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Abstract: Vascular cognitive impairment (VCI) refers to different degrees of cognitive dysfunction syndrome caused 
by all kinds of cerebral vascular disease and vascular factors. Before in the development of vascular dementia 
(VaD), early diagnosis and intervention can prevent and delay the progress of VCI, even reverse cognitive impair-
ment. In this review, we summarized the research progress of vascular cognitive impairment in pathophysiology, 
biomarkers and treatments, etc.
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Introduction

Vascular cognitive impairment (VCI) refers to 
different degrees of cognitive dysfunction syn-
drome caused by all kinds of cerebral vascular 
disease (CVD) and vascular factors. Historically, 
the clinical manifestation of VaD (vascular 
dementia) was firstly described since the 15th 
century by Thomas Willis. From the concept of 
VaD emerging since 19th century to VCI recog-
nized, the content of VCI improved and encom-
passed not only VaD but also Alzheimer’s dis-
ease (AD) with cerebrovascular disorder (AD 
with CVD or mixed dementia) and VCI with no 
dementia (VCIND) [1]. Thus, VCI is a more broad 
term that encompasses all the states of cogni-
tive impairment associated with CVD.

Around one-third of patients with AD demon-
strate evidences of vascular pathology, while 
up to two-thirds of patients with CVD develop at 
least some degree of AD pathology in the brain. 
Cerebral small vessel diseases (cSVD) are 
thought to be the most frequent pathological 
neurological processes and have a crucial role 
in at least three fields: stroke, dementia and 
aging. Cerebral small vessel disease has an 
important role in cerebrovascular disease and 
is a leading cause of VCI in the elderly [2]. 
Unlike AD, VCI is thought to be preventive and 
even reversible in early-stage, thus SVD should 

be a main target for preventive and treatment 
strategies. In this article, the authors aimed to 
review pathophysiologic mechanisms, biomark-
ers, treatments, of VaD/VCI based on the clas-
sification of SVD.

Pathophysiology of SVD with vascular cogni-
tive impairment

Recently, there has been a growing interest in 
the clinical significance of SVD as cause of VCI. 
So far, the main pathology and neuroimaging 
features of SVD including lacunar infarcts, white 
matter lesions (WMLs), cerebral microbleeds 
(CMBs), enlarged perivascular spaces (Virchow-
Robin Spaces, VRS), are known to be strongly 
implicated for the presence of VCI (Figure 1).

Deep brain infarction

It is important to note, that the classic lacunar 
syndromes did not include cognitive impair-
ment as a feature or dedicated syndrome. 
However, small deep brain infarcts are known 
to cause so-called “strategic infarct dementia” 
and the lesion burdens have also been associ-
ated with dementia risk. In acute period, deep 
brain infarcts are better detected by MRI than 
by CT, and hyperintense appears on diffusion-
weighted imaging (DWI), and within hours to 
days on T2-weighted imaging or fluid attenuat-
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ed inversion recovery (FLAIR) sequences [3]. 
On the other hand, chronically, deep brain 
infarcts present hypointense on T1 and FLAIR, 
and often have a hyperintense rim around them 
on the latter sequence [3]. Once macrophages 
have removed to infarcted area, irregular cavi-
ties are left with surrounding gliosis, and lipid- 
rich and hemosiderin-rich macrophages are 
left in surrounding gliotic tissue along with 
extravasated plasma proteins, fibrinoid necro-

sis, and vascular fragments [4]. Many risk fac-
tors are associated with deep brain infarcts, 
such as older age, and particularly hyperten-
sion, as well as diabetes mellitus, smoking, 
excess alcohol consumption, and dyslipidemia, 
are shared with those of superficial infarcts [5]. 
Deep brain infarcts have overall better out-
comes, but have a greater risk of developing 
cognitive impairment [6, 7]. In a recent cohort 
study, the presence of thalamic lacunes was 

Figure 1. Key imaging characteristics of features of cerebral small vessel disease. A. Lacunar infarcts in the left 
basal ganglia on a FLAIR MRI. B. Multiple white matter lesions or hyperintensities on a MRI (FLAIR imaging) around 
the ventriculus of a patient with possible CADASIL. C. Multiple microbleeds (small foci of hypointensity) in the brain 
stem as shown on a SWI MRI sequence. D. Virchow-Robin Spaces (VRS) in the brain stem. basal ganglia and cen-
trum semiovale. (White arrows = representative features of cerebral small vessel disease). FLAIR = fluid-attenuated 
inversion recovery; SWI = susceptibility weighted imaging; CADASIL = cerebral autosomal dominant arteriopathy 
with subcortical infarcts and leukoencepalopathy.
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associated with poor global cognitive perfor-
mance, low motor activity and executive func-
tion performance; and the presence of lacunes 
in the pallidum or putamen was associated 
with memory dysfunction [8]. Above all, deep 
brain infarcts have been associated with a 
number of outcomes in relation to VCI, in- 
cluding cognitive decline, dementia, but also 
gait disturbance, urinary incontinence, and 
disability.

White matter lesions (WMLs)

This commonly phenotype of SVD represents a 
different group than deep brain infarcts, but 
they often co-exist [1]. On MRI, WMLs are rec-
ognized as white matter hyperintensities 
(WMH) on T2 and FLAIR sequences. Such 
WMLs are seen in white matter tracts surround-
ing the ventricular system, though they are also 
seen in other areas and in the immediate sub-
cortical white matter [9]. Magnetic resonance-
based diffusion tensor imaging (DTI) provides a 
promising measure the diffusion of water in 
white matter tracts, allowing researchers to 
examine the integrity of axonal pathways in 
patients with SVD [10]. Recent epidemiological 
studies have demonstrated that WMLs are 
associated with cognitive decline. Moreover, 
the combination of WMLs in patients with deep 
brain infarcts is also associated with more cog-
nitive decline [11]. WMLs are seen in at least 
30% of patients with AD and in 60% of patients 
with dementia. It has been found that a greater 
burden of WMLs is also associated with incon-
tinence, gait dyspraxia, and incident falls. An 
appraisal of 16 studies confirmed the associa-
tion between WMLs and cognitive decline in dif-
ferent patient groups, from hospital-based to 
population-based [12]. Finally, a large meta-
analysis of 46 observational studies, demon-
strated that WMLs are associated with greater 
risk of future stroke, dementia and mortality 
[13].

Cerebral microbleeds (CMBs)

This phenotype of SVD refers to small deep or 
superficial hemorrhages of 2-10 mm in diame-
ter seen by MRI. The T2* gradient-echo se- 
quence and the newer susceptibility-weighted 
imaging (SWI), both provide sensitive methods 
for detecting microbleeds [1]. These lesions 
correspond to small collections of hemosiderin-
laden macrophages around small perforating 

vessels. In recent years, there have been more 
evidences supported the cerebral microbleeds 
in relation to cognitive decline [14]. A greater 
burden of cerebral microbleeds has been found 
in relation to worse cognitive impairment [14]; it 
has been found in subjects with CADASIL that a 
greater burden of cerebral microbleeds associ-
ated with worse functional ability [15]. In the 
most recent study, CMBs were assessed in 
Chinese subjects from the population-based 
Singapore Chinese Eye Study, and independent 
of cardiovascular risk factors and other mark-
ers of cerebral small vessel disease, signifi-
cantly associated with poorer cognitive func-
tion, including executive function, attention, 
and visuoconstruction [16]. In the other recent 
study, Karolinska Imaging Dementia Study, 
CMBs are present in 1504 patients with 
dementia of 22% and related to lower cognitive 
scores differently depending on dementia diag-
nosis, which reflects the inherent pathology of 
different dementia diagnoses [17]. Additional 
previous research of CMBs were comprehen-
sively discussed in the remarkable review by 
Werring [18], strongly indicating that the pres-
ence of CMBs played an independent role in 
the path-physiology process of cognitive 
impairment.

VCI and AD have generally been considered as 
independent, non-overlapping diseases. It is 
oversimplified for both VCI and AD are diseases 
of older people and commonly co-occurrence. A 
key hypothesis supposed that AD and SVD 
either co-exist in individuals or do interact in 
pathological process [19]. Interestingly, CMB 
are commonly found in patients with AD of 
between about 20 and 30% [20]. It is indicated 
that the distribution of CMB in AD is similar to 
that in sporadic cerebral amyloid angiopathy 
(CAA), suggesting that CMB in AD are more like-
ly to be related to CAA [20]. CAA is a small vas-
cular damage characterized by vascular depo-
sition of β-amyloid protein, which is almost 
invariable and found at autopsy in more than 
90% of AD [21]. One possibility is that the 
intriguing process that may link SVD with AD is 
CAA, for which CMB is an increasingly impor-
tant neuroimaging marker. Although the mech-
anisms by CMB might influence cognitive 
decline remain unclear, it is speculated that 
CMB may cause direct structural damage to 
surrounding brain tissue, leading to disrupting 
frontal-subcortical circuits and nearby neurons; 
or play an indirect effect including arteriolar 
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narrowing causing hypoperfusion and micro-
ischaemic damage [22]. Finally, it has been 
unknown whether CMBs may be a general neu-
roimaging marker of small vessel disease or 
have little influence on cognitive function. In a 
word, there is clearly a need to explore the CMB 
thoroughly, which may be a promising bridge 
linked between VCI and AD in pathogenesis.

SVD biomarkers

Combinatorial markers of general MRI fea-
tures

It has been a long time that the SVD is strongly 
correlated with VCI. However, it is difficult to 
establish a stable animal model used for mech-
anism, so neuroimaging provides a surrogate 
marker for investigating it. The above men-
tioned four general MRI features of cSVD (lacu-
nar infarct, VRS, WMLs, CMB) have all been 
individually linked to cognitive decline. Further, 
there have been a growing number of evidenc-
es that these general MRI features of brain 
damage are more likely to express co-occur-
rence rather than occur separately. Thus, 
researchers have paid much interest in the 
combination of general features for predicting 
cSVD. Baune et al found a combined occur-
rence of lacunar infarcts and WMLs in 10% of 
the population and a significant difference 
between those patients with only one lesion 

type and patients affected by both on informa-
tion processing speed and memory [23]. In the 
LADIS study, Jokinen et al found that the rela-
tionship between progression of WMLs and 
acute lacunes with cognitive decline was addi-
tive, but not synergistic [24]. Huijts et al recent-
ly combined these four types of general fea-
tures and found the significant associations 
between accumulating SVD burden and de- 
creased performance on all cognitive domains 
[25]. As Wardlaw recently suggested, additional 
methods needed to assess SVD on neuroimag-
ing rather than over-reliance on single general 
feature on MRI [2]. Therefore the combination 
of variety general neuroimaging features could 
be a feasible way and taken into clinical prac-
tice widely.

Connectivity features

A number of studies have correlated T2 lesion 
volume with clinical and cognitive parameters, 
but results have been conflicting. The conflicts 
are probably caused by that T2WI represents 
increased water content and may not differenti-
ate between areas of mildly and severely dam-
aged tissue [26]. DTI is more sensitive to white 
matter ultrastructural damage and DTI param-
eters have been shown to correlate more 
strongly with cognition than T2 lesion volume 
(Figure 2). In a longitudinal study, Nitkunan 
recruited 35 subjects with lacunar stroke and 

Figure 2. An old female patient with multiple leukoencepalopathy in centrum semiovale (white arrows). A. Hyperin-
tensities on T2-weighted imaging. B. ADC imaging. C. Lower FA (fractional anisotropy) on diffusion-tensor imaging 
(DTI).
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leukoaraiosis, and underwent multimodal MRI 
(brain volume, fluid-attenuated inversion recov-
ery lesion load, lacunar infarct number, frac-
tional anisotropy, and mean diffusivity from dif-
fusion tensor imaging) and neuropsychological 
testing. Repeating MRI and neuropsychology at 
1 year, diffusion tensor imaging particularly cor-
relates best with executive function and is the 
most sensitive to change [27]. Similarly, 
Lawrence recruited 115 subjects in the ongo-
ing SCANS study of cognitive impairment with 
SVD, and underwent neuropsychological 
assessment and multimodal MRI. The results 
showed that independent predictors of execu-
tive function in SVD included diffusivity of nor-
mal appearing white matter on DTI, that radial 
diffusivity was a stronger DTI predictor than 
axial diffusivity, suggesting ischaemic demye-
lination, may be an important predictor of cog-
nitive impairment in SVD [28]. Severe asymp-
tomatic stenosis of the internal carotid artery 
(ICA) leads to increased incidence of mild cog-
nitive impairment (MCI) likely through silent 
embolic infarcts and/or chronic hypoperfusion, 
but the brain dysfunction is poorly understood 
and difficult to diagnose. In a recent study, thir-
ty cognitively intact subjects with asymptomat-
ic, severe (> 70%), unilateral stenosis of the ICA 
were compared with 30 healthy controls, on a 
battery of neuropsychiatric tests and diffusion 
tensor imaging. In the subjects group, their 
whole-brain mean fractional anisotropy (FA) 
was significantly reduced and regional func-
tional connectivity (Fc) was significantly im- 
paired in the dorsal attention network (DAN), 
frontoparietal network, sensorimotor network 
and default mode network. In particular, the Fc 
strength at the insula of the DAN was linearly 
related with attention performance. The multi-
variate pattern classification gave over 90% 
predictive accuracy of individual with MCI. 
Cognitive decline in stroke-free individuals with 
severe carotid stenosis may arise from nonse-
lective widespread disconnections of long-
range, predominantly interhemispheric non-
hippocampal pathways [29].

All these studies mentioned above indicated 
that, DTI, measuring connectivity, can be more 
sensitive to detect white matter impairment 
earlier and be strongly correlated with cognitive 
impairment. As the result, compared with gen-
eral MRI, DTI has two additional advantages 
including being a surrogate marker for detect-

ing VCI and an important method for investigat-
ing mechanism underlying VCI. 

BBB permeability and neuroinflammation

A compromised BBB can be a source of albu-
min leakage, which can increase protein con-
centration in the CSF as it crosses the BBB with 
less resistance. Accumulating evidences, from 
clinical, neuroimaging to pathological studies, 
indicated the durable link between BBB and 
cognitive impairment. Yang and Rosenberg con- 
cluded in 2011 that the presence of hypoxia 
induced by breakdown of BBB leads to death of 
oligodendrocytes and extensive gliosis in the 
WMLs, which are highly related to the presence 
of VCI. They also demonstrated that, in addition 
to hypertension and diabetes, disrupted BBB 
was possibly caused by the inflammatory pro-
cess contributing to glial activation, inflamma-
tory mediators release, secondary microvascu-
lar injury, neurovascular unit dysfunction [30].

In a recent study, 60 patients suspected VCI 
underwent permeability measurements with 
DCEMRI and lumbar puncture to measure albu-
min index (Qalb). The result indicated that there 
was abnormal permeability in white matter in 
patients with subcortical ischemic vascular dis-
ease as shown by DCEMRI and Qalb. On the 
other hand, another neuroimaging study in 
patients with non-disabling lacunar or cortical 
stroke and BBB permeability MR imaging fol-
lowing their original stroke revealed that long 
term poor functional outcome was associated 
with increased basal ganglia BBB permeability 
about 3 years later [31]. Although the inconsis-
tent damage locations were possibly due to the 
duration followed up and functional assess-
ment, these two studies indicated disrupted 
BBB contributed to poor cognition and long 
function.

Metalloproteinases are markers of neuroin-
flammation as they attack the basal lamina and 
tight junctions in blood vessels, in addition to 
the disruption of myelin. In comparison with AD, 
the levels of metalloproteinases-9 (MMP-9) in 
the CSF were increased in patients with VCI 
[32]. However samples, like inflammatory mark-
ers, in the CSF by lumbar puncture are difficult 
to obtained, therefore circulating ones have 
been gotten more interested in. In a recent sys-
tematic review, the result indicated that mark-
ers of inflammation (C-reactive protein (CRP), 
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tumor necrosis factor-alpha (TNF-α), interleu-
kin-6 (IL-6)) were higher in lacunar stroke ver-
sus non-stroke, while there were no studies 
measuring TNF-α chronically and a single study 
measuring IL-6 chronically showed no differ-
ence between lacunar stroke and non-stroke 
[33]. Subjects in the Lothian Birth Cohort 1936, 
all born in 1936, were measured plasma fibrin-
ogen, C-reactive protein (CRP) and interleukin-6 
(IL-6) and rated PVS in three brain regions, as 
well as WMH volumetrically and visually using 
the Fazekas scale. Circulating inflammatory 
markers are associated with MR-visible PVS 
but not directly with WMH [34]. In 163 first-ever 
lacunar stroke patients and 183 essential 
hypertensive patients, Rouhl assessed SVD 
manifestations on brain magnetic resonance 
imaging (MRI) and levels of C-reactive protein 
(CRP), neopterin, as well as circulating soluble 
adhesion molecules (sICAM-1, sVCAM-1, sE-
selectin, sP-selectin). Neopterin, sICAM-1 and 
sVCAM-1 levels were higher in patients with 
extensive SVD manifestations than in those 
without that. Neopterin levels independently 
related to higher numbers of enlarged VRS 
[35]. It implies an inflammatory process with 
activated monocytes/macrophages may play 
an essential role in the increased permeability 
of the blood brain barrier in patients with SVD.

microRNAs (miRNAs) for brain ischemia and 
cognitive impairment

The discovery of posttranscriptional gene si- 
lencing by miRNAs has led to an explosion of 
new hypotheses in human disease. miRNAs are 
now implicated in most biological processes 
including embryonic development, cellular dif-
ferentiation, metabolism, and many pathologi-
cal processes [36]. In some research areas 
including cancer, liver and heart disease, 
miRNA researches have quickly developed 
from diagnosis into therapeutic programs. In 
the nervous system, the complexity and plastic-
ity of the neuronal network and the functional 
specialization of neurons and glia depend on 
highly organized and coordinated gene expres-
sion. It has been estimated that at least 30% of 
protein-coding genes are regulated by miRNAs, 
so it is not surprising that initial studies charac-
terizing miRNAs in the brain revealed a role in 
neuronal cell differentiation and embryonic 
development of the nervous system [37]. 
Moreover, changes in the miRNA expression 
profile have been observed in diseases of  

the brain, including cerebral ischemia and 
Alzheimer’s disease. Recent studies have dem-
onstrated the relationships between miR146a 
and Alzheimer disease (AD) and implicated that 
miR146a may be involved in neuroinflamma-
tion and the metabolism of amyloid-β (Aβ), 
which are critical markers in AD pathology. The 
further research provided evidence that the 
rs57095329 polymorphism, risk AA genotype, 
in the miR146a promoter was related to the 
genetic susceptibility to AD, and may promoted 
proinflammatory cytokines, thus influencing the 
pathogenesis of AD. On the other hand, our col-
leagues recently concluded comprehensively 
the role of miRNAs in stroke in a remarkable 
review [38], therefore there is no need of repe-
tition in this part.

All these evidences above implicate that miR-
NAs may have remarkable potential to be excel-
lent biomarkers for brain ischemia and cogni-
tive impairment. Indeed, miRNA-based diag-
nostic assays have already been developed 
and approved for certain diseases, like neo-
plasm. On the other hand, the other advantage 
for miRNAs served as potentially useful diag-
nostic biomarkers is less invasive sample pro-
curement. Endogenous circulating miRNAs 
have been found to be stable and consistently 
detected in serum, plasma and other bodily flu-
ids because of their packaging and secretion 
into the blood within exosomes [39]. Although 
most of recent researches are involved in the 
cerebral large vessel diseases and AD, thus 
more information of miRNAs in the SVD and VCI 
studies is rare, the potential diagnostic value of 
miRNAs is unlikely to be limited to certain dis-
eases and likely to be developed in the SVD and 
VCI in the future.

Future perspectives-multivariate measures

Beside biomarkers discussed above, other 
emerging technologies (PET, proton magnetic 
resonance spectroscopy, Aβ and tau in CSF), 
have also been promising in future study, but 
beyond the content in this review. With techni-
cal developments for the integration of differ-
ent modalities, future researches should aim to 
investigate all available various biomarkers of 
SVD (morphology, metabolism, inflammation, 
and molecular activities) and can be performed 
simultaneously. For that, even though there is 
no single measurement that can be used to 
diagnose patients with the small vessel pro-
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gressive form of VCI, taking information togeth-
er from the clinical examination, neuropsycho-
logical testing, white matter lesion pattern on 
traditional MRI, connectivity features on diffu-
sion tensor imaging, BBB permeability, and 
inflammatory intermediates in circulation or 
CSF will provide a comprehensive picture that 
improves accuracy of diagnosis early in the 
course. If inflammation can be proven to be an 
important component of the progressive white 
matter damage, treatment trials with novel 
approaches may be possible.

Treatment strategies

As small vessel disease itself is one of the most 
important causes of VCI, clinical trials targeting 
classic vascular risk factors for VCI are ongoing. 
The ongoing SPRINT Memory and cognition IN 
Decreased hypertension (SPRINT-MIND)1 study 
will focus to determine whether lower systolic 
blood pressure (SBP) goals are associated with 
the rate of incident dementia and MCI, global 
and domain-specific cognitive function, and 
small vessel ischemic disease. The Prevention 
of Decline in Cognition after Stroke Trial 
(PODCAST) is testing the hypothesis that inten-
sive blood pressure (SBP < 125 mmHg) and/or 
lipid-lowering [low density lipoprotein (LDL) < 
2.0 mmol/L] versus moderate blood pressure 
(SBP < 140 mmHg) and LDL (< 3.0 mmol/L) is 
associated with less cognitive decline and VaD. 
The Aspirin in Reducing Events in the Elderly 
(ASPREE) trial is assessing the effect of aspirin 
on incident dementia and physical disability. 
The sub-study of the Secondary Prevention of 
Small Subcortical Strokes (SPS3) trial is looking 
at the rate of cognitive decline in patients treat-
ed with aspirin and/or clopidogrel [40]. The 
Efficacy and Safety Study of Nimodipine to 
Prevent Mild Cognitive Impairment after Acute 
Ischemic Strokes (NICE) is testing the hypothe-
sis that the calcium channel blocker nimodip-
ine may be associated with less cognitive 
decline and VaD.

On the other hand, it should be note that VCI 
management do not only confine medication, 
but non-medication like lifestyle improvement, 
regular monitor of blood pressure and gluta-
mine, smoke free and so on, is also crucial for 
VCI. Therefore, additional ongoing trials are 
also interested in multi-target interventions. 
The Finnish Geriatric Intervention Study to 
Prevent Cognitive Impairment and Disability 

(FINGER) trial is testing if using lifestyle coun-
seling including cognitive training, increased 
physical and social activity, nutritional guid-
ance, and intensive monitoring of vascular and 
metabolic risk factors worked to prevent VCI. 
The Austrian Poly- intervention Study to Prevent 
Cognitive Decline after Ischemic Stroke (ASPIS) 
trial is using intensive control and motivation 
for better compliance with medication, regular 
blood pressure measurements, diet changes, 
and physical activity versus standard stroke 
care to prevent cognitive decline. The Pre- 
vention of Dementia by Intensive Vascular Care 
(PREDIVA) trial is using intensive vascular care 
with visiting a practice nurse every 4 months to 
monitor vascular risk factors like hypertension, 
hypercholesterolemia, diabetes, overweight, 
smoking, and level of physical exercise. Novel 
molecular interventions are using specific 
genetic approaches to affect different targeting 
of proteins, including NOTCH3, HTRA1, and 
APOE ε4, related to specific pathways of acute 
and chronic ischemia [41].

Conclusion and future directions

Small vessel disease is one of the most impor-
tant causes of stroke and cognitive decline. 
More attention and targeted efforts should be 
needed to better explore the underlying mecha-
nism of VCI caused by small vessel disease and 
to thoroughly define the clinical consequences 
of these diseases. Given the frequent coexis-
tence of different manifestations of small ves-
sel disease, such as white matter lesions and 
lacunar infarcts, and microbleeds, further 
research aim to VCI should take all available 
neuroimaging markers of SVD together rather 
than in isolation. Furthermore, specific preven-
tive and therapeutic measures to reduce the 
burden of functional loss caused by small ves-
sel disease needs to be designed. Neuroimaging 
could be a major tool to assess efficacy of 
these measures. More work remains to be 
done before the concept of VCI is widely accept-
ed and put actively into clinical practice.
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