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Moyamoya disease (MMD) is a chronic and progressive cerebrovascular

stenosis or occlusive disease that occurs near Willis blood vessels. Di�usion

tensor imaging (DTI) and functional magnetic resonance imaging (fMRI) are

used to detect the microstructure of white matter and the function of gray

matter, respectively. The damage of these structures will lead to the change of

cognitive level in patients with moyamoya disease. In this paper, the principles

of DTI and fMRI, their applications and challenges in moyamoya disease

are reviewed.

KEYWORDS

moyamoya disease (MMD), di�usion tensor imaging (DTI), functional MRI (fMRI), brain

network, white matter fiber bundles

Introduction

Moyamoya disease (MMD) is an uncommon cerebrovascular disease which leads

to progressive stenosis and occlusion of the bilateral internal carotid artery and main

intracerebral arteries, with subsequent abnormally formed collateral vessels 90 (1). It was

first described by Takeuchi and Shimizu in 1957 and then termed by Suzuki and Takaku’s

in 1969 (2). Diffusion tensor imaging (DTI) and functional magnetic resonance imaging

(fMRI) techniques have made remarkable achievements in cognitive and cerebrovascular

disease (3, 4), and can be used to examine white matter (WM) microstructure and

gray matter (GM) function in patients with MMD, respectively. In addition, there has

been evidence that the cognitive level of patients with MMD is related to white matter

damage (5), and the quantitative value of patients’ cognitive level reflected in fMRI will

also change after revasculopathy surgery (6). Therefore, it is of fundamental and clinical

significance to discuss the application of these two neuroimaging techniques in the study

of brain damage in patients with MMD.

Fundamentals and background

The principle and parameters of DTI

Diffusion-weighted imaging (DWI) is a quantitative technique that utilizes the

diffusion of water in biological tissues (7). The diffusion index is used to measure the

difficulty of water molecules horizontal movement. In biological tissue, since various
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structures of the tissue (cell membrane, myelin sheath, etc.)

impede the free movement of water molecules (7), the diffusion

coefficient is much lower than that in free water. Diffusion tensor

imaging (DTI) is a non-invasive imaging method developed on

the basis of DWI for the study of whitematter fiber bundle injury

(8). The diffusion distance of water molecules in each gradient

direction is measured by increasing the diffusion sensitivity

coefficient (B value) and increasing the numbers of gradient

directions, so that the eigenvalue can be calculated by using

the difference of the diffusion tensor in different tissues. In

general, water molecules move or diffuse much faster parallel

to the white matter fibers than they do perpendicular to them.

Therefore, in each voxel of the fiber bundle, if the diffusion

tensor is regarded as an ellipsoid (9), the maximum diffusion

coefficients parallel to the direction of the fiber are defined as

λ1, and those perpendicular to the direction of the fiber are

defined as λ2 and λ3 (λ1 > λ2 > λ3) (Figure 1). Through λ1,

λ2, λ3, we can calculate the coefficients of different DTI scans,

such as fractional anisotropy (FA), mean diffusivity (MD), radial

diffusivity (RD), axial diffusivity (AD) values.

FA refers to the partial anisotropy coefficient, which is the

proportion of anisotropic components of water molecules in the

whole diffusion, and its value ranges from 0 to 1. The closer

FA value is to 0, the more unrestricted the movement of water

molecules are, and the closer it is to free water, the higher the

anisotropy is. The FA value in CSF is close to 0, while tissues

such as white matter fiber bundles, which strictly constrain

the direction of movement of water molecules, the FA value is

close to 1. A high degree of myelination in white matter causes

axons to gather more closely together, increasing the value of

FA. On the contrary, axon damage, demyelination, increased

membrane permeability, and decreased density and number will

decrease FA value (10–12). The values of AD and RD also have

similar significance.

FA =

√

3((λ1 − λ)2 + (λ2 − λ)2 + (λ3 − λ)2)

2(λ21 + λ
2
2 + λ

2
3)

FIGURE 1

Di�usion coe�cients.

In order to comprehensively evaluate the diffusion of a

certain element or region, the influence of anisotropic diffusion

must be eliminated and represented by a parameter (MD) whose

change does not depend on the direction of diffusion. MD

reflects the diffusion level of the whole molecule (i.e., the size

of the mean ellipsoid) and the diffusion resistance of the whole

molecule. It indicates only the magnitude of the diffusion, not

the direction. In general, the MD value is lower in white matter,

but higher in ventricles where the movement of water molecules

is not limited (13). The larger the MD, the more free water

molecules there are in the tissue.

MD =
λ1 + λ2 + λ3

3

Basic principles and background of FMRI

Blood oxygen level dependent-functional magnetic

resonance imaging (bold-fMRI) is an imaging technology

developed since the 1990s designed to study brain function (14).

Its imaging theory mainly uses the change of local magnetic

field property caused by the mismatch between the increase

degree of local cerebral blood flow and oxygen consumption.

Both regional cerebral blood flow and oxygen consumption

increase when neurons are generating electrical activity, but the

increase of cerebral blood flow was more than that of oxygen

consumption. This difference results in a relative reduction in

the concentration of paramagnetic deoxygenated hemoglobin

(15). Deoxyhemoglobin has the effect of shortening T2 signal,

and its reduction will lead to the decrease of shortening T2.

Compared with the resting state, T2 in local brain regions

is relatively prolonged, so it shows an enhanced signal on

T2 weighted functional magnetic resonance imaging (16).

Therefore, bold-fMRI can be used to indirectly observe the

activity of neurons and even the connectivity of functional areas

of the brain.

The blood oxygen level dependence (BOLD signal) was first

proposed by Ogawa et al. in 1990 (17). He proposed that the

change of blood oxygen level in the brain will lead to the change

of local magnetic field uniformity, resulting in the obvious

change of NMR signal, which is called BOLD signal. In 1991,

research teams from Minnesota and Massachusetts General

Hospitals obtained the first successful fMRI results using BOLD

comparisons (13). The results were presented orally at the

Magnetic resonance conference in San Francisco in August 1991.

Subsequently, in 1992 and 1993, experimental results based

on BOLD brain functional imaging were obtained in various

laboratories (13). Since then, the research boom of functional

magnetic resonance imaging has started. In the past few decades,

especially tasking-state functional magnetic resonance imaging

(ts-fMRI) has been widely used as the benchmark method to

locate and map the brain functional specialized areas under the

stimulation of specific tasks (18).
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FIGURE 2

Picture of white matter fiber bundle tracking results in patients

with MMD by DTI.

At present, there are two main parameters that reflect the

attributes of BOLD signal area: one is low frequency fluctuation

amplitude (ALFF), which measures the signal intensity in low

frequency oscillation in spontaneous nerve activity (19). ALFF is

correlated with the potential activity of local brain regions (20),

and the amplitude of oscillation can be used as an indicator to

detect changes in neural function (21). The second is regional

homogeneity (ReHo), which reflects the statistical similarity of

local neural activity between adjacent regions of space (22).

Both methods have been widely used in the assessment of

local neurological function in neurological and neuropsychiatric

disorders (23, 24).

In recent years, resting state functional magnetic resonance

imaging (resting-state fMRI, rs-fMRI) has been widely used to

study the functional connections between different regions of

the brain. In the resting state, the spontaneous BOLD signal

fluctuations between the relevant brain regions have spatial

synchronization, which has been used to find a variety of resting

state functional connection networks (25).

Application of DTI and FMRI in
moyamoya disease

Development and use of DTI in MMD

Figure 2 is the white matter fiber bundle tracking result of

patients with MMD by DTI. The understanding of white matter

fiber bundle damage in MMD by DTI technique is gradual.

Initially scientists focused on the differences between the

infarcted and normal brain or between the infarcted and non-

infarcted hemispheres. This difference was confirmed in a study

of cerebral infarction patients with MMD. Nobuyuki Mori et al.

(26) found that there was a significant difference in whole-brain

histogram (WBH) diffusion tensor imaging between MMD and

normal volunteers, while there was no significant difference in

WBH-diffusion tensor imaging between MMD patients without

infarction and normal control group. The authors suggest that

no significant damage to brain tissue occurs in ischemic MMD

without infarction. However, Statistical Parametric Mapping

(SPM2), the voxel-based analysis software used at that time, was

relatively unadvanced in image processing, and the author did

not study specific brain regions in the analysis of the whole brain,

which had certain limitations.

With the deepening of research, many researchers have

found that even in patients with ischemic MMD without

infarction, there is still latent white matter damage, which is

similar to DTI can detect the degree of nerve and white matter

damage in patients with consciousness disorders with high

sensitivity (27). In 2011, Jeong et al. (28) used the regions of

interest (ROI) to compare the FA value and Apparent diffusion

coefficient (ADC) value of 20 patients with normal white matter

MMD and 20 age-matched control group’s centrum semiovale.

The results showed that the FA and ADC value of patients

were significantly reduced. Moreover, FA and ADC values were

lower in the cerebral hemispheres with delayed peak time

in MMD (the hemisphere with more severe ischemia). The

authors hypothetically propose from a DTI perspective that the

normal presentation white matter of MMD without cerebral

infarction may be affected by chronic hypoperfusion, resulting

in cumulative microstructural damage that is not visible on

conventional MRI. However, the ROI of the centrum semiovale

extracted by the author is too rough to be unified. Therefore, in

the later studies, researchers have found new methods to solve

this problem.

In 2014, Kazumata et al. (29) used Tract-Based Spatial

Statistics (TBSS) to analyze white matter of 23 asymptomatic

MMD patients and 23 controls, and combined it with cognition

function. They found that the FA of white matter tracts in the

lateral prefrontal area, cingulate area and inferior parietal area

was significantly correlated with processing speed, executive

function (attention) and working memory. This study combined

cognitive impairment with damage to white matter fibers in

asymptomatic MMD patients and found a correlation between

cognitive impairment and white matter damage. Similarly,

in the subsequent study of Liu et al. (5), cognitive test

and TBSS analysis were also conducted on 14 asymptomatic

patients with MMD, and it was found that left brain uncinate

fasciculus (UF) and inferior fronto-occipital fasciculus (IFO)

may be the key brain regions affecting computing function,

while bilateral brain IFO regions may affect intelligence. RD

and AD may be better early predictors of chronic white

matter injury than FA, while MD tends to have overall

indirect changes.

After the study of pre-operation white matter damage in

MMD became more and more clear, Kazumata et al. (30)
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studied the recovery of white matter and perfusion in 17 patients

with MMD in a short period (within 14 days) after bilateral

superficial temporal artery-middle cerebral artery (STA-MCA)

revascularization in 2017. The authors found that regional

cerebral blood flow (rCBF) in the lateral prefrontal cortex

increased gradually during the first week postoperatively. FA

and AD decreased in the anterior and posterior limbs of the

internal capsule during the first and second days and the

third and sixth days. RD increased most significantly. FA,

RD and AD returned to their preoperative levels on day 14.

On the one hand, it confirmed the importance of perfusion

for white matter injury in MMD patients, and post-operative

hyper-perfusion may damage white matter temporarily. On the

other hand, the STA-MCA revascularization in MMD patients

do not show short-termed benefits for white matter recovery.

However, the effect of the revascularization on long-term white

matter recovery remains unclear. Therefore, Kazumata et al.

(31) further studied the cognitive recovery and white matter

fiber recovery in 25 patients with MMD who underwent

bilateral STA-MCA revascularization in 2019. The results

showed that there were significant changes in performance

intelligence quotient (PIQ) and perceptual organization (PO)

after operation. The FA value of the anterior bundle of bilateral

superior longitudinal tract (SLF) gradually increased after

surgery and reached statistically significant after 2–4 years,

and was positively correlated with the recovery rate of PIQ

and PO. Here, preoperative injury and postoperative repair of

the white matter fibrous tracts in MMD were linked, and an

association between white matter injury in MMD and cerebral

perfusion was found, as well as between white matter injury and

cognitive impairment.

It is generally believed that the formation of myelin

sheath limits the developmental changes and plasticity of

axons (32). Thus, delayed myelination may be one of the

reasons why the brain’s advanced abilities continue to grow

even during adulthood (10). As the brain matures, structures

such as cells and axon membranes become denser, and the

mobility of water molecules was increasingly limited. With the

development of white matter, the changes of water diffusion

perpendicular to white matter fiber may stand for the change

of the myelin sheath width (33), and indirectly caused the

RD of DTI parameters change. Therefore, for the affected

by long-term hypoperfusion, white matter injury in MMD,

especially the damage to the myelin sheath or dysplasia, is

more likely to be one of significant reasons for cognitive

dysfunction; The time-dependent improvement in perfusion

after revascularization may be the possible reason for the

improvement in cognitive function through restoration of white

matter function, whereas short-term post-operative hyper-

perfusion may injury white matter function, temporarily.

This is a major achievement of DTI research on MMD

in recent years. More article details could be found in

Table 1.

Development and use of FMRI in MMD

The rs-fMRI technique is being used to study changes

in functional connectivity patterns in patients with MMD by

assessing the ALFF value of BOLD activity in the resting state

of the task (34). Yu Lei et al. found for the first time that there

is a corresponding change in the value of ALFF in adult patients

with vascular cognitive impairment of MMD (35).

Their study found that there were wide differences in

ALFF in frontal lobe, parietal lobe and temporal lobe between

the designed vascular cognitive impairment group, the non-

vascular cognitive impairment group and the control group,

and there were significant differences in ALFF in the anterior

cingulate cortex and the right auxiliary motor area of the frontal

lobe. In the process of progressive cognitive decline in MMD

patients, ALFF in parietal gyrus, right superior frontal gyrus,

right superior temporal gyrus, left caudate nucleus and other

regions showed significant changes. Moreover, they proposed

that patients with MMD may have special spatial patterns of

ALFF, and the changes of these patterns occurred after the

emergence of cognitive impairment (35).

The team also found abnormal regional homogeneity (Reho)

in executive control networks (ECN), default mode networks

(DMN), and salience networks (SN) in adult patients with

MMD. Compared with normal controls, patients with MMD

exhibited significantly decreased ReHo in the dorsolateral

prefrontal cortex (DLPFC) and inferior parietal gyrus (IPG) of

left ECN; the IPG, superior frontal gyrus, and DLPFC of the

right ECN; the right precuneus, left medial superior frontal

gyrus, and right medial orbitofrontal gyrus of the DMN; as well

as the left middle frontal gyrus and right supplemental motor

area of SN. And a trend of ReHo decrease with disease severity

was observed in these three networks, but only bilateral ECN

reached statistical significance (36). And they highlighted that

bilateral ECN exhibited a significant correlation of averaged

ReHo values with executive performance. Similar finding has

also been confirmed in other studies. He SH et al. also found

decreased activation in the posterior cingulate gyrus, the left

superior parietal gyrus, and the left superior occipital gyrus

in the right ECN (37). And they indicated that decreased

computational ability in patients with MMD was associated

with significant abnormalities in the CBF of the left inferior

frontal gyrus.

Sakamoto et al. found that DMN connectivity have changed

in patients with MMD, their results showed highly disrupted

patterns of ventral DMN connectivity, with a mixture of

higher and lower functional connectivity in patients with low

neuropsychologic scores compared with healthy controls (6).

He et al. (37) also found that there were significantly fewer

functional connections in the brain in the asymptomatic MMD

group than in the control group. Furthermore, a study designed

by Lei (38) introduced a dynamic measurement of connectivity

number entropy (CNE) to further explore the relationship
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TABLE 1 Studies in recent years about DTI analysis of MMD.

Time Author Key point Observe

indicators

DTI analysis

method

Other design

methods

Patient selection

Pre-operation 2008 Nobuyuki Mori MMD with infarction exist white matter

injuries while MMD without infarction

do not.

peak height FA,

peak height MD

SPM2 None 15 with and 12

without infarction

2011 H. Jeong Chronic hemispheric hypoperfusion

results in damage to white matter

(centrum semiovale)

FAcs, ADCcs NeuRoi rCBF, DWI 20 asymmetric

2014 Ken Kazumata FA in the LP, Cingulate and IPL was

correlated with processing speed,

executive function and working

memory

FA, MD, AD, RD FSL FSL-VBM,

Cognition test

23 asymmetric

2016 Ken Kazumata DKI can also show the microstructural

changes of deep white matter prone to

ischemia and solve the problem of fiber

crossover

FA, MD, AD, RD FSL DKI 23 without infarction

2020 Ziqi Liu Left UF and IFO may affect arithmetic

function. Bilateral IFO effect

intelligence. RD and AD may be better

indicators for early prediction.

FA, MD, AD, RD FSL-TBSS Cognition test 14 asymmetric

Post-operation 2017 Ken Kazumata rCBF and FA, AD, RD gradually return

to pre-operation level in 2 weeks.

Revascularization surgery may

temporarily damage subcortical

structures due to hyperperfusion

FA, MD, AD, RD FSL, SPM8 DKI, rCBF, SPM8 17 patients

2019 Ken Kazumata Gradual increases in FA in the bilateral

SLF at 2–4 years after surgery.

Revascularization surgery may improve

processing speed and attention.

FA, MD, AD, RD FSL-TBSS SPM12,

Cognition test

25 asymmetric

LP, lateral prefrontal; IPL, inferior parietal lobes; UF, uncinate fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; FA, Fractional anisotropy; MD, Mean

diffusivity; RD, Radial diffusivity; AD, Axial diffusivity; cs, centrum semiovale; ADC, apparent diffusion coefficient; rCBF, regional cerebral blood flow; TBSS, Tract-Based Spatial Statistics;

DWI, Diffusion-weighted imaging; DKI, diffusional kurtosis imaging; DTI, Diffusion tensor imaging; SPM, Statistical Parametric Mapping; VBM, Value based Management.

between brain networks and vascular cognitive impairment

(VCI) in patients with MMD, they found that only the ECN

and DMN exhibited statistical CNE differences among the

three groups (VCI, VCI with intact cognition, normal controls),

implying their cognitive-related significance.

Some studies have involved both white matter damage

and functional connectivity. Kazumata used graph theoretical

analysis to study the relationship between covert white

matter injury and abnormal brain network characteristics.

The results showed that global network parameters were

reduced in patients with MMD, including cluster coefficient,

characteristic path length, and small-world property. Reduced

pairwise connectivity was found in prefrontal neural circuits

within the middle/inferior frontal gyrus; supplementary motor

area; and insular, inferior temporal, and dorsal cingulate

cortices (39). Similarly, Hu (40) researched that whether the

impaired functional connectivity and cognitive performances

were attributed to the destruction of white matter fibers, the

results also showed that there was lower functional connectivity

in MMD patients as compared to HCs between the left

supplementary motor area and inferior frontal gyrus, which

is correlated with incomplete integrity of white matter fibers,

and may contribute to impaired cognitive performance. These

studies combined DTI and rs-fMRI techniques and could be

useful in the evaluation of disease progression and prognosis

of MMD.

It is worth noting that a study by Kazumata et al. (6, 31)

showed that such change in functional connectivity is related

to certain clinical features, depending on the corresponding

damaged anatomical functional areas, and can be improved after

revascularization surgery. More article details could be found in

Table 2.
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TABLE 2 Studies in recent years about rs-fMRI analysis of MMD.

Main topic Time Author Key point Observe

indicators

Analysis

method

Other design

methods

Patient selection

Local brain

activity

2014 Yu Lei MMD patients exhibit a specific pattern

of ALFF and that this pattern changes

following cognitive impairment.

ALFF SPM8 Cognition test 11 with VCI and 12

without VCI

(NonVCI)

2016 Yu Lei Aberrant ReHo of ECN, DMN, SN

exists in MMD patients with executive

dysfunction.

ReHo SPM8 Cognition test 26 without infarction

2021 Shihao He There are differences in the posterior

cingulate gyrus, the left superior parietal

gyrus, and the left superior occipital

gyrus of the ECN.

ICA SPM8 CBF, Cognition

test

26 without infarction

Brain

functional

connectivity

2018 Yusuke Sakamoto There are marked changes in FC of the

ventral DMN of MMD patients with low

cognitive ability scores, and it can be

improved after surgery.

FC SPM8, FSL Cognition test 7 patients

2022 Junwen Hu There are abnormal brain FC between

the left supplementary motor area and

inferior frontal gyrus in MMD.

FC CONN(ROI-to-

ROI)

DTI, Cognition

test

22 patients

Brain

functional

networks

2015 Ken Kazumata Graph theoretical analysis was used to

found that global network parameters

were reduced in patients with MMD

topologic

properties

FSL-TBSS, BCT DTI, Cognition

test

23 asymmetric

2020 Yu Lei Introduced a dynamic measurement of

connectivity number entropy (CNE) to

characterize both spatial and temporal

dimensions of network interactions

CNE, topologic

properties

SPM12, BCT Cognition test 52 patients

ECN, executive control networks; DMN, default mode networks; SN, salience networks; ALFF, low frequency fluctuation amplitude; ReHo, regional homogeneity; VCI, vascular cognitive

impairment; CBF, cerebral blood flow; FC, Functional Connectivity; TBSS, Tract-Based Spatial Statistics; DTI, Diffusion tensor imaging; SPM, Statistical Parametric Mapping; ICA,

independent component analysis; BCT, Brain Connectivity Toolbox.

Di�culty and challenge

Di�culties and challenges of DTI in MMD

The limitation of DTI technology itself is actually the biggest

difficulty for experimental design and deep discussion of results.

First, the degree of myelination correlates with FA, but does

not determine tissue anisotropy, as has been demonstrated in

non-myelinated fibers. Since axon numbers and myelin are

strongly correlated, they cannot be distinguished when discuss

FA changes. Therefore, FA should not be equated with an

indicator of myelination or myelination injury. Thirdly, the

FA value is generally higher in the central area where white

matter is concentrated, and lower in the peripheral area where

white matter is relatively sparse. However, contradictory FA

values will decrease in the area where white matter is crossed

(41). This is due to the limitations of DTI model for fiber

crossover. Therefore, some scholars used diffusional kurtosis

imaging (DKI) technology to explore (42). While achieving

similar results with DTI, they found that DKI can also show

the microstructural changes of deep white matter prone to

ischemia and solve the problem of fiber crossover. In addition,

different rates of fiber development and degeneration also affect

the measurement results of DTI (43). For example, the upper

longitudinal bundle matures relatively late and FA values show

a gradient decline in late adulthood (44, 45). These interferes in

the design and discussion of DTI studies and are more restrictive

to age matching and selection of patients.

Di�culties and challenges of FMRI in
MMD

It must be noted that although resting state fMRI is widely

used inMMD, task-state functional magnetic resonance imaging

(tasking-state fMRI, ts-fMRI) is rarely used in MMD, even

though ts-fMRI is widely used in stroke-related studies (46–48).

The reasons are as follows: ① Because BOLD signal indirectly

reflects the activities of neurons through the changes of blood
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components, BOLD fMRI largely ignores the effects of abnormal

vascular reactivity (CVR) and abnormal neurovascular coupling

(49). ② In patients with MMD, the intima of the main artery

is eccentrically thickened and the smooth muscle layer of the

media becomes thinner due to the formation of a large number

of fibers and smooth muscle cells; most of the lumens of the

MMD vessels are enlarged and the walls of the vessels become

thinner, and the internal elastic layer becomes thinner and

even broken in patients with severe dilatation (50). ③ There

are compensatory neovascularization in the medial Dura of

patients with MMD, the intima of these vessels are very thin and

markedly different from normal blood vessels (51), the elasticity

and low resistance of new blood vessels make it easier for blood

to flow into them, this can lead to “blood theft phenomenon”

(52, 53). These changes lead to a decrease in CVR, so abnormal

neurovascular coupling phenomenon leads to complexity of

BOLD signal in MMD patients during task-state testing.

However, a recent study of Mazerolle discussed the effect of

abnormal CVR on BOLD signal in MMD patients and proposed

new insights. Their test results show that CVR damaged areas

can still show increased BOLD signals to meet the needs of

related tasks. Therefore, they believe that the value of regional

CVR reflects not only the ability of local blood vessels to respond

to neural activity, but also the net response of local blood vessels

to brain activity as a whole (54). But the study included only

two MMD patients, and further studies are needed to add to

the evidence.

In future work, dealing with the vascular-neural coupling

problem of rsfMRI is still a topic that needs to be discussed and

improved, Interdisciplinary approaches in the field of network

science can help solve the further problems of the dynamics,

stability and interaction of these brain networks. Because of

the high demand for FMRI data acquisition and analysis,

transdisciplinarity and large scale data sharing activities are

critical (55). Overcoming the difficulty of measuring perfusion

changes with ASL in underperfused brain regions will also

provide value for FMRI in MMD.
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