 2005;65: 317–22.

[70] Løkkegaard A, Nyengaard JR, West MJ. Stereological estimates of
number and length of capillaries in subdivisions of the human
hippocampal region. Hippocampus 2001;11:726–40.

[71] Bouras C,Kövari E,Herrmann FR,RivaraCB,Bailey TL, vonGuntenA,
et al. Sterologic analysis of microvascular morphology in the elderly:
relationship with Alzheimer's disease pathology and cognitive status.
J Neuropathol Exp Neurol 2006;65:235–44.

[72] de la Torre JC, Mussivand T. Can disturbed brain microcirculation
cause Alzheimer's disease? Neurol Res 1993;15:146–53.

[73] Kimura T, Hashimura T, Miyakawa T. Observations of microvessels in
the brain with Alzheimer's disease by the scanning electron micro-
scopy. Jpn J Psychiatry Neurol 1991;45:671–6.

[74] De Jong GI, Farkas E, Stienstra CM, Plass JR, Keijser JN, de la Torre
JC, et al. Cerebral hypoperfusion yields capillary damage in the
hippocampal CA1 area that correlates with spatial memory impair-
ment. Neuroscience 1999;91:203–10.

[75] Johnson KA, Lopera F, Jones K, Becker A, Sperling R, Hilson J, et al.
Presenilin-1-associated abnormalities in regional cerebral perfusion.
Neurology 2001;56:1545–51.

[76] Gobel U, Theilen H, Kuschinsky W. Congruence of total and perfused
capillary network in rat brains. Circ Res 1990;66:271–81.
[77] Pawlik G, Rackl A, Bing RJ. Quantitative capillary topography and
blood flow in the cerebral cortex of cats: an in vivo microscopic study.
Brain Res 1981;208:35–58.

[78] Kuschinsky W, Paulson OB. Capillary circulation in the brain.
Cerebrovasc Brain Metab Rev 1992;4:261–86.

[79] Hudetz AG, Fehér G, Kampine JP. Heterogeneous autoregulation of
cerebrocortical capillary flow: evidence for functional thoroughfare
channels? Microvasc Res 1996;51:131–6.

[80] Bar T. The vascular system of the cerebral cortex. Adv Anat Embryol
Cell Biol 1980;59 [I-VI,1-62].

[81] Zhang WW, Badonic T, Hoog A, Jiang MH, Ma KC, Nie JX, et al.
Structural and vasoactive factors influencing intracerebral arterioles in
cases of vascular dementia and other cerebrovascular disease: a review.
Immunohistochemical studies on expression of collagens, basal lamina
components and endothelin-1. Dementia 1994;5:153–62.

[82] Cohen Z, Ehret M, Maitre M, Hamel E. Ultrastructural analysis of
tryptophan hydroxylase immunoreactive nerve terminals in the rat
cerebral cortex and hippocampus: their associations with local blood
vessels. Neuroscience 1995;66:555–69.

[83] Harder DR, Campbell WB, Roman RJ. Role of cytochrome P-450
enzymes and metabolites of arachidonic acid in the control of vascular
tone. J Vasc Res 1995;32:79–92.

[84] Perls T. Centenarians who avoid dementia. Trends Neurosci 2004;27:
633–6.

[85] Cutler RG. Evolution of human longevity and the genetic complexity
governing aging rate. Proc Natl Acad Sci U S A 1975;72:4664–8.

[86] Schachter F. Causes, effects, and constraints in the genetics of human
longevity. Am J Hum Genet 1998;62:1008–14.

[87] Perls T, Kunkel LM, Puca AA. The genetics of exceptional human
longevity. J Am Geriatr Soc 2002;50:359–68.

[88] Kaye JA. Oldest-old healthy brain function. The genomic potential.
Arch Neurol 1997;54:1217–21.

[89] Barzilai N, Atzmon G, Schechter C, Schaefer EJ, Cupples AL, Lipton
R, et al. Unique lipoprotein phenotype and genotype associated with
exceptional longevity. JAMA 2003;290:2030–40.

[90] Geesaman BJ, Benson E, Brewster SJ, Kunkel LM, Blanche H,
Thomas G, et al. Haplotype-based identification of a microsomal
transfer protein marker associated with the human lifespan. Proc Natl
Acad Sci U S A 2003;100:14115–20.

[91] Puca AA, Daly MJ, Brewster SJ, Matise TC, Barrett J, Shea-
Drinkwater M, et al. A genome-wide scan for linkage to human
exceptional longevity identifies a locus on chromosome 4. Proc Natl
Acad Sci U S A 2001;98:10505–8.

[92] Neuropathology Group of the Medical Research Council Cognitive
Function and Ageing Study (MRC CFAS). Pathological correlates of
late-onset dementia in a multicentre, community-based population in
England and Wales. Lancet 2001;357:169–75.

[93] Iseki E, Tsunoda S, Suzuki K, Takayama N, Akatsu H, Yamamoto T,
et al. Regional quantitative analysis of NFT in brains of non-demented
elderly persons: comparisons with findings in brains of late-onset
Alzheimer's disease and limbic NFT dementia. Neuropathology
2002;22:34–9.

[94] Thal DR, Ghebremedhin E, Orantes M, Wiestler OD. Vascular pa-
thology in Alzheimer disease: correlation of cerebral amyloid
angiopathy and arteriosclerosis/lipohyalinosis with cognitive decline.
J Neuropathol Exp Neurol 2003;62:1287–301.

[95] Snowdon DA. Healthy aging and dementia: findings from the Nun
Study. Ann Intern Med 2003;139:450–4.

[96] Prohovnik I, Perl DP, Davis KL, Libow L, Lesser G, Haroutunian V.
Dissociation of neuropathology from severity of dementia in late-onset
Alzheimer disease. Neurology 2006;66:49–55.


	Morphological substrates of cognitive decline in nonagenarians and centenarians: A new paradigm.....
	Introduction
	Dementia in the oldest-old
	Patterns of AD-related lesion distribution in the oldest-old: early contributions
	Hippocampal AD-related pathology after 90 years: sparing of the entorhinal cortex and CA1 field
	Microvascular morphology in the oldest-old: a new correlate of cognitive status?
	Conclusions
	References


