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Summary

Initial investigations of the impact of cerebrovascular pathology on cognition 
and mood predominantly focused on macrovascular lesions. Progressively, 
however, the role of a chronic accumulation of small vascular and 
 microvascular lesions on both cognitive status and mood regulation came to 
light. Recent contributions have pointed to the main role of cortical micro-
infarcts and subcortical lacunes in dementia, providing the first pathological 
substrates of mixed dementia. 

With respect to mood regulation, the research focus has equally shifted 
from the localisation of macrovascular infarcts to the impact of a chronic 
 cerebrovascular lesion burden. However, empirical results from the wider 
field of the “vascular depression hypothesis” remain contradictory and the 
relative contributions of biological and psychosocial factors are still a matter 
of debate. 

We review here the currently available datasets and theories regarding 
the cognitive and affective repercussions of cerebrovascular lesions while 
considering the methodological limitations of neuroimaging and neuro-
pathological studies. In contrast to the initial neuroanatomically inspired 
 lesion models, the current conception of the clinical expression of vascular 
burden is based on a vulnerability model. This encourages a multidimen-
sional approach that takes into account not only lesions and risk factors but 
also the possibilities of early detection and intervention, thus integrating the 
emergent concepts of healthy aging and cognitive reserve and emphasising 
the role of psychosocial factors.

Keywords: vascular burden; cognitive impairment; aging; mood; macroinfarcts; 
lacunes; microvascular; neuropathology

Introduction

The impact of cerebrovascular lesions has intrigued re-
searchers for more than a century. The notion of “post- 
apoplexy dementia” appeared as one of the first attempts to 
link these lesions to the sudden decline of cognitive function 
observed after a stroke [1]. 

Interestingly, the pioneer description of Auguste D by 
Alois Alzheimer [2] already contained a commonly over-
looked description of the concomitant presence in dementia 
of  arteriosclerotic changes as well as neurodegenerative 
 lesions. Later on, the descriptions by Otto Biswanger of 
 severe cognitive deterioration associated with chronic 
 hypo perfusion constituted an important step in the demar-
cation of vascular dementia (VaD) from neurosyphilis [1]. In 
the 1960s, the landmark studies of Tomlinson et al. [3, 4] 
pointed to the  importance of the volume of brain tissue loss 
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during stroke while Hachinski et al. [5] highlighted the 
 impact of its localisation. More recently, the accumulation of 
small vascular and even microvascular lesions was identified 
as an aetiologic factor of cognitive impairment (for review 
see [6]). 

The impact of vascular lesions on mood regulation pro-
gressively came to light through the frequent observation  
of anxious and depressive symptoms as well as behavioural 
disturbances in patients with VaD. On the other hand, the 
early observations of behavioural changes and decreased 
brain catecholamines after ligation of the middle cerebral 
 artery in rats [7] set the tone for the very active field of 
 research on depression of vascular origin [8, 9]. Although 
globally supported by neuroimaging studies (for review see 
[10]), the neuropathological explorations of the concept of 
vascular depression have yielded conflicting results [11, 12]. 

The present article provides not only a detailed overview 
of current evidence regarding the impact of cerebrovascular 
lesions on cognition, but also a concise summary of the 
available studies addressing the relationship between vascu-
lar risk factors and mood regulation. In our critical analysis 
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of both fields, we will integrate data from neuropathological 
and neuroimaging studies, and comment on their potential 
implication for clinical practice.

Large vessel disease and cognition:  
in search of a comprehensive approach

Tomlinson’s pioneering studies established a traditional view 
of VaD associated with a volume of cerebral infarcts larger 
than 100 ml [3, 4]. Later on, Hachinski et al. pointed out 
stroke location as a major determinant of its  differential 
 impact on cognition [5] and introduced the  concepts of 
“multi-infarct dementia” and “strategic macro infarcts”. Clas-
sical multi-infarct encephalopathy more frequently involves 
the dominant hemisphere and accounts for about 15% of 
VaD (for review see [13]) (fig. 1).

Several recent studies have confirmed the role of a single 
stroke as a very strong risk factor for the development of 
 dementia [14–17]. Depending on the population under 
study, on the selected set of diagnostic criteria and on the 
timing of the neuropsychological assessment, the prevalence 

of post-stroke dementia ranges from 6 to 32%. Both hospi-
tal and community-based studies show that the risk of devel-
oping dementia is doubled by the occurrence of a stroke, 
both in short- and long-term post-stroke assessments (for 
 review see [18]). Moreover, patients with post-stroke de-
mentia develop not only a major functional impairment 
(with dependence for daily living activities) [19], but also  
a high mortality rate (independently of age and co-morbi-
dities) [20]. 

The first attempts to define VaD evolved from the clas sic 
criteria for Alzheimer’s disease (AD) such as the  presence  
of a prominent loss of memory and markedly  impaired 
 activities of daily living, along with the observation of  
progressive deterioration and irreversibility of symptoms.  
Later on, the semi-quantitative Hachinski ischemic score 
 attempted to distinguish between VaD and AD [21]. Mainly 
based on stroke history and the presence of focal neurologi-
cal signs, this scale provided a good tool to differentiate 
multi-infarct VaD from AD but a recent clinicopathological 
study in nonagenarians and centenarians pointed out its 
 relative low specificity (only 66%) [22]. Moreover, it is 
 important to note that the most commonly used sets of 
 diagnostic criteria for VaD [ADDTC (the Alzheimer’s Disease 
Diagnostic and Treatment Center) and NINSD-AIREN (the 
National Institute of Neurological Disorders and Stroke,  
and the Association Internationale pour la Recherche et L’Ensei­
gnement en Neurosciences) criteria] have very different sensi-
tivities and specificities, with variable inter-rater reliabilities 
(for review see [23]; table 1). With regard to psychiatric 
 classifications, clinicopathological data have demonstrated 
that DSM-IV (Diagnostic and Statistical Manual of Mental 
disorders, fourth edition) criteria [24] perform better than 
ICD-10 (International Classification of Diseases, 10th revi-
sion) criteria [25] in identifying cases of VaD, as 80% of the 
cases of VaD were undetected by ICD-10 [26] (table 2).

A recent clinicopathological study suggests that the in-
clusion of neuroimaging in ADDTC VaD criteria [27] for 
probable dementia might lead to a significantly better sensi-
tivity [22]. Due to a greater specificity and due to the fact 
that they include all forms of cerebrovascular disease (com-
plete and incomplete ischemia, haemorrhagic stroke and 

Summary of DSM-IV and ICD-10 research criteria for vascular dementia.

DSM-IV criteria ICD research criteria

Cognitive deficits manifested by both: 
– Memory impairment (either in anterograde or retrograde memory) 
– One or more of the following disturbances
 – Aphasia,
 – Apraxia,
 – Agnosia,
 – Disturbance in executive functioning.

Dementia as defined by: 
– A decline in memory and other cognitive abilities that has been 
 present for at least six months.
– Intact consciousness.
– A decline in emotional control or motivation, or a change in social  
 behaviour manifested as at least one of the following: emotional  
 lability, irritability, apathy, coarsening of social behaviour.

Significant impairment in social or occupational functioning as  
a result of the above cognitive deficits, representing a decline from  
a previous level of functioning.

Uneven distribution of deficits in higher cognitive functions (thus 
memory may be quite markedly affected while thinking, reasoning 
and information processing may show only modest impairment).

Focal neurological signs and symptoms or laboratory evidence of 
cerebrovascular disease that are judged to be aetiologically related 
to the disturbance.

Focal brain damage, manifested as at least one of the following: 
unilateral spastic weakness of the limbs, unilaterally increased 
tendon reflexes, an extensor plantar response, pseudobulbar palsy.

The deficits do not occur exclusively during the course of a delirium. Evidence from the history, examination or tests of significant 
cerebrovascular disease, which may reasonably be judged to be 
aetiologically related to the dementia.

The figure displays a bilateral old basal ganglia ischemic infarct 
that resulted in post-stroke dementia. Scale bar = 1.5 cm.

Figure 1

Table 1
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cardiogenic VaD), NINDS-AIREN criteria [28] are the most 
widely used in clinical and treatment studies. They are 
among the first to propose clear neuroimaging criteria as a 
requirement for the diagnosis of probable VaD. However, 
even though these sets of criteria have undoubtedly contri-
buted to a significant progress in the field of VaD, they also 
proved to have limited accuracy when used in routine clini-
cal settings [22, 26, 29, 30].

The concept of vascular cognitive impairment (VCI) tried 
to move away from these limitations by taking into account 
the existence of a continuum between subjects showing no 
clear cognitive decline and those presenting a demented 
state. Nevertheless, even after the adoption of this concept 
by the International Psychogeriatric Association, its use 
 remains ambiguous (for review see [31,32]). From a neuro-
cognitive standpoint, a definition of the clinical profile of VCI 
remains a matter of debate [33–36]. Unlike AD, VCI is char-
acterised by a relative preservation of language and memory 
coexisting with significant executive deficits. The conceptu-
alisation of VCI reflected a growing interest in the impact of 
subcortical small vessel disease on cognitive decline and 
 dementia. 

The relatively recent concept of subcortical ischemic vas-
cular dementia constitutes an attempt to focus on the cogni-
tive impact of lacunar lesions and deep white matter changes 
in the elderly. In fact, according to a recent multi-centre 
study, the importance of small vessel-disease seems to have 
been underestimated. Among 706 patients with VaD, 522 
(74%) had small vessel disease and only 126 (18%) pre-
sented large vessel disease, while 56 patients (8%) had both 
[37]. Clinically, this syndrome presents with predominantly 
frontal type behavioural features including a dysexecutive 
syndrome, short-term memory deficits and deterioration in 
daily living activities. One possible interpretation proposes 
that lacunar infarctions or deep white matter changes lead to 
the disruption of three fronto-subcortical circuits involved in 
non- motor behaviour (dorsomedial prefrontal circuit related 
to executive function, medial prefrontal circuit involved in 

 initiation and drive and orbital prefrontal circuit linked to 
social behaviour). Another study postulates that deep white 
matter lesions disrupt cortico-cortical connections known  
to play a key role in cognitive and emotional regulation (for 
 review see [38]). 

Small vessel disease and cognitive impairment:  
insights from neuroimaging

In contrast to macrovascular lesions such as ischemic and 
haemorrhagic brain infarcts, which are visible to the naked 
eye, microvascular lesions (which include cortical micro-
infarcts, gliosis and demyelination) are smaller and typically 
observable uniquely in histological preparations. Between 
these two types of lesions, lacunar infarcts (fig. 2b) are visi-
ble by neuroimaging, as well as upon gross examination at 
autopsy [13, 39]. They are usually classified among micro-
vascular lesions given their possible link to microangiopathy. 
In contrast to macroangiopathic lesions (also referred to as 
atherosclerosis), microangiopathic lesions include arteriolo-
sclerosis as well as hyalinosis and fibrinoid necrosis of arteri-
oles. Lacunes appear increasingly central to the development 
of vascular burden-related cognitive impairment in brain 
 aging. They measure, by definition, between 1 and 15 mm 
and are the result of definitive ischemic necrosis. They 
 appear almost exclusively in the cerebral white matter and 
in subcortical structures including the thalamus, basal gan-
glia and brainstem. Although lacunar lesions are thought to 
result from hypertensive angiopathy, this association seems 
to be overemphasised [40] and recent studies with diffusion-
weighted MRI have stressed the role of embolism from the 
heart or extracranial arteries in the pathogeny of these 
 lesions [41, 42]. The exact clinical significance of lacunes in 
the aging brain remains a matter of debate [43–45].  Although 
subcortical lacunes have repeatedly been associated with 
cognitive impairment [46–49], other datasets emphasise the 
common presence of clinically silent lacunes in very old 

Summary of ADDTC and NINDS-AIREN clinical criteria.

ADDTC criteria NINDS-AIREN criteria

Dementia 
definition

Cognitive deterioration interfering with customary affairs  
of life, not isolated to a single category of intellectual 
perfor mance and independent of the level of consciousness.

Decline in intellectual function affecting memory and  
at least two other cognitive domains, sufficient to interfere 
with activities of daily living and independent of the level  
of consciousness.

Probable 
VaD

Dementia.
Evidence of two or more strokes by history, neurological signs, 
and/or neuroimaging; or a single stroke with a clear temporal 
relationship to the onset of dementia.
Evidence of at least one infarct outside the cerebellum by  
CT or T1-weighted MRI.

Dementia.
Cerebrovascular disease defined by focal signs upon 
neurological examination and evidence of relevant cerebro-
vascular disease by CT or MRI.
Relationship between the above two disorders, manifested by:
– Dementia onset within three months of a stroke, or 
– Abrupt deterioration in cognitive functions, or
– Fluctuating stepwise course.

Possible 
VaD

Dementia.
History or evidence of a single stroke without a clear temporal 
relationship with dementia onset.
Biswanger’s disease which includes the following: 
– Early onset of urinary incontinence or gait disturbances,
– Vascular risk factors and extensive white matter changes  
 on neuroimaging.

Dementia and focal neurological signs.
No neuroimaging.
Absence of clear temporal relationship between stroke and  
the onset of dementia.
Subtle onset and variable course of cognitive deficit and 
evidence of cerebrovascular disease.

Mixed 
dementia

Presence of one or more other systemic or brain disorders 
that are thought to be causally related to the dementia.

Possible AD and clinical or brain imaging evidence of relevant 
cerebrovascular disease.

Table 2
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 individuals [43, 50] and in 30 to 100% of a group of healthy, 
non-demented elderly subjects, age being the strongest pre-
dictor of their presence and severity [51–57]. 

Similarly to what was observed for lacunar infarcts, the 
prevalence of MRI white matter lesions (WML) (also re-
ferred to as hyper-intensities and leukoaraïosis) increases as 
a function of age and vascular risk factors [51, 54, 58] and 
these lesions are often the consequence of stenosis or occlu-
sion of small cerebral vessels with sudden or chronic  ischemia 
leading to incomplete white matter infarction [59].

Neuropathologically, WML may correspond to different 
types of histological changes such as myelin loss, axonal loss, 
astrogliosis, scattered microinfarcts, lacunar infarcts, dilated 
periventricular spaces and cerebral amyloid angiopathy  
[60–67]. Although a recent review validated the association 
between WML’s progression and cognitive decline [68], 
their deleterious effect on cognition is by far not unani-
mously accepted [69–73]. Besides the heterogeneity of  
their pathological substrates, sampling differences and inter-
rater variability in WML classification and sensitivity of 

 cognitive evaluation may underlie the discordant reported 
results [66]. 

Interestingly, some MRI assessments of patients with 
 micro- and macroangiopathy versus control subjects seem  
to indicate that a chronic vascular burden expressed by the 
occurrence of micro- and macrovascular lesions may be 
linked to the presence of these types of angiopathy. Namely, 
Preul and collaborators [74] reported an association between 
cerebral microangiopathy and a decrease in cortical thick-
ness that was also correlated with neuropsychological 
 performances. Hund-Georgiadis and collaborators [75] 
 demonstrated a close relationship between age, obesity and 
hypertension, and the presence of magnetic resonance 
 imaging alterations in patients affected by micro- and macro-
angiopathy.

Small vascular and microvascular lesions in cognitive 
aging: the realm of neuropathology 

Increasingly evoked concepts of vascular burden [76, 77], 
successful aging [78–82] and cognitive reserve [83–85] point 
to a new “brain-at-risk” concept that progressively takes 
over the previous “end-stage” definitions of brain vascular 
lesions [86]. In a seminal study in this domain, Snowdon 
and collaborators [46] clearly demonstrated the link be-
tween cognitive deterioration and the presence of lacunar 
infarcts in the basal ganglia, thalamus and deep white mat-
ter by analysing a large database consisting of both regular 
clinical assessments and the donated post-mortem brains of 
678 Catholic sisters, 75 to 107 years of age. 

In contrast to its macrovascular counterparts discussed 
above, the possible cognitive impact of cerebral microvas-
cular lesions not detectable with classical neuroimaging 
methods, has been rather overlooked. Cortical microinfarcts 
(fig. 2a) constitute a striking example. Thought to cause only 
limited damage in brain tissue, they were frequently consid-
ered as benign consequences of brain aging [87] until their 
significant role was unveiled by the pioneering work of Esiri 
et al. [88], showing that microvascular brain damage was 
closely related to a history of dementia in cases of cerebro-
vascular disease without substantial AD pathology [89, 90]. 
In line with these observations, Vinters et al. [45] reported a 
consistent development of microinfarcts involving both 
 cortical and subcortical structures in a group of 20 demented 
patients. However, in the very frequent cases with mixed 
 pathology it is important to consider that the consequences 
of microvascular pathology can be masked by the concomi-
tant presence of age-related AD pathology such as amyloid 
deposits and neurofibrillary tangles (NFT). 

To address the cognitive impact of the burden of micro-
vascular lesions in the absence of AD, we performed a pro-
spective clinicopathological evaluation of 45 patients, 63 to 
100 years of age, with various degrees of cognitive impair-
ment but without significant NFT pathology or macrovas-
cular lesions including lacunes [91]. The neuropathologic 
analysis included bilateral assessment of all types of micro-
vascular lesions [cortical microinfarcts (fig. 2a), focal cortical 
gliosis (fig. 2c), diffuse white matter gliosis (fig. 2d) and 
white matter demyelination (fig. 2e)] and multivariate mod-

Representative examples of vascular lesions: cortical micro-
infarct (a; arrow), putaminal lacunar infarct (b; arrow), focal  
cortical gliosis (c; arrow), subcortical gliosis in the frontal cortex 
(d; arrow) and areas of demyelination of the deep white matter 
(e; white arrows) are displayed. Sections were stained with  
Globus silver-impregnation (a,c and d), Hematoxylin-eosin (b) and 
Luxol-van Gieson stain (e). Scale bar: 500 mm (a, b); 125 mm (c); 
250 mm (d) and 1.5 cm (e).

Figure 2
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els were used to control for the most probable confounders 
(i.e., the interaction between microvascular pathology, age, 
and amyloid deposits). The results showed no significant 
 association between Clinical Dementia Rating scale scores 
and focal and diffuse gliosis. Conversely, a strong  association 
was found between the extent of cerebral damage due to 
 microinfarcts and cognitive assessment [92].

In a second step, we analysed the impact of lacunar 
 lesions on cognition in a series of 45 patients without corti-
cal macroinfarcts aged 63 to 100 years [39]. Results showed 
that lacunes (fig. 2b) and deep white matter (fig. 2e) and 
periventricular demyelination contributed in equal parts to 
cognitive function and explained each 6% of clinical varia-
bility. In the multivariate analysis, lacunes explained as 
much as 17% of the clinical variability in cognitive function. 
These autopsy data confirm the role of basal ganglia and 
 thalamic lacunes as significant independent predictors of 
cognitive decline in the elderly. 

The interaction between vascular and neurodegenera-
tive changes in cognitive decline: a field in motion

Over the last decades, the increasing coexistence of AD and 
vascular lesions in old age as well as the presence of common 
risk factors for both AD and VaD have raised a growing 
 interest among neurobiologists and clinical researchers [46, 
93–97]. Although compelling evidence that AD might be a 
vascular disorder with neurodegenerative consequences is 
missing (for review see [98]), it is widely accepted that brain 
aging is characterised by the concomitant development of 
cortical lesions of both AD and vascular type [47, 67, 71, 72, 
82, 83, 99]. 

In this context, the definition of mixed dementia consti-
tutes a challenge for both clinical practice and research. This 
entity was initially diagnosed in the presence of both AD 
 pathology and large infarcts [100]. Progressively, the con-
comitant presence of lacunes and small vessel disease with 
AD lesions was associated with the development of clinically 
overt dementia [46, 89] and the concept of mixed dementia 
currently covers a wide spectrum of combinations between 
AD and VaD. At one end of the spectrum, one can find sub-
jects with minimal AD-related pathology and substantial 
small macrovascular and microvascular changes, and at the 
other end are subjects with severe AD pathological changes 
and mild vascular lesions. The main difficulty preventing  
the establishment of neuropathological criteria for mixed 
 dementia arises from the interconnection of distinct neuro-
pathological dimensions such as the type, location and num-
ber of AD and vascular lesions [94]. 

To assess these issues, a recent series of 156 prospectively 
documented cases with various degrees of AD pathology was 
submitted to a detailed neuropathological analysis that 
 included Braak NFT and Abeta-protein deposition staging 
and bilateral semi-quantitative assessment of microvascular 
ischemic pathology and lacunes [92]. Results showed that 
four independent variables were significant predictors of 
cognitive status, explaining 48.9% of the presence of 
 dementia. The vascular scores including cortical micro-
infarcts and thalamic and basal ganglia lacunes explained 

15% of the variability of the outcome variable (presence of 
dementia), Braak NFT staging explained 30.4% and Abeta 
deposition staging explained 3.5%. A threshold value with 
the best combination of sensitivity and specificity allowed  
for a highly accurate distinction between demented and 
non-demented cases. These results are encouraging in the 
perspective of proposing an operational definition of neuro-
pathological criteria for mixed dementia that takes into 
 account both degenerative and vascular changes occurring 
in the aging brain. 

Cerebrovascular lesions and mood regulation:  
the groundbreaking concept of post-stroke depression

Macroscopic vascular lesions have been related to depressive 
symptoms in cases of post-stroke depression (for review see 
[101]) and WML have been associated with both cognitive 
decline and depressed mood [47, 99, 102, 103]. Moreover, 
disruption of fronto-subcortical circuits by lacunes and WML 
has been implicated in the pathogenesis of vascular depres-
sion, and subcortical vascular changes are increasingly being 
associated not only with cognitive impairment but also with 
anxiety and depression [7, 38, 48, 104–106]. 

In the last decades, stroke has been recognised as the 
most common severe neurological disorder and the third 
leading cause of mortality among adults worldwide [107]. 
According to a recent review, 51 adequately designed  
studies using depression scales and DSM-IV criteria for 
 minor and major depression observed the presence of 
 depressive symptoms in the three to six months following 
stroke in one third of the patients [108, 109], with 20% of 
the stroke patients displaying depressive symptoms even 
more than two years later [110]. Robinson and collaborators 
 proposed an association between the ligation of the middle 
cerebral artery and the development of behavioural changes 
and alterations in the levels of brain catecholamines in a rat 
animal model. They hypothesised that the ischemic injury 
might adversely affect ascending biogenic amine pathways 
related to mood regulation [111]. However, when this hypo-
thesis was tested in stroke patients, no cortical localisation 
was consistently associated with depressive symptoms (for 
review see [112]). Others have argued that pro-inflamma-
tory cytokines released during stroke can be depressiogenic 
by increasing the activity of the hypothalamus-pituitary- 
adrenal axis or altering biogenic amine neurotransmission, 
and a recent study did confirm the role of interleukin-1 
 alpha in the pathogenesis of depression [113]. Yet no other 
perspective stresses the role of psychosocial aspects con-
tributing to the development of a depressive episode after 
stroke (for  review see [101]). Physical disability, stroke 
 severity, cognitive impairment, female gender and previous 
cerebrovascular or depressive episodes are among the con-
sistently identified risk factors for post-stroke depression 
(PSD) [114, 115].

Unlike neuroimaging, neuropathological studies allow 
for the assessment of different types of vascular lesions and 
for a more subtle delimitation of the stroke-affected area. In 
a first study of 95 autopsied patients with stroke, we  reported 
no association between diffuse or focal macrovascular 
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 pathology and PSD (even though younger age at death was 
significantly related to the occurrence of PSD) [116]. How-
ever, as previously emphasised in the realm of cognitive 
 decline, the role of small vascular and microvascular lesions 
constituting a “vascular burden” with comparable repercus-
sions in mood regulation progressively came to light. 

Could post-stroke depression be linked to the chronic 
 accumulation of lacunes (fig. 2b) and microvascular lesions 
[cortical microinfarcts (fig. 2a), white matter demyelination 
(fig. 2e), subcortical (fig. 2d) and focal (fig. 2c) gliosis]?  
In order to explore this hypothesis, we recently analysed  
41 post-mortem brains of stroke patients and showed that 
the chronic accumulation of lacunar infarcts within the 
 thalamus, basal ganglia and deep white matter was signifi-
cantly related to the occurrence of post-stroke depression 
explaining 25% of its variability [99].

Other types of cerebrovascular disorders such as normal 
pressure hydrocephalus and traumatic brain injury are also 
thought to be associated with depressive symptoms. Normal 
pressure hydrocephalus was originally described in 1965 as 
a progressive syndrome characterised by a triad of gait dis-
turbance, cognitive impairment and urinary dysfunction 
and is accompanied by landmark depressive symptoms such 
as apathy (present in 70.3% of the patients affected with 
normal pressure hydrocephalus) and anxiety (in 25% of the 
patients) [117]. With regard to exposure to physical trauma, 
Hudak et al. have recently reported an association between 
brain atrophy following traumatic injury and  depressive 
symptoms [118]. It is interesting to note that, consistent 
with the limbic-frontal model of depression, the cortical 
 regions that correlate with depressive symptoms, when 
 affected, are the rostral anterior cingulate and the  orbito-  
frontal cortices [119].

Long-term vascular risk and late onset depression: 
does neuropathology confirm the “vascular depres-
sion” hypothesis?

The concept that vascular lesions may increase older  patients’ 
vulnerability to depression was already present in Gaupp’s 
1905 treatise, “Depressive states in old age”, in which he 
 discussed “arteriosclerotic depressive disease” [120]. More 
recent neuroimaging data showed that, even in the absence 
of a clinical stroke, older depressed patients may present 
with two main imaging patterns: white matter fronto-sub-
cortical lesions and bilateral hypometabolism in anterior 
frontal areas (for review see [121]). In addition, several data-
sets have reported an association between cardiovascular 
 pathology such as hypertension and coronary heart disease 
and depressive symptoms, and demonstrated that silent 
strokes were frequently present in late-onset depression 
[122–124].

Based on the converging evidence that lesions affecting 
fronto-subcortical connections are associated with deficits  
in executive function and depressive symptoms in late  
life [122, 125–127], two research groups proposed the 
 “vascular depression hypothesis”. Alexopoulos et al. [8] 
based their  assumptions on the co-morbidity of depressive 
syndromes with cerebrovascular lesions and cardiovascular 

risk factors as well as on the increased incidence of depres-
sive episodes after stroke. Simultaneously, Krishnan et al. 
[9] observed that patients presenting MRI lesions in the 
 subcortical gray matter and deep and periventricular white 
matter had a higher probability of presenting with late-onset 
depression.

Patients with vascular depression display an onset of 
 depression after 65 years of age or, in the case of early-onset 
depression, a change in depression course after the onset of 
vascular disease. They also present with co-morbid cardio-
vascular risk factors such as history of stroke or transient 
 ischemic attacks, focal neurologic signs, atrial fibrillation, 
 carotid bruit, hypertension and hyperlipidemia [8]. The fact 
that these patients show major impairments in executive 
functions such as planning, organising, and abstracting was 
consistently demonstrated leading to the concept of “Depres-
sion-Executive Dysfunction Syndrome” proposed by Alexo-
poulos et al. [128]. Other common characteristics of vascular 
depression include the presence of psychomotor retardation, 
limited or absent depressive (such as guilt feelings) or psy-
chotic ideation, apathy and an absence of family history of 
mood disorders [129].

How can vascular lesions impact mood regulation? Cer-
tain authors have suggested that small vascular lesions 
 affected three prefrontal pathways with major behavioural 
correlates, namely executive dysfunction (dorsolateral pre-
frontal circuit), apathy/abulia (anterior cingulate circuit) 
and mood lability or disinhibition (orbitofrontal circuit)  
[8, 130, 131]. In fact, subcortical ischemic lesions that  
may include silent lacunar infarctions and/or hyperintense 
lesions (WML) in these prefrontal pathways had already 
been implicated in age-related cognitive decline [29], and 
vascular risk factors are significantly associated with deficits 
in planning, organisation and abstraction, common in late-
life  depression. Moreover, patients with MRI-defined sub-
cortical ischemic vascular disease are not only more fre-
quently depressed than patients with other types of stroke 
but they are more prone to develop major executive dys-
function (51% vs 39%) [127]. 

Several recent studies emphasised that the accumulation 
of risk factors constitute the vulnerability background poten-
tially implicated in the development of depression [132–
137]. It is probable that vascular disease and depression  
both share environmental (e.g., smoking, poor diet, reduced 
exercise) and genetic risk factors (e.g., polymorphism of  
the 5–10-methylenetetrahydrofolate reductase gene – 
MTHFR C677T or of the ApoE4 allele). However, even after 
controlling for some of these factors, the association of 
 depression with coronary heart disease persists [138]. The 
presence of clinical depression may in turn induce a “stress 
burden” [139] that will have a negative impact on cardio-
vascular parameters closing a pathogenic circle that can 
 possibly explain why late-onset depression is associated with 
a poor outcome and has been seen as a prodromal state of 
dementia [140, 141].

Even though most neuroimaging explorations have con-
firmed the “vascular depression hypothesis”, the implication 
of cardiovascular factors in late-onset depression remains a 
matter of debate [142–144] and explorations of MRI WML 
in mood disorders are scarce [61, 145–147]. Thomas et al. 
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performed a series of neuropathological explorations in a 
group of 20 patients with late-life depression and 20 controls 
with conflicting results: late-onset depression (LOD) was 
 associated with an increase of deep WML of ischemic origin 
in the dorsolateral prefrontal cortex [148] but not with small 
vascular or microvascular lesions [12, 149]. In order to 
 address this question, we recently undertook an exploration 
of the neuropathological underpinnings of late-onset de-
pression in a post-mortem series of 38 subjects who had 
 suffered from LOD and 29 age- and gender-matched con-
trols. Unlike Thomas et al., we performed a bilateral assess-
ment in different cortical areas of each type of small vascular 
and microvascular lesion in order to assess the global vascu-
lar burden in each subject. Our results showed that neither 
the presence of subcortical lacunes nor the presence of 
 microvascular lesions (cortical microinfarcts, white matter 
demyelination and gliosis) was related to the development 
of depression in late life [11]. 

Cerebrovascular lesions and bipolar disorder:  
an emerging debate

Recently, the link between mood elation and presence of 
cerebrovascular lesions is receiving increasing attention. The 
relationship between the burden of cerebrovascular lesions 
and bipolar disorder has been established by neuroimaging 
studies and grounded in the observation of a higher fre-
quency of WML in bipolar patients in comparison to controls 
[150–152]. Similarly to the contrast between early-onset 
 depression (EOD) and LOD symptomatic constellations, 
 patients with late-onset bipolar disorder have a less frequent 
familial history and more marked medical co-morbidities 
[153], including cerebrovascular pathology [154], as com-
pared to younger cases. Moreover, elderly bipolar patients 
have a significantly higher risk of developing stroke [155], 
which contributed to the emergence of the notion of “Vas-
cular Mania” [156]. 

Conclusions

Even though recent neuroimaging structural and functional 
methods offer an outstanding research window to the aging 
brain, unimaginable just half a century ago, expectations of 
direct lesion-syndrome relationships are not plainly fulfilled. 
With the exception of post-stroke dementia where the 
 cognitive repercussions of vascular lesions seem to be un-
equivocal, the clinical significance of small macrovascular 
and microvascular lesions is just beginning to be uncovered 
[39, 55, 71, 72, 157]. In the case of AD, autopsy data point 
to the absence of a systematic co-occurrence of high scores 
of neurodegenerative lesions and the clinical phenotype of 
dementia [83, 158]. Moreover, even though the increasing 
research efforts on the issue of mixed dementia highlight the 
cumulative effects of vascular and neurodegenerative lesions 
in cognitive decline [92], the differential impact of these two 
types of lesions is still controversial. Interestingly, the clear-
cut definitions of depressive disorders and dementia syn-
dromes have also been challenged and are being increasingly 

interconnected by several observations, with vascular dis-
ease constituting one of the conceptual bridges between 
these two entities. For example, depressive symptoms have 
been shown to raise the risk of dementia in men, mainly in 
those with hypertension [159] and to increase the likelihood 
for later development of AD [160]. The vascular depression 
literature has extensively shown that vascular disease pro-
motes development of depression but that the opposite 
 sequence is also true (for review see [161, 162]). 

Paralleling this debate, in the field of the impact of vas-
cular lesions on mood, the neuro-anatomical model of PSD 
has equally failed to provide us with a clear lesion-syndrome 
correlation. In contrast to what was originally thought, 
 single stroke localisation does not predict the occurrence of 
PSD. The main pathological determinant of PSD seems to be 
the progressive accumulation of subcortical lacunes in the 
thalamus, basal ganglia and deep white matter [163]. More-
over, even though most neuroimaging studies support the 
concept of vascular depression [10, 164], our recent neuro-
pathologic exploration of the impact of small vascular and 
microvascular lesions on late-onset depression did not con-
firm this  hypothesis and in the new field of “Vascular Mania 
Hypo thesis” the neuropathologic underpinnings of neuro-
imaging findings are still to be addressed. Taken together, 
these  contributions indicate that a chronic burden of sub-
cortical lacunes may be a common denominator in the 
 development of cognitive decline and mood dysregulation. 
However, in what concerns the development of depressive 
symptoms, the accumulation of small vascular lesions seems 
to play a role solely in the presence of acute brain compro-
mise such as when of a clinical stroke occurs.

The “lesional” view of cognitive and affective disorders 
seems to progressively give place to a vulnerability model 
that puts  together the traditionally opposed views of biologic 
versus psychosocial determinants. A chronic accumulation 
of small vessel pathology and microvascular lesions, related 
to both genetic predisposition, behavioural patterns and 
 medical and psychiatric co-morbidities seems to constitute  
a common platform in the development of both cognitive 
impairment and mood disorders in elders. 
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