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Leukoaraiosis, also referred to as white-matter hyperintensities (WMHs) or age-related white matter changes,
is the most frequently seen lesion on brain magnetic resonance images (MRI) in the elderly. LA is a subject
of intense research interest, and is correlated with stroke, cognitive impairment or dementia, disturbances,
affective disorders, and poor prognoses. Rapid advances in neuroimaging have enabled greater understanding
of LA associated with aging-related cognitive decline or dementia. Recently, the techniques of multimodal MRI,
such as structural MRI (sMRI), resting-state functional MRI (rs-MRI), cerebrovascular reactivity (CVR), diffusion
tensor imaging (DTI), magnetic resonance spectroscopy (MRS), and dynamic contrast-enhanced MRI (DCE-
MRI), have been used to explore the underlying mechanism of cognitive impairment in patients with LA. These
multimodal MRI techniques may provide further insights into the structural and functional changes of LA with
cognitive dysfunction.
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Background

Leukoaraiosis (LA), also referred to as white matter lesions
(WMLs) or age-related white matter changes, describes diffuse
white-matter hyperintensities (WMHs) on MRI scans, and is
often seen in the elderly. The 3 severity degrees were assessed
according to the modified scale of Fazekas et al. (Figure 1). As
a radiographic marker of cerebral small vessel disease (CSVD),
the pathogenesis of LA includes demyelination, neuronal loss,
loss of glial cells, axon destruction, reactive gliosis, and arteri-
olosclerosis [1]. It has been increasingly recognized to be cor-
related with cognitive dysfunction or dementia, stroke, and
some neurodegenerative disorders. The effects of LA on cog-
nitive function are insidious and can be difficult to detect at
an early stage but are nevertheless crucial. There is a growing
body of evidence that the burdens of LA influence cognitive
function in multiple domains, mainly attention/executive func-
tion, processing speed, and memory [2]. However, the under-
lying pathogenesis remains unclear, which may be due to the
dysfunction of fronto-subcortical pathways [3].

The purpose of this study was to summarize the pathogen-
esis of LA and its impact on cognition, and also to evaluate
different imaging techniques to explore the pathophysiology
of cognitive decline. Table 1 summarizes these advanced MRI
techniques and also shows the pathophysiology of cognitive
decline in LA. Our review highlights the potential of these re-
cent developments to achieve faster adoption of these tech-
nologies in LA studies. Furthermore, the techniques of multi-
modal MRI are critical to assessing the relationship between
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brain structural and functional changes in LA with cogni-
tive decline.

Structural Magnetic Resonance Imaging
(sMRI)

WMHs and brain atrophy often coexist in the elderly. Voxel-
based morphometry (VBM) is an automated technique widely
used for quantitative measurements of white matter in separate
regions. It utilizes T1-weighted images to perform voxel-wise
statistical tests to discover subtle brain volume changes [4].
Understanding the specific relationship between LA and whole-
brain structure may shed light on the pathophysiology of cog-
nitive disorders in LA. There was a link between regionally spe-
cific brain atrophy and cognitive dysfunction in LA [5]. It was
reported that LA patients had significantly reduced gray matter
volume in the right supramarginal gyrus, right angular gyrus,
right middle temporal gyrus, and right anterior cingulum [6].
This was in line with another study that found the LA group
had a significantly decreased gray-matter density in left middle
frontal gyrus and in the anterior and middle cingulate cortex [7].
LA may independently predict brain structural changes relevant
to cognitive function, especially atrophy of the hippocampus
and frontal lobes. The Cardiovascular Health Study also found
that LA was inversely correlated with gray mater volume, with
the greatest volume loss in the frontal cortex [8]. Recently, pos-
itive associations were also found between WMHs load and
the voxel-based model of gray matter, specifically in the right
anterior prefrontal cortex and the medial prefrontal cortex

Figure 1. The 3 severity grades of ischemic leukoaraiosis according to Fazekas scale (A, mild; B, moderate; C, severe).
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Table 1. A summary of the multimodal MRI to assess leukoaraiosis with cognitive impairment.

Multimodal MRI

Main observation targets

The main findings

techniques

Decreased gray-matter density in frontal lobes,
hippocampus, and cingulate cortex;

lower cortical thickness in multimodal integration
regions, such as frontotemporal regions

Significant decrease in ALFF in the left
parahippocampal gyrus (PHG) and an increased ALFF
in right superior orbital frontal gyrus (SOFG);
increased functional connectivity (FC) between the
right insular region and the right SOFG and between
the right calcarine cortex and the left PHG;
significant differences in functional alterations of the
DMN

Impaired CVR may contribute to the progression of
white matter disease

Dysfunction of white matter integrity;

DTI parameters (especially FA) could serve as a potent
imaging indicator for detecting the invisible alteration
of white matter integrity

Higher BBB permeability was associated with higher
LA burden and cognitive decline

1 Structural Magnetic Gray-matter atrophy, white-matter
Resonance Imaging lesions, and whole-brain atrophy
(sMRI)

2 Blood oxygen level- Identify the intrinsic spontaneous
dependent (BOLD) brain neural activity during resting
contrast state to investigate the brain

function, such as amplitude of low-
frequency fluctuations (ALFF) and
default-mode network (DMN)

3 Cerebrovascular Cerebral autoregulation and
reactivity (CVR) vasodilatory capacity
measurements

4 Diffusion tensor Determine the integrity and lesions
imaging (DTI) of white-matter tracts, such as

fractional anisotropy (FA) and mean
diffusivity (MD)

5 Dynamic contrast Evaluate the permeability and
enhancement (DCE) integrity of blood-brain barrier
MRI (BBB); quantitative tissue perfusion

such as blood volume, mean transit
time, mean transit time

6 Magnetic resonance Identify changes in cerebral

spectroscopy (MRS)

metabolites such as the ratios of
N-acetyl aspartate (NAA)/choline
(Cho) and NAA/creatine (Cr)

Metabolic changes suggested that MRS can be
explored as a marker for cognitive dysfunction in
patients with LA

and cingulate gyrus [9]. However, more longitudinal data are
needed to confirm the exact relationship between the load of
LA and the decline in cognitive function.

Previous VBM studies have suggested that cortical atrophy
is regionally distributed in LA, but few studies have assessed
cortical thickness in LA. It was reported that cortical thick-
ness was significantly lower in multimodal integration regions
in LA, which suggested that LA patients were more likely to
exhibit cortical thinning, especially in multimodal integration
and recognition-related regions. The current morphometry
data provided further evidence for LA-associated structural
plasticity [10]. Another study of cortical thickness also found
that higher WMHs load was related to lower cortical thickness
in frontotemporal regions. Network analyses also revealed that
measures of network disruption were associated with WMHs
and cognitive performance. Cognitive performance was related
to cortical thickness in frontotemporal regions and network
measures [11]. The evidence that cortical thickness has an in-
dependent influence on the cognitive impairments suggests

that the association between WMHSs and cognitive impairments
may be mediated by cortical thinning [12]. The above findings
have some important implications in understanding the rela-
tionship between WMHs, cortical morphology, and the possi-
ble accompanying cognitive decline and dementia.

Resting-State fMRI(rs-fMRI)

The technique of rs-fMRI can identify the intrinsic spontaneous
brain neural activity during resting state without task perfor-
mance, which is increasingly used to investigate brain function.
The amplitude of low-frequency fluctuations (ALFF) from rs-fMRI
signals can be used to detect such intrinsic spontaneous brain
activity and provide valuable insights into the pathophysiology
of central nervous system disease. Patients with LA exhibited
significant cognitive impairment, which was related with
different amplitude fluctuations of rs-fMRI signals [13-15].
Recently, a study from China also showed that LA caused a sig-
nificant decrease in the ALFF in the left parahippocampal gyrus
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(PHG) and increased ALFF in the right superior orbital frontal
gyrus (SOFG). LA also showed an increased functional connec-
tivity (FC) between the right insular region and the right SOFG
and between the right calcarine cortex and the left PHG. This
work further enhances understanding of the pathophysiology
of LA, which is associated with widespread cerebral function
deficits detected by the technique of rs-fMRI [16].

LA consists of acquired lesions that accumulate and disrupt
neuron-to-neuron connectivity. Resting state networks (RSNs)
are spatially coherent patterns in the human brain and their
interactions sustain our daily function. The default-mode net-
work (DMN) is closely related to selective extraction and clas-
sification of episodic memory and self-cognition, and it plays
an important role in cognitive function [17]. Patients with LA-
associated subcortical vascular cognitive impairment (SVCI) ex-
hibited significant differences in the functional alterations of
the DMN, which might be a feature distinguishing between SVCI
and amnestic mild cognitive impairment (aMCl) patients [18].
As for the sensorimotor network (SMN), patients with LA also
have impaired sensorimotor integration caused by interfering
with the communication or coordination of these aforemen-
tioned regions related to the SMN [19]. Another study assessed
alterations in FC patterns based on several well-defined RSN,
including DMN, SMN, dorsal attention network (DAN), frontal-
parietal control network (FPCN), and auditory network (AN).
The findings of wide alterations of inter-network connectivity
mainly involving the SMN, DMN, FPCN and DAN highlight the
importance of FC in understanding the effects of LA on cog-
nitive dysfunction [20]. Furthermore, the dysfunction of RSNs
might be a consequence of decreased white matter structural
connectivity, which further affects cognitive performance [21].
Thus, the technique of rs-fMRI could be quite useful in exploring
specific cognitive dysfunction by detecting spontaneous brain
neural activity and FC.

Cerebrovascular Reactivity (CVR)

The impaired cerebral autoregulation and vasodilatory capacity
may play in role in the pathogenesis of LA. Cerebrovascular re-
activity (CVR) is an indicator of cerebrovascular reserve and pro-
vides important information about vascular health in a range
of brain conditions and disorders. CVR can be assessed by a
variety of ultrasonographic, nuclear medicine, and neuro-ra-
diologic techniques, which also include MRI [22]. The breath-
hold CVR mapping is an essential component of quality con-
trol analysis in clinical fMRI [23]. Currently available studies
on CVR in patients with CSVD have been summarized in a re-
cent meta-analysis [24]. Recently, impaired CVR has been as-
sociated with subtle changes in the tissue integrity of NAWM,
suggesting that impaired CVR contributes to the progression
of white matter disease [25]. Cerebral autoregulation and CO,
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reactivity are 2 distinct processes related to blood pressure
levels and duration of hypertension. Greater nocturnal dipping
was associated with higher cerebral autoregulatory index (ARI)
values, suggesting preservation of autoregulation in patients
with ischemic subcortical white matter disease, with increased
vulnerability to reduced cerebral perfusion [26]. Evaluation
of CVR is important in determining vascular chronic damage
to the brain and neurocognitive dysfunction by a variety of
mechanisms, including white matter lesion, brain atrophy, and
impairment of cerebral connectivity [27]. CVR mapping is an
evolving standard for clinical functional imaging and needs to
be further clarified.

Diffusion Tensor Imaging (DTI)

DTl is ideally suited to investigate the cortical disconnection
as it provides indices of structural integrity within intercon-
nected neural networks [28]. DTl is widely used to assess the
microstructural integrity of white matter and to provide infor-
mation about the structural characteristics of white matter. A
growing body of evidence indicates that cognitive function is
strongly associated with white matter integrity detected by
DTI [29]. Furthermore, the parameters of fractional anisotropy
(FA) could serve as a potent biomarker to detect the invisible
alteration of white matter integrity and to explore its poten-
tial cognitive relevance in LA [30]. A recent tract-based spatial
statistics (TBSS) study also showed that the atrophy and re-
duced diffusion anisotropy of the corpus callosum may indi-
cate diffuse deep white matter damage in LA, which may ex-
plain global cognitive impairment and progression of vascular
dementia [31]. Another voxel-based analysis study revealed
that FA and whole-brain mean diffusivity (MD) are sensitive
tools for use in evaluating its relationship with cognition in pa-
tients with LA [32]. Our study also demonstrated that DTl may
provide some important information about the cognitive dys-
function in patients with LA, which may be largely attributed
to the “disconnection” of cortico-subcortical pathways [33].

Dynamic Contrast-Enhanced MRI (DCE-MRI)

Blood-brain barrier (BBB) disturbance has been proposed to
play a pivotal role in the pathophysiology of LA. However, the
relationship of LA and quantification of regional BBB perme-
ability has not been well clarified. BBB leakage increased with
hypertension and the burden of both WMHs and normal-ap-
pearing white matter (NAWM) [34]. It was also reported that
white matter permeability was significantly higher in LA, and
the increased BBB permeability in NAWM also supported a
close relationship between BBB disruption and the progression
of LA [35]. Absolute blood pressure levels and their variations
over time (i.e., blood pressure variability) were significantly
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associated with white matter disease burden and cognitive
impairment [36-39]. Recently, we also found that higher BBB
permeability was associated with higher WMHs burden and
cognitive decline. Our study further indicates that the compro-
mised BBB integrity may be a critical contributor to the patho-
genesis of LA and cognitive impairment [40]. As a result, DCE-
MRI may be helpful to evaluate the permeability of BBB and
its relationship with cognitive impairment. Future studies are
needed to determine the relationship between BBB damage
and development of WMHs [41].

Magnetic Resonance Spectroscopy (MRS)

The technique of MRS facilitates non-invasive imaging to iden-
tify metabolic changes in brain tissue. It was reported that the
estimates of neuro-metabolite levels provide additional and
useful information on cognitive function in LA [42]. Our study
found that this relationship between cognitive function and
metabolic changes suggests that MRS can be explored as a
marker for cognitive dysfunction in patients with LA [43]. The
combined DTl and MRS study also found the techniques of
MRS can be used to investigate pathological changes in the
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anterior and posterior periventricular white matter, which may
be correlated with executive function changes in patients with
LA [29]. The MRS studies were consistent with neuronal loss
in patients with LA, and cognitive dysfunction was also corre-
lated with MRS-indexed biochemical changes.

Conclusions

To date, the pathophysiology of LA has not been clearly de-
termined. LA is associated with increased risk of cognitive im-
pairment; however, the underlying pathological changes and
their relationship to cognitive impairments are obscure. In
the present review, we suggest that the techniques of multi-
modal MRI are critical to examining the relationship between
brain structural and functional changes in LA with cognitive
decline. However, confirmation of our hypothesis and the
exact relationship between LA and cognitive deficit requires
further investigation.
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