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Abstract

The diagnosis of vascular dementia (VVaD) describes a group of various vessel disorders with
different types of vascular lesions that finally contribute to the development of dementia. Most
common forms of VaD in the elderly brain are subcortical vascular encephalopathy, strategic
infarct dementia, and the multi infarct encephalopathy. Hereditary forms of VVaD are rare. Most
common is the cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL). Sporadic forms of VVaD are caused by degenerative vessel
disorders such as atherosclerosis, small vessel disease (SVD) including small vessel
arteriosclerosis, arteriolosclerosis, and lipohyalinosis, and cerebral amyloid angiopathy (CAA).
Less frequently inflammatory vessel disorders and tumor-associated vessel lesions (e.g.
angiocentric T-cell or angiotropic large cell lymphoma) can cause symptoms of dementia. Here,
we review and discuss the impact of vessel disorders to distinct vascular brain tissue lesions and to
the development of dementia in elderly individuals. The impact of coexisting neurodegenerative
pathology in the elderly brain to VVaD as well as the correlation between SVD and CAA expansion
in the brain parenchyma with that of Alzheimer’s disease (AD)-related pathology is highlighted.
We conclude that “pure” VaD is rare and most frequently caused by infarctions. However, there is
a significant contribution of vascular lesions and vessel pathology to the development of dementia
that may go beyond tissue damage due to vascular lesions. Insufficient blood blow and alterations
of the perivascular drainage mechanisms of the brain may also lead to a reduced protein clearance
from extracellular space and subsequent increase of proteins in the brain parenchyma, such as the
amyloid B-protein, and foster, thereby, the development of AD-related neurodegeneration. As
such, it seems to be important for clinical practice to consider treatment of potentially coexisting
AD pathology in cognitively impaired patients with vascular lesions.
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Introduction

Vascular cognitive impairment (\VCI) is a syndrome with evidence of clinical stroke or
subclinical vascular brain injury and cognitive impairment affecting at least one cognitive
domain. The most severe form of VCI is vascular dementia (VaD) (Gorelick et al., 2011,
Roman et al., 1993). Most authors distinguish familial and sporadic forms of VVaD (Ferrer
2010; Gorelick et al., 2011; Ince 2005; Kalimo and Kalaria 2005). Familial VaD is usually
caused by gene mutations. The most frequent subtype of familial VaD is the “cerebral
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy”
(CADASIL) (Ferrer 2010; Gorelick et al., 2011; Kalimo and Kalaria 2005). However,
CADASIL that is caused by mutations in the Notch 3 gene (Joutel et al., 1996) and other
types of familial VVaD are not within the scope of this article. Here, we want to review the
relationship of the three major types of sporadic VaD, i.e. 1. multi infarct dementia, 2.
strategic infarct dementia, and 3. subcortical vascular encephalopathy (synonymous with
Binswanger’s disease) (Ferrer 2010; Ince 2005), with their underlying vascular pathologies.
In addition, we will discuss VVaD overlapping with other age-related pathologies leading to
dementia, e.g. Alzheimer’s disease (AD)-related changes.

Vessel disorders and their relationship to vascular lesions

Vessel disorders

The vessel disorders that are most frequently associated with VVaD are atherosclerosis of
cerebral arteries (AS), cerebral small vessel disease (SVD), and cerebral amyloid angiopathy
(CAA) (Ferrer 2010; Gorelick et al., 2011; Hachinski et al., 2006; Ince 2005; Kalaria 2003;
Kalaria and Erkinjuntti 2006; Roman et al., 1993). These vessel disorders frequently occur
in the brains of elderly individuals and become more prevalent and severe with advancing
age (Table 1) (Jellinger and Attems 2010).

Atherosclerosis (AS)—AS is a degenerative disorder of large and medium sized arteries
that leads to intima proliferation and accumulation of blood-derived lipids and proteins,
especially cholesterol within the vessel wall (Kolsch et al., 2007; Larionov et al., 2007;
Stary et al., 1995; Stary et al., 1994). These processes result in the generation and finally in
the calcification of atherosclerotic plaques and in further degeneration and fibrosis of the
vessel wall. Plaque rupture frequently induces local thrombosis due to endothelial damage
(Stary 2000; Stary et al., 1995). AS-related thrombosis can cause large brain infarcts,
whereas embolism of atherogenic thrombi can lead to a broad variety of infarcts (Grinberg
and Thal 2010; Liberato et al., 2005; Marti-Vilalta and Arboix 1999).

Small vessel disease (SVD)—SVD comprises small vessel arteriosclerosis/
atherosclerosis, lipohyalinosis, and arteriolosclerosis (Grinberg and Thal 2010). The vessel
wall changes of small artery arteriosclerosis/atherosclerosis (diameter between 200 to 800
pm) are similar to that seen in AS of larger blood vessels except for calcifications not seen
in small arteries (Fisher 1991; Hachinski et al., 2006; Lammie 2005). Lipohyalinosis occurs
in arteries with a diameter between 40 and 300 wm. Asymmetric areas of fibrosis, hyalinosis
associated with foam cells, and accumulation of blood-derived lipids and proteins
characterize this type of SVD (Grinberg and Thal 2010; Lammie 2002; Nag 1996; Nag and
Robertson 2005; Utter et al., 2008). Arteriolosclerosis describes the concentric hyaline
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thickening of the vessel wall with stenosis of the arterioles with a caliber of 40 and 150 pm
(Lammie 2005). The hyaline lesions often exhibit blood-derived proteins (Utter et al., 2008).
SVD can result in lacunar infarcts, microinfarcts, which are smaller than lacunar infarcts,
hemorrhages, and microbleeds (Challa et al., 1990; Grinberg and Thal 2010; Jeong et al.,
2002; Vinters et al., 2000). SVD affects first arteries of the basal ganglia and then expands
into the peripheral white matter and leptomeningeal arteries, as well as into thalamic and
cerebellar white matter vessels. Finally, also brain stem arteries exhibit SVD. These three
stages of the expansion of SVD have been previously described in detail (Thal et al., 2003).
Cortical vessels are usually not involved in SVD (Thal et al., 2003).

Cerebral amyloid angiopathy (CAA)—Sporadic CAA is characterized by the
deposition of the amyloid p-protein (AB) in the wall of leptomeningeal and cerebral blood
vessels (Glenner and Wong 1984; Scholz 1938). Most frequently these deposits are located
near the basement membrane or in the smooth muscle cell layer (Grinberg et al. 2012;
Vinters 1992; Vonsattel et al., 1991; Wisniewski et al., 1992; Yamaguchi et al., 1992). CAA
can lead to vessel wall rupture and hemorrhage (Vonsattel et al., 1991), microbleeds
(Greenberg et al., 2009), capillary occlusion and blood flow disturbances (Thal et al., 2009)
as well as to microinfarcts (Cadavid et al., 2000; Okamoto et al., 2012). Familial forms of
CAA are not in the focus of this review. In these cases severe CAA can be caused by Ap as
well as by the deposition of other proteins, e.g. prion protein and cystatin C, etc. (for
detailed review see (Revesz et al., 2009)). CAA most frequently involves leptomeningeal
and neocortical arteries, veins, and/or capillaries. In the second stage of CAA, vessels in
allocortical regions (hippocampus, entorhinal and cingulate cortex, amygdala), the
hypothalamus and in the cerebellum exhibit Ap deposits as well whereas blood vessels of
the basal ganglia, thalamus, lower brain stem, and white matter are affected only in the third
and final stage (Thal et al., 2003).

Vascular lesions in the brain

As already mentioned these vessel disorders can cause vascular lesions. The most frequent
vascular lesions in the brains of elderly individuals are: brain infarcts, white matter lesions,
and hemorrhages.

Brain infarcts—ABrain infarcts represent areas of brain parenchyma necrosis caused by
insufficient blood flow. The prevalence of morphologically detectable brain infarcts
regardless of size, quantity, and clinical impact increases with age up to 90 years of age
(Table 1A). In our autopsy cases the prevalence of infarcts decreased in the age group of 91—
104 years of age. Apparently, this finding is in line with the previously reported reduction of
multi infarct dementia in this age group (Jellinger and Attems 2010) although most studies
analyzed people older than 80 years of age as a single group or took in consideration only
clinically relevant strokes (Ovbiagele 2010; Wieberdink et al., 2012). Brain infarcts are
subclassified by its size into large infarcts (infarcts bigger than 1,5 cm3 or 1 cm in diameter)
(Grinberg and Thal 2010; Hachinski et al., 2006), lacunar infarcts (infarcts of 0,5-1,5 cm? in
volume or 0,5-1,0 cm in diameter) (Petito 2005) and microinfarcts (less than 0,5 cm in
diameter) (Ince 2005) (Fig. 1A—E). The distinction between large and small infarcts by 1cm
in diameter is recommended in the National Institute of Neurological Disorders and Stroke-
Canadian Stroke Network vascular cognitive impairment harmonization standards
(Hachinski et al., 2006) for imaging. The other measures given here were taken from
opinion and textbook articles as indicated, but are to our knowledge not published as
consensus guidelines.

Large infarcts can be caused by thrombotic or embolic vessel occlusion. AS frequently
induces thrombosis after rupture of an atherosclerotic plaque. Such a thrombus either causes
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local occlusion or embolism into smaller downstream blood vessels. Cardiogenic embolism
is an alternative explanation for the embolic nature of a large infarct (Liberato et al., 2005;
Marti-Vilalta and Arboix 1999). Lacunar infarcts are either caused by SVD-related vessel
occlusion or by embolic events. Microinfarcts are often related to SVD (white matter
microinfarcts) and CAA (cortical microinfarcts) but can also be caused by
thromboembolism (Cadavid et al., 2000; Gerraty et al., 2002; Jellinger 2008; Kimberly et
al., 2009; Okamoto et al., 2009; Okamoto et al., 2012). Hypoperfusion is another possible
cause for “watershed” microinfarcts occurring in the border zone between two vessel
territories (Suter et al., 2002). The number of microinfarcts was associated with cognitive
impairment in the Honolulu Asia study (Launer et al., 2011). Thrombosis of atherosclerotic
lesions has not been reported to cause lacunar and microinfarcts.

Brain infarcts can be further subclassified as ischemic (synonymous with anemic or white
infarcts (Fig. 1A-D)) and hemorrhagic (synonymous with red) infarcts (Fig. 1E). Ischemic
infarcts are caused by vessel occlusion in the absence of collateral or remaining blood flow
or reperfusion. In contrast, hemorrhagic infarcts occur after reperfusion of an ischemic
infarct area in the stage of necrosis or when remaining or collateral blood flow is not
sufficient to keep the infarcted area viable but causes blood extravasation into the damaged
area. Infarct mechanisms leading to hemorrhagic infarcts are: 1. embolism due to AS or
cardiogenic embolism, 2. reperfusion of an ischemic infarct (e.g. lysis of a thrombus/
embolus), 3. fragile vessel walls of already SVD- or CAA-affected vessels, 4. collateral
perfusion, and 5. venous occlusion and subsequent congestion of blood into the respective
drainage area (Grinberg and Thal 2010). Ischemic damage of the vessel walls in the infarct
area and impaired coagulation mechanisms (e.g. lysis therapy) may facilitate blood leakage
under the above mentioned conditions leading the hemorrhagic infarcts. In the elderly brain
the presence of brain infarction correlates best with S\VD (Table 3) suggesting that SVD-
related infarcts are most frequent in this age group.

White matter lesions—White matter lesions (synonymous with leukoaraiosis or vascular
leukoencephalopathy) represent non-necrotic changes in the white matter that are
characterized by demyelination, axon loss, astrogliosis, and microglia activation in the white
matter. These changes occur in the deep white matter and spare U-fibers (Fig. 1F). White
matter lesions are associated with SVD (Fazekas et al., 1993; Hachinski et al., 2006; Ince
2005; Schmidt et al., 2011; Sze et al., 1986).

Cerebral hemorrhage—In contrast to hemorrhagic infarction, cerebral hemorrhage is
characterized by the influx of blood into the intact brain parenchyma because of vessel wall
rupture. In our autopsy sample the prevalence of morphologically detectable hemorrhage
regardless of its size and clinical significance (except for microbleeds) varied between 8.7
and 12.82% of our autopsy cases without significant increase by age (Table 1A). Large
hemorrhages displace brain tissue and can be fatal when vital brain areas are destroyed, e.g.,
brain stem hemorrhage (Fig. 2A, B), or when hemorrhage is accompanied by brain edema,
that subsequently leads to increased intracranial pressure and transtentorial herniation
(Ferrer et al., 2008). The most frequent cause of these hemorrhages is SVD associated with
arterial hypertension (Takebayashi and Kaneko 1983; Yamori et al., 1976). CAA-related
hemorrhages frequently show a lobar pattern of occurrence and represent the second most
frequent cause of hemorrhage in the brain of elderly individuals (Greenberg 1997,
Mandybur 1986; Thal et al., 2008b). Aneurysms and vascular malformations rarely cause
hemorrhage in the elderly brain. Microbleeds are blood extravasations into the perivascular
or Virchow-Robin space without further tissue damage and usually measure less than 10 mm
in diameter (Henry-Feugeas 2007) (Fig. 2C). Siderin-laden macrophages within the
perivascular space indicate previous microbleeds (Winkler et al., 2001). They frequently
occur in the presence of SVD and CAA (Greenberg et al., 2009; Jeong et al., 2002) while
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AS is not involved in the pathogenesis of microbleeds. Their exact pathogenesis and
cognitive effects remain to be clarified, as these may be a surrogate for microvascular
disease (De Reuck et al., 2011). Radiologically, microbleeds can be easily detected by
magnetic resonance imaging as areas of signal loss (Greenberg et al., 2009). As such,
radiologically detected microbleeds in the cortex are indicative for CAA; those seen in the
white matter point to SVD (Greenberg et al., 2009; Hommet et al., 2011; van Es et al.,
2011). However, De Reuck et al. (De Reuck et al., 2011) reported recently that there is
significant overestimation of striatal microbleeds even using 7.0T MRI compared to its post-
mortem histopathological confirmation.

Types of vascular dementia (VaD) and their relation to vessel disorders and
vascular lesions

VabD is the net result of vascular lesions that lead to an impairment of brain function (Ferrer
2010; Ince 2005; Roman et al., 1993). Hypoperfusion is thereby, considered to contribute
significantly to cognitive decline (Kitamura et al., 2012; Suter et al., 2002). Pure VaD
(extensive vascular lesions without widespread AD pathology, i.e., no AD or low degree of
AD pathology with Braak NFT stage 111 or less, CERAD score for neuritic plaque pathology
1 or less, and AP phase 2 or less according to the National Institute of Aging — Alzheimer
Association (NIA-AA) guidelines (Braak and Braak 1991; Hyman et al., 2012; Mirra et al.,
1991; Thal et al., 2002)) was found in only ~5% in our sample of demented and non-
demented autopsy cases from university and municipal hospitals in Germany with an age
spectrum shown in Table 1. All other cases with dementia and vascular changes also
exhibited significant levels of AD-related pathology (i.e., low — severe AD pathology with
Braak NFT stage Il or higher, CERAD score 1 or higher, and Ap phase 2 or higher
according to the NIA-AA guidelines (Hyman et al., 2012)) and were classified as AD (Table
3A). Different types of vascular lesions, thereby, contribute to the development of VaD:
brain infarcts, hemorrhage, and leukoencephalopathy (Ferrer 2010; Ince 2005; Roman et al.,
1993). The patterns of the vascular brain lesions leading to dementia distinguish three major
forms of VVaD (Ferrer 2010; Ince 2005) (Fig. 3): 1. multi infarct dementia, 2. strategic infarct
dementia, and 3. subcortical vascular encephalopathy.

Hippocampal sclerosis, i.e. neuron loss and astrogliosis in the CA1 sector of the
hippocampus, has also been considered to be related to vascular changes (Ferrer 2010;
Hachinski et al., 2006). However, this type of lesion is associated with transactive response
desoxyribonucleic acid (TAR DNA)-binding protein TDP43-positive pathology (Amador-
Ortiz et al., 2007). As such, it is not fully clear whether hippocampal sclerosis in the aged
brain is indeed of vascular origin or a TDP43-proteinopathy or may result from different
origin (Hyman et al., 2012).

Multi infarct dementia

Multi infarct dementia is characterized by multiple lacunar and microinfarcts as well as
small or large infarcts in the cortex and in subcortical areas (Fig. 3). The total amount of the
damaged brain tissue passes the threshold for cognitive impairment by reducing the
functional brain capacity significantly. The infarcts can be caused by atherosclerosis in the
circle of Willis, embolic events, but also by CAA and SVD. CAA- or SVD-related
hemorrhages may contribute to the overall brain damage as well (Ferrer 2010; Hachinski et
al., 1974; Ince 2005; Jellinger 2008; Kalaria and Erkinjuntti 2006; Launer et al., 2011; Smith
et al., 2012). In so doing, multi infarct dementia cannot be linked to a specific vessel
disorder. Moreover, its relation to age-related vessel disorders varies and a combination of
vascular lesions due to different vessel disorders is frequently seen. In our sample brain
infarction was observed in 66 % of our cases with “pure” VaD (Table 3B). In comparison to
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CAA and SVD, AS showed a trend to more severe lesions in the circle of Willis in VaD
cases than in cognitively normal controls (Table 3C) suggesting that AS-related thrombosis
and embolic events are important for this type of VVaD. This trend is supported by the finding
that the likelihood of dementia is increased in the presence of high-grade internal carotid
artery atherosclerosis (Suemoto et al., 2011).

Strategic infarct dementia

Strategic infarct dementia, in contrast, is caused by single infarcts in strategic regions, i.e. in
regions that cause significant cognitive deficits when destroyed by an infarct. Large infarcts,
lacunar infarcts, but also microinfarcts in the hippocampus or the paramedian nuclei of the
thalamus can contribute to strategic infarct dementia (Ferrer 2010; Jellinger 2008; Kalaria
and Erkinjuntti 2006; Szirmai et al., 2002; Tomlinson et al., 1970) (Fig. 3). These infarcts
can be caused by SVD and embolic events. CAA (except for familial CAA cases) is usually
not associated with thalamic or hippocampal infarcts (Thal et al., 2008b) although capillary
CAA and capillary CAA-associated vessel occlusion has been reported in the CA1-
subiculum region and the thalamus (Thal et al., 2009; Thal et al., 2008b).

Subcortical vascular encephalopathy (Binswanger’s disease)

Subcortical vascular encephalopathy describes a widespread demyelination and axon loss in
the white matter sparing U-fibers, i.e. confluent white matter lesions (Fig. 3). These changes
are caused by severe SVD, predominantly SVD of the arteriolosclerosis and lipohyalinosis
type (Ferrer 2010; Hachinski et al., 2006; Ince 2005; Jellinger 2008; Kalaria and Erkinjuntti
2006). CADASIL can cause a similar pattern of lesions (Kalimo and Kalaria 2005).

Dementia as a result of reduced brain capacity by vascular types of

dementia and neurodegeneration

VabD is usually a disease of elderly individuals (Ferrer 2010; Gorelick et al., 2011; Hachinski
et al., 2006; Ince 2005; Jellinger 2008; Kalaria and Erkinjuntti 2006; Roman et al., 1993). In
the elderly brain, Alzheimer’s disease (AD)-related pathological changes and argyrophilic
grain disease (AGD) frequently occur (Braak and Braak 1997; Braak et al., 2011; Jellinger
and Attems 2012; Thal et al., 2008a; Togo et al., 2002; Tolnay et al., 2001) in addition to
CAA, AS, and SVD (Table 1, 3) (Deramecourt et al., 2012; Grinberg and Thal 2010;
Jellinger and Attems 2012; Thal et al., 2003; Thal et al., 2008b). As such, pure AD, pure
AGD, and pure VaD are rare (Korczyn 2002). Usually, AD is associated with CAA (Attems
2005; Joachim et al., 1988; Thal et al., 2008b; Vinters 1992), SVD (Brun and Englund 1986;
Thal et al., 2003) (Table 3C), AS (Roher et al., 2003), as well as with white matter lesions
(Gootjes et al., 2004; Meier et al., 2012) indicative for blood-brain barrier alterations due to
SVD (Wardlaw et al., 2009). Vascular lesions, similar to neurodegenerative disorders such
as AGD (Thal et al., 2005), are capable of reducing the threshold of AD pathology required
for the development of dementia (Esiri et al., 1999; Schneider et al., 2009). Thus, the
development of dementia may be the net result of all lesions in the brain, including vascular
lesions, neurodegenerative lesions, but also traumatic or inflammatory lesions in any given
brain. As soon as a given threshold is reached, the cognition gets impaired, regardless of the
cause of the lesion, i.e, vascular or neurodegenerative or both (Table 3).

For the vascular component of dementia, as discussed in detail above, all kinds of lesions
and related vessel disorders can contribute to the development of dementia. However, in our
series of elderly autopsy cases VVaD was associated with brain infarction in 66% of the VaD
cases. SVD with its associated leukoencephalopathy occurred more frequently in cases
categorized as AD (83%) whereas these lesions were less frequently observed in cases
categorized as VaD (75%) and cognitively normal (74%). As such SVD-related subcortical
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vascular encephalopathy changes frequently coexist in AD patients (Table 3C) although they
are also common in cognitively normal elderly individuals which frequently exhibit low
levels of AD-related pathology as well (Table 3D).

In addition to the impact of classical vascular lesions on dementia, the association between
AD and SVD (Brun and Englund 1986; Thal et al., 2003), AS (Roher et al., 2003), and white
matter lesions (Gootjes et al., 2004; Grimmer et al., 2012; Meier et al., 2012) points to a
possible pathogenic link between AD and the above mentioned vessel disorders. However,
another group found no relationship between AD and AS (Luoto et al., 2009). In our sample,
AD cases exhibited slightly higher degrees of AS severity than cognitively normal
individuals without reaching significance (Table 3C). The correlation analysis presented in
Table 2 shows a correlation between SVD and CAA suggesting a pathogenic link between
these vessel disorders and to AD which is closely correlated with CAA. A possible
explanation for such a pathogenic link between AD and/ or CAA, on the one hand, and SVD
with its associated white matter lesions, on the other, is the alteration of perivascular
clearance mechanisms. Perivascular clearance describes the drainage of extracellular fluid
and its proteins along the perivascular channels and the basement membranes into the
cerebrospinal fluid and into the cervical lymph nodes (Carare et al., 2008; Weller et al.,
2009). SVD leads to a fibrosis of the vessel wall (Lin et al., 2000) and to a leakage of blood-
derived proteins into the vessel wall, perivascular space, and into the perivascular brain
parenchyma (Alafuzoff et al., 1985; Utter et al., 2008). Accordingly, drainage along the
blood vessels is impaired by fibrosis (Weller et al., 2009) and by the influx of blood-derived
proteins and AP accumulates in the brain (Grinberg and Thal 2010; Utter et al., 2008). Since
white matter lesions are associated with SVD (Pantoni and Garcia 1995; Schmidt et al.,
2011; Urbach et al., 2007) and since they are related to defects in the blood-brain barrier
(Wardlaw et al., 2009) and AD (Gootjes et al., 2004; Grimmer et al., 2012; Meier et al.,
2012) it is tempting to speculate that an impaired perivascular clearance of Ap and
apolipoprotein E (apoE) due to SVD contributes to the development of AD (Attems et al.,
2011; Grimmer et al., 2012; Grinberg and Thal 2010; Thal 2009). Moreover, the link
between AD and CAA has been widely accepted because most AD cases exhibit CAA
(Joachim et al., 1988; Thal et al., 2008b), CAA is caused by AP deposits in the vessel wall
similar to those in AD-related AP plagues (Glenner and Wong 1984; Masters et al., 1985).
Mouse models, which are made to produce AP plagues by neuronal Ap production, exhibit
CAA as well (Calhoun et al., 1999). CAA in these animals is, thereby, the result of A
drained through the perivascular space that aggregates at the vascular basement membranes.
This supports the hypothesis of altered perivascular drainage of parenchymal Ap as a cause
of CAA in the human brain (Weller et al., 2009; Weller et al., 1998). Furthermore, evidence
was provided that Ap protein, especially Ap1_49 may damage brain vessels via vasoactive
mechanisms which disrupt the brain’s blood supply and render the brain more vulnerable to
injury (ladecola 2004).

In light of these considerations, dementia develops in the elderly brain as the result of an
accumulation of neurodegenerative, vascular and other lesions whereby the diagnosis of
VabD describes the development of dementia only due to vascular lesions. Since pure VaD or
pure AD are quite rare the NIA-AA consensus guidelines for the diagnosis of AD
recommend to report the degree each AD pathology, i.e. neurofibrillary tangles, Ap plaques
and neuritic plaques, separately as well as vascular pathology by category (Hyman et al.,
2012). These guidelines are a first effort to unify the description of vascular lesions,
although until today there is no widely accepted set of criteria for VVaD classification and the
assessment of these lesions by different observers varies strikingly (Alafuzoff et al. 2012;
Grinberg and Heinsen 2010).
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Conclusions

This review of the current literature and of our case collection revealed that vascular lesions
and vessel disorders are prevalent in most demented elderly individuals often combined with
concurrent AD-related lesions (Table 2). The frequent coexistence of AD pathology with
SVD and its associated white matter lesions suggests that SVD is a risk factor for AD. As
such, it seems to be important for clinical practice to consider the prevalence of AD-related
brain lesions in patients with vascular, especially white matter lesions and to examine and
treat the patients accordingly.

VaD with only negligible AD-related pathology is rare and when diagnosed most frequently
caused by infarcts due to AS and embolic events. SVD and CAA did not play a major role in
these cases.
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Fig. 1.

Infarcts and white matter lesions. A: Large ischemic infarct in the cerebellum (stage of
necrosis; arrows). B, C: Lacunar infarcts in the pons (B) and in the basal ganglia (C) (stage
of pseudocystic gliosis; arrows). D: Microinfarct in the parietal cortex (stage of gliosis) The
arrows indicate the demarcation line of the infarct. E: Large hemorrhagic infarct in the
cortex (stage of necrosis). The arrows indicate the infarct demarcation line at the border
between the cortical layers I and 11, the arrowheads point to the areas of blood extravasation
in the hemorrhagic (red) infarct. F: White matter lesion in the frontocentral white matter
near the cingulate gyrus (arrow). Note the U-fibers directly underneath the cortical layer VI
are intact.

Calibration bar in F corresponds to A = 6900 pm, B, F = 5000m, C, E = 450pm, D = 360
pm. A-E: Hematoxylin & Eosin staining; F: PAS-Luxol fast blue staining.
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Fig. 2.

Hemorrhage and microbleeds. A, B: Cerebral hemorrhage in the pons (arrows in A). At
higher magnification level (B) it becomes evident that blood clots (arrows) displace the vital
brain parenchyma. C Microbleed in the basal ganglia. The microbleed, thereby, represents a
hemorrhage restricted to blood extravasation into the perivascular space (arrows) without
tissue damage and displacement. Note the two arteries associated with the microbleed
exhibit pattern of SVD with a concentric intima proliferation and partial fibrosis of the
vessel wall.

Calibration bar in A corresponds to A = 4500pum, B = 226pum, C = 85 pum. A-B:
Hematoxylin & Eosin staining; C: Elastica van Gieson staining.
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Multi infarct dementia Strategic infarct dementia Subcortical vascular
encephalopathy

Fig. 3.

Schematic representation of multi infarct dementia, strategic infarct dementia, and
subcortical vascular encephalopathy. The gray areas mark the regions where infarcts and
white matter lesions are located. In multi infarct dementia multiple microinfarcts, lacunar
infarcts, and small large infarcts are distributed all over the gray matter. Strategic infarct
dementia is characterized by infarcts in strategic regions that alone explain dementia, i.e., in
the hippocampal formation and in the paramedian nuclei of the thalamus. Subcortical
vascular encephalopathy is characterized by confluent white matter lesions in the central and
peripheral white matter. Small infarcts in subcortical brain regions may also co-occur with
this type of VaD.

Abbreviations: Amy = amygdala, Bgl. = basal ganglia, CA1 = Ammon’s horn sector CAL,
Cing. = cingulate gyrus, ER = entorhinal cortex, F = frontal neocortex, Hypoth =
hypothalamus, NBM = basal nucleus of Meynert, T = temporal neocortex, Thal = thalamus.
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Tab. 2
Correlations between AS, SVD, and CAA severity with the presence of brain infarction
and cerebral hemorrhage

Partial correlation analysis between AS, SVD, CAA, brain infarction and cerebral hemorrhage controlled for
age and gender. The severity of SVD correlated with the occurrence of brain infarction and CAA severity
whereas no significant correlations were observed between AS and SVD, CAA, brain infarction, or cerebral
hemorrhage, between CAA and AS, SVD, brain infarction of cerebral hemorrhage, between SVD and AS or
cerebral hemorrhage, and between brain infarction and AS, CAA, or cerebral hemorrhage.

AS SVD CAA
Brain infarction 0.384  0.022 (r= 0.235) 0.530
Cerebral hemorrhage 0.664 0.993 0.370
CAA 0.061  0.002 (r =0.237)
SVD 0.258 0.020 (r = 0.237)

Abbreviations: AS = Atherosclerosis, CAA = cerebral amyloid angiopathy, n = number of cases studied, p = p-value assessed by partial correlation
analysis controlled for age and gender, r = correlation coefficient assessed by partial correlation analysis controlled for age and gender, SVD =
small vessel disease.

Exp Gerontol. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Thal et al. Page 22

Tab. 3A
Prevalence (%) of symptomatic AD, VaD, and cognitively normal individuals in an
autopsy sample

Prevalence (in %) of VVaD, AD, and cognitively normal individuals in an autopsy sample that included non-
demented, AD, and VaD cases. Cases with other neurological disorders where excluded from this analysis.
AD was diagnosed in the presence of high-intermediate degrees of AD-related pathology in the absence of
severe vascular and non-AD neurodegenerative changes (Hyman et al., 2012). VaD was considered only when
severe and widespread or strategic vascular lesions were observed in demented individuals while no or only a
low degree of AD-related lesions and no other neurodegenerative disorders were found in the brain (Gorelick
etal.,, 2011; Roman et al., 1993). AD and VaD cases exhibited clinical signs of dementia fulfilling the DSM
IV criteria for dementia (American Psychiatric Association 1994).

VaD AD Cognitively Normals

5.08 (n=12/236)  29.24 (n=69/236)  65.68 (N=155/236)

Abbreviations: AD = Alzheimer’s disease, AS = Atherosclerosis, CAA = cerebral amyloid angiopathy, CERAD = consortium to establish a registry
for Alzheimer’s disease, Cl = 95% confidence interval determined by logistic regression analysis, MTL = medial temporal lobe, n = number of
cases studied, NIA-AA = National Institute on Aging — Alzheimer Association, NFT = neurofibrillary tangle, OR = Odds-ratio determined by
logistic regression analysis, p = p-value determined by logistic regression analysis and corrected for multiple testing, SVD = small vessel disease,
VaD = vascular dementia.
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