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Abstract

Binswanger’s disease (BD) is the small vessel form of vascular cognitive impairment and 

dementia (VCID). Deposition of Alzheimer’s Disease (AD) proteins can begin in midlife and 

progress slowly, while aging of the vasculature also can begin in midlife, continuing to progress 

into old age, making mixed dementia (MX) the most common type of dementia. Biomarkers 

facilitate the early diagnosis of dementias. It is possible to diagnose MX prior to autopsy with 

biomarkers for vascular disease derived from diffusor tensor images (DTI) on MRI and AD 

proteins, amyloid β (Aβ), and phosphorylated tau, in CSF or in brain with PET. The presence 

of vascular disease accelerates cognitive decline. Both misfolded proteins and vascular disease 

promote inflammation, which can be detected in CSF by the presence of matrix metalloproteinases 

(MMPs), angiogenic growth factors and cytokines. MMPs disrupt the blood-brain barrier and 

break down myelin, producing BD’s two main pathological features. Advances in detecting 

biomarkers in plasma will provide early detection of dementia and aided by machine learning 

and artificial intelligence, will enhance diagnosis and form the basis for early treatments.

Introduction

The 1904 report by Otto Binswanger of a patient with white matter disease associated with 

arteriolosclerosis went largely unappreciated for many years due to the paucity of autopsies 

performed in the elderly1. In addition, interest in dementia was focused on gray matter by 

the discovery of amyloid in AD plaques2. With the advent of neuroimaging in the 1970s, 

revealing the extent of white matter disease, interest in vascular causes of dementia was 

stimulated and has continued to grow. This revival of interest in chronic vascular disease 

has led to attempts to agree on terminology3. The presence of vascular disease accelerates 

the cognitive loss in patients with AD pathology4, making mixed dementia (MX) the most 

common form of dementia5. This has led to a focus on treating vascular risk factors in 

midlife, such as hypertension, diabetes and sleep apnea, to slow the later onset of dementia6.
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An understanding of the pathophysiology of white matter disease has emerged from autopsy 

studies in chronic vascular disease augmented with animal studies. This review will focus on 

pathophysiology since there are excellent papers on the clinical aspects of BD7–9.

Evolving concepts of white matter disease in dementia

Prior to modern neuroimaging, hardening of the arteries was considered the main cause 

of dementia. However, the importance of vascular disease waned until the “Nun study” 

demonstrated that cognitive loss in AD was accelerated in those with both AD and vascular 

pathology4. Subsequently, the importance of dual pathology was confirmed in a community-

based cohort5 and in the AD research centers’ brain bank10.

In the 1970s computed tomography (CT) and magnetic resonance imaging (MRI) revealed 

a high incidence of white matter change that was unexpected. Prior to MRI showing the 

high incidence of white matter disease, multi-infarct dementia was considered the leading 

vascular cause of dementia11. Interest in vascular causes of dementia was further enhanced 

by the decline of the amyloid hypothesis with amyloid considered mainly important in the 

early stages rather than the sole cause12.

Misfolded proteins, such as amyloid β (Aβ), phosphorylated Tau (pTau) and α-synuclein 

induce an inflammatory response that occurs at a later age when both Aβ and pTau 

are present in the brain13. Vascular disease adds to the inflammation and promotes the 

disruption of the blood-brain barrier (BBB) in vascular dementia14–16, and AD17,18. The 

recognition of inflammation in dementia was aided by research into the role of inflammation 

in other organs.

Binswanger’s disease

There is controversy surrounding the use of the term, BD, with some advising against 

it19,20, while others found it useful as an indicator of white matter damage, particularly for 

research in vascular dementia21. AD research has benefited from well-defined diagnostic 

criteria based on clinical symptomatology, known rates of progression, and biomarkers in 

CSF and positron emission tomography (PET) to detect amyloid and tau in the brain22,23. 

This has not been true of research and clinical trials in vascular dementia because it is 

a heterogeneous disease ranging from multiple strokes to diffuse white matter injury. For 

many years the concept of multi-infarct dementia with a step-wise course was considered 

the main form of vascular dementia11. This changed when a consensus report recommended 

that subcortical ischemic vascular disease or BD and lacunar state were optimal for research 

studies21.

Neuroimaging caused a so-called “epidemic” of BD based on over diagnosis of white 

matter hyperintensities (WMH) on MRI24. Quantifying the WMHs by computer was an 

essential step in understanding their significance25,26. The neutral term leukoaraiosis (LA) 

was introduced to describe WMHs without pathological implications27.

The first advanced MRI method used to show white matter injury more precisely than 

fluid attenuated inversion recovery (FLAIR) was proton magnetic resonance spectroscopic 
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imaging (1H-MRSI), which showed that the high concentration of N-acetylaspartate (NAA) 

in the brain was reduced in ischemic tissue, making it an excellent biomarker to separate 

ischemic white matter from leukoaraiosis28,29. This method was technically difficult and 

was rapidly replaced by diffusor tensor imaging (DTI) which was as accurate and more 

available on all MRI instruments. Several DTI methods have been adopted for research 

studies: peak width of skeletonized water mean diffusivity (PSMD) and mean free water 

(mFW)30,31. Abnormal DTI metrics are associated with neuropsychological tests for 

executive function, validating their usefulness as biomarkers of white matter injury31.

A genetic disease with similarities to BD is the inherited vascular disease, cerebral 

autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(CADASIL) with Notch3 protein deposited in smooth muscle cells around capillaries. 

CADASIL is caused by mutations in the NOTCH3 gene which is important for the normal 

function and survival of vascular smooth muscle cells. CADASIL and BD have symptoms 

that are similar32.

High prevalence of mixed dementia

The development of multimodal biomarkers has made diagnosis of MX possible during life. 

Biomarkers were originally found for AD after the discovery of amyloid in the plaques 

with extension to the cerebrospinal fluid (CSF)2. Measurement of amyloid and tau in CSF 

or PET are biological biomarkers for diagnosis of AD in research studies; they are part of 

the ATN formula with amyloid (A), tau (T) and neurodegeneration (N)23. The authors left 

open the possibility of adding other biomarkers to the formula, particularly vascular disease 

(V)33, 34. MX can be identified during life by combining AD biomarkers obtained from 

CSF or PET to construct a composite AD score (ADS). Similarly, vascular injury to the 

white matter can be identified by DTI and formed into a composite vascular disease score 

(VDS). Plotting the ADS on the y-axis and VDS on the x-axis forms four quadrants: AD, 

vascular cognitive impairment and dementia (VCID), MX and leukoaraiosis (LA) (FIGURE 

1). This approach is called “double dichotomy” and the graph reduces the complexity of the 

clustering problem to two dimensions35.

Patients dying with dementia often have more than one pathological protein identified in 

their brains36. In addition, autopsy series of subjects with dementia indicate that a high 

percentage of patients have MX5,10,37. Autopsies of elderly patients dying with diagnoses 

other than dementia also show multiple misfolded proteins38; MX, which is found in up to 

70% of dementia cases at autopsy, is the most common10. This is a strong impetus to find 

a way to diagnose these patients during life to avoid treating one pathological process while 

leaving others untreated, which may help explain the high failure rate of AD trials12,13.

Pathophysiology of white matter injury

BD has characteristic imaging and pathological findings. The MRI shows large areas 

of WMHs (Figure 2A). The arterioles have arteriolosclerosis with narrowed lumens and 

fibrotic, thickened outer walls. White matter has demyelination extending into the sulci; a 

characteristic finding is the sparing of the U-fibers joining cortical regions (FIGURE 2B). 
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Sparing the U-fibers argues against strokes as the etiology and favors other causes such as 

inflammation for the loss of myelin39. Gray matter is generally unaffected except in patients 

with dual pathology. Cerebral amyloid angiopathy is seen in patients with AD but less 

frequently in small vessel disease40.

Impaired cerebral blood flow causing “malnutrition of the white matter” was suspected by 

Binswanger. Early PET studies of blood flow and tissue oxygenation showed a reduction in 

both in patients with BD41. Although many studies have confirmed the reduction in cerebral 

blood flow, particularly in the white matter, its role as a cause of the white matter damage 

has remained unresolved42.

Enlargement of perivascular spaces can be seen pathologically and on MRI. Ventricular 

enlargement can occur because of normal aging or pathologically in normal pressure 

hydrocephalus (NPH)43. There is a high incidence of hypertension in patients with NPH, 

and the clinical symptomatology of NPH and BD overlap44,45. Clinically separating the two 

diseases can be difficult.

Glial fibrillary acidic protein (GFAP) is often present, suggesting astrogliosis with astrocytic 

hypertrophy. The presence of inflammation is indicated by the presence of matrix 

metalloproteinases (MMPs) around blood vessels; activated microglia/macrophages are 

prominent, particularly around the hypertensive blood vessels46.

Blood-brain barrier disruption (BBB) has been observed pathologically by the extravasation 

of plasma proteins47. Brains of patients with BD showed extravasation of serum proteins, 

including immunoglobulins, complements and fibrinogen. However, pathological studies are 

of limited use in understanding the evolving brain damage since the end stage has multiple 

pathologies. Animal models are necessary to reveal the progression of molecular events 

involved in white matter injury.

Animal models in vascular dementia

Bilateral carotid occlusion (BCAO) was one of the first animal models used to study 

vascular cognitive impairment48. These animals had hypoxic hypoperfusion with the 

production of MMP-249. The limitations of BCAO were the ischemia produced at the onset 

of the occlusion because of the sudden restriction of cerebral blood flow and the lack of 

vascular risk factors such as hypertension.

An animal model closer to the human disease is the stroke-prone spontaneously hypertensive 

rat (SPSHR). These animals typically develop white matter disease with strokes and 

hemorrhages over one to two years; the time course of injury can be accelerated by feeding 

them a low protein, high salt diet and occluding one carotid50. We reduced white matter 

edema and improved behavior by treatment with the tetracycline derivative, minocycline, an 

inhibitor of MMPs with anti-inflammatory actions51.

A mouse model has been developed with the use of ameroid constrictors that imbibe 

fluid and slowly occlude the carotids, avoiding the initial ischemia, allowing them to 

survive long enough to produce white matter damage and behavioral changes52,53. Hypoxic 
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hypoperfusion is the basis for the injury in the animal models; it is thought to be similar 

to the events occurring in hypertensive patients. The fall in oxygen levels initiates the 

expression of hypoxia-inducible factor-1α (HIF-1α), the central event in the subsequent 

molecular injury cascade (FIGURE 3). HIF-1α leads to the transcription of a cassette of 

molecules to restore oxygen to the tissues. The molecules induced by HIF-1α include 

erythropoietin to form red blood cells, angiogenic growth factors to facilitate vessel 

sprouting, and activation of mechanisms to promote glucose uptake54. Other molecular 

events promote the expression of proteins that perpetuate the injury. Among these are the 

genes involved in the expression of convertases, such as fur, which leads to the transcription 

of Furin, an activator of MMPs that plays a key role in injury and repair55.

The MMPs are produced in latent forms that require activation. Constitutive MMPs, such as 

MMP-2, are produced normally to enable ongoing remodeling of the extracellular matrix. 

On the other hand, inducible MMPs, such as MMP-3 and MMP-9, only appear during 

inflammation in a latent form requiring activation by Furin and other enzymes. Furin 

initiates the activation cascade by activating pro-membrane-type metalloproteinase (proMT-

MMP) (FIGURE 4). Activated MT-MMP activates proMMP-2 by forming a trimolecular 

complex that includes tissue inhibitor to metalloproteinases 1 (TIMP-1). Other molecules 

contribute to the expression and activation of these molecules. For example, MMPs 

and plasminogen activators work together; tissue plasminogen activator and urokinase 

plasminogen form plasmin, an activator of other enzymes.

Blood vessels have junctions held together by several tight junction proteins, such as 

occludin, claudin and zona occludin56. Around the blood vessels is a basal lamina composed 

of type IV collagen, chondroitin sulfate and other matrix proteins. In the MMP family are 

gelatinases (MMP-2 and MMP-9) that attack extracellular matrix type IV collagen and tight 

junction proteins, increasing blood vessel permeability57.

Chronic inflammation and progressive white matter injury

MMP-9 is involved in acute ischemia, as shown by the reduced injury after stroke in 

MMP-9 knock-out mice58. Different MMPs are involved in vascular dementia where chronic 

ischemia induces MMP-2 in astrocytes (FIGURE 5A and 5B) and MMP-3 in inflammatory 

cells, such as microglia/macrophages and pericytes (FIGURE 5C)46. Astrocytic foot 

processes that surround blood vessels contain MMP-2 (FIGURE 5D). The close proximity 

to the blood vessels of the astrocytes and the pericytes suggests that they play a role in the 

proteolytic disruption of the BBB. Pericytes have characteristics of macrophages and smooth 

muscle cells and are in the basal lamina around the blood vessels (FIGURE 5E). Other 

molecules found in CSF in vascular dementia, in addition to MMPs, include angiogenic 

growth factors, vascular endothelial growth factor (VEGF-C) and placental growth factor 

(PlGF), and cytokines, interleukin-6 and -8 (IL-6 and IL-8), along with tumor necrosis 

factor-α (TNF-α), which contribute to the inflammatory damage59. Differentiation of 

resident microglia and infiltrating macrophages is difficult without special staining methods; 

it is best to refer to these cells a microglia/macrophage. These inflammatory cells are the 

source of the cytokines that are involved in the inflammatory damage.
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Multiple processes are involved in the disruption of the BBB through the action of the 

MMPs and angiogenic growth factors. In addition to the direct attack on vessels by MMPs 

in inflammation, stimulation of new vessel growth by angiogenic growth factors leads to 

permeable blood vessels. Angiogenesis involves the combined action of MMPs to break 

down the extracellular matrix and VEGF to induce the sprouting of vessels from existing 

ones60. When proteases and angiogenic factors disrupt the blood vessels, brain edema is 

formed that contributes to the white matter injury as seen with DTI.

Inflammation is an important component of the pathology of chronic forms of ischemia. The 

presence of misfolded proteins, Aβ, pTau, and α-synuclein activate microglia/macrophages; 

these microglia/macrophages contribute to ongoing tissue damage in chronic conditions 

where they continue to produce toxic products long after the acute insult61. The continuity 

of the CSF with the interstitial fluid allows molecules produced in the brain to be detected 

in CSF. Measurements in the blood of molecules produced in the brain is more difficult due 

to very low concentrations and interference with plasma proteins. We identified MMP-1, 

MMP-2, MMP-3, MMP-9 and MMP-10 in CSF from patients with various types of 

dementia with a multiplex assay kit, including those with Binswanger-type changes in 

the white matter on FLAIR MRI. The MMPs that were significantly elevated in the CSF 

in the dementia patients were MMP-2, MMP-3 and MMP-10, but not MMP-9, which is 

consistent with the dichotomy between the acute and chronic response to injury59. MMP-3 

and MMP-10 are stromelysins (1 and 2, respectively), which can attack all the components 

of the extracellular matrix and the tight junction proteins.

Inflammation involves the production of inflammasomes in dementia. In AD, microglia/

macrophages secrete ASC specks, a micrometer-sized structure formed by the 

inflammasome adaptor protein ASC (apoptosis-associated speck-like protein containing a 

CARD) that is a major component of the inflammasome complex. ASC binds to Aβ, 

forming a molecule that can seed other cells62. PET studies with ligands for microglia/

macrophages show an increase in inflammation as Aβ increases in the early stages, followed 

by a second increase as pTau increases63. There is microglia/macrophages-mediated 

inflammation in vascular dementia, as shown by PET64.

In a study that provides insight into mechanisms involved in progressive white matter 

damage, microglia that had ingested neurons containing tau entered a hypofunctional, 

senescent state and continually secreted MMP-3, which could be related to the progressive 

white matter injury65. Biomarkers relate to cognitive function establishing their relevance: 

we found that many biomarkers correlated with neuropsychological test results (FIGURE 6).

The pathophysiology of BD is the breakdown of myelin and disruption of the BBB. Both 

of these mechanisms of injury can be explained by a non-immunological mechanism 

of demyelination referred to as “bystander” demyelination66,67. Stimulated macrophages 

released the protease, plasmin, which degraded myelin into myelin basic protein fragments. 

Microglia/macrophages release a similar mix of enzymes. This suggests that microglia/

macrophages could release plasmin and MMP-3, which would lead to BBB and myelin 

damage (FIGURE 7).

Rosenberg Page 6

Stroke. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biomarkers, machine learning, artificial intelligence, and precision 

medicine

The pathology that characterizes AD and VCID begins in midlife and slowly progresses 

over 20 years before its full impact is apparent. This is a major impetus to identify disease 

processes at an early stage, which will be critical for treatments to be effective. Early 

identification will require biomarkers that can be used as surrogates for early disease. This 

process has begun in AD where Aβ and pTau measured in CSF and with PET have been 

used for research studies in AD23. Similar biomarkers for VCID remain to be identified. 

An early attempt to diagnose VCID was the use of lists of symptoms, like the Hachinski 

Ischemic Score, which gave a high score to those with symptoms and signs suggesting 

vascular disease11,68. We have refined this approach by adding other diagnostic modalities to 

construct a 10-point BD score and used statistical analysis with exploratory factor analysis 

(EFA) to select patients with BD. Patients were followed for an average of 2 years to obtain 

clinical consensus diagnoses to improve accuracy69.

The rapid growth in measurements of multiple biomarkers has resulted in large data 

sets that can only be analyzed by a “big data” approach59. Further refinements led 

to the inclusion of additional biomarkers, improving the classification of vascular and 

neurodegenerative causes. These statistical programs identify the most important features 

from several biomarkers, improving the accuracy of diagnosis and delineating the optimal 

biomarkers.

Learning machine programs with artificial intelligence can improve diagnostic accuracy by 

incorporating diagnoses from experts and outcomes of treatments; as the size of the database 

increases, diagnostic accuracy grows. This approach can also incorporate responses to future 

treatment trials.

There has been a major increase in the understanding of the role of plasma biomarkers that 

will impact the way we detect and treat patients with dementia. The early use of biomarkers 

was dominated by studies in AD, culminating in the biological diagnosis of AD based on the 

amyloid (A), tau (T), and neurodegeneration (N) formula with A and T obtained from CSF 

proteins or PET scanning and N from MRI measurements23. A new formulation proposes to 

add other features, including vascular disease and other misfolded proteins, expanding the 

original formula to ATX(N) with X indicating future biomarkers33.

In conclusion, along with the increase in the number of elderly individuals with dementia, 

there has been a parallel growth in information on the role of vascular disease in 

dementia, recognizing the role of small vessel disease, making MX the most common 

form of dementia. The major small vessel form of vascular dementia is BD because the 

gradually progressive white matter changes can be monitored by MRI, revealing the natural 

history, and allowing the effects of treatments to be studied. Hypoxic hypoperfusion due 

to hypertensive narrowing of the arterioles initiates a cascade of molecular events that 

culminate in the opening of the BBB and the breakdown of the myelinated white matter. 

Matrix metalloproteinases, which are induced under hypoxic conditions, are an important 

cause of the neuroinflammation driving the opening of the BBB and myelin damage.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

BD Binswanger’s disease

AD Alzheimer’s disease

VCID vascular cognitive impairment and dementia

MX mixed dementia

DTI diffusor tensor images

Aβ amyloid β

MMPs matrix metalloproteinases

CT computed tomography

MRI magnetic resonance imaging

pTau phosphorylated Tau

BBB blood-brain barrier

PET positron emission tomography

WMH white matter hyperintensities

LA leukoaraiosis

FLAIR fluid attenuated inversion recovery

PSMD peak width of skeletonized water mean diffusivity

mFW mean free water

CADASIL cerebral autosomal dominant arteriopathy with subcortical infarcts 

and leukoencephalopathy

NPH normal pressure hydrocephalus

proMT-MMP pro-membrane-type metalloproteinase

TNF-α tumor necrosis factor-α
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ASC apoptosis-associated speck-like protein containing a CARD
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Figure 1: 
The double-dichotomy clustering method is a two-dimensional scatter plot with the x-axis 

being the VDS score and the y-axis being the ADS score, and a cut-off of 0.5 for each 

axis gives four quadrants, with each quadrant describing subjects with different disease 

characteristics. The four cluster (c)-based patient groups are cLA = VDS− ADS−, cAD = 

VDS− ADS+, cSIVD = VDS+ ADS−, and cMX = VDS+ ADS+. The location of a subject on 

this plot describes disease severity. For example, subject(a) is classified as cMX, but being 

close to the ADS boundary, we know that its ADS factors are similar to some of the SIVD 

subjects. (Reprinted from Caprihan et al35 © 2021 by the Authors. Published by Elsevier 

B.V. This is an open access article under the CC BY-NC-ND license).
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Figure 2: 
A) FLAIR MRI from a patient with Binswanger’s disease showing extensive white matter 

involvement in the subcortical region. There is relative preservation of the cortex and lack 

of ventricular enlargement. B) A hemisphere section from a patient with long-standing 

hypertension. In this myelin stain, there is loss of myelination (Asterix) in the centrum 

semiovale extending into the sulci and sparing U-fibers (arrow). (Figure 2B is from46 with 

permission. Copyright © 2001, Wolters Kluwer Health).
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Figure 3: 
Illustration of the molecular cascade involved in the white matter injury in the 

Binswanger-type of vascular dementia. Vascular risk factors lead to arteriolosclerosis. 

Hypoxic hypoperfusion activates hypoxia inducible factor-1α (HIF-1α), which leads to 

erythropoiesis, angiogenesis, and convertases. The result is opening of the BBB with brain 

edema and white matter damage.

Rosenberg Page 16

Stroke. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Mechanisms of activation of the matrix metalloproteinases (MMPs), which are normally 

latent enzymes. When the tissue is hypoxic and HIF-1α is released, Furin is formed. This 

convertase activates proMT-MMP and proMMP-3. Active MT-MMP activates proMMP-2 

and MMP-3 activates proMMP-9 along with free radicals such as nitric oxide (NO). 

The plasminogen activators (PA), tissue PA and urokinase PA form plasmin, which is an 

activator of proMMP-3 and proMT-MMP. The result of these active enzymes is to disrupt 

the extracellular matrix (ECM). MT is membrane-type.
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Figure 5: 
Composite of MMP immunostaining. A) GFAP+ astrocyte (arrow) in patient with vascular 

dementia; B) Similar region as in A with astrocyte stained with MMP-2 antibody; C) 

PG-1+ macrophage/microglia (arrow) in patient with vascular dementia (5A,5B,5C are from 

Rosenberg et al46 Copyright © 2001, Wolters Kluwer Health); D) normal rat brain with 

MMP-2-staining astrocyte. Astrocyte foot process (arrow) wrapped around vessel; E) Rat 

brain dual labelled fluorescent Ox-42+ pericyte (green) and MMP-3 (red) next to vessel 

(arrow) (5D and 5E from Rosenberg et al70 Copyright © 2001 Elsevier Science B.V.).
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Figure 6: 
(A) Spearman correlation of CSF and Plasma features with Age and Cognitive features for 

subcortical ischemic vascular disease (SIVD), Mixed dementia, and AD patients. Selected 

scatterplots illustrate relationships at the p ≤ 0.01 significance level: (B) same fluid features 

CSF vs. plasma, (C) fluid features with Age, and (D) fluid features with cognitive features. 

(From Erhardt et al59 Open Access Permission Copyright © 2021 Erhardt et al).
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Figure 7: 
Schematic illustration of by-stander demyelination mechanism in BD. A normal vessel is 

shown in the upper left. There are tight junction proteins between the endothelial cells that 

include claudin, occludin and zona occluden (zo-1). The vessel in the top center shows 

the effects of long-standing hypertension with narrowing of the lumen and thickening of 

the outer wall. Hypertensive vessels attract microglia/macrophages that attempt to remodel 

the vessel. These activated inflammatory cells secrete inflammatory factors, namely, MMPs 

and cytokines. These activated cells destroy the myelinated axons resulting in the release 

of myelin basic protein and neurofilament light (NfL), which can be measured in CSF and 

blood as a biomarker of inflammatory injury. Infiltrating macrophages (top right) can add to 

the proteolytic damage. (Figure created with BioRender with permission).

Rosenberg Page 20

Stroke. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Evolving concepts of white matter disease in dementia
	Binswanger’s disease
	High prevalence of mixed dementia
	Pathophysiology of white matter injury
	Animal models in vascular dementia
	Chronic inflammation and progressive white matter injury
	Biomarkers, machine learning, artificial intelligence, and precision medicine
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:

