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Abstract

Purpose We evaluated diffusional changes in normal-

appearing white matter (NAWM) regions remote from

multiple sclerosis (MS) plaques by using diffusional kur-

tosis imaging (DKI) to investigate the non-Gaussian

behavior of water diffusion.

Materials and methods Participants were 11 MS patients

and 6 age-matched healthy volunteers. DKI was performed

on a 3-T MR imager. Fractional anisotropy (FA), apparent

diffusion coefficient (ADC), and diffusional kurtosis (DK)

maps were computed. Regions of interest (ROIs) were

compared in 24 cerebral regions, including the frontal,

parietal, and temporal lobe white matter (WM) in controls

and NAWM in MS patients.

Results The mean FA of all ROIs was 0.468 ± 0.014 (SD)

(controls) or 0.431 ± 0.029 (MS group) (P = 0.016). Mean

ADC was 0.785 ± 0.034 9 10-3 mm2/s (controls) or

0.805 ± 0.041 9 10-3 mm2/s (MS group). The mean DK

of all ROIs was 0.878 ± 0.020 (controls) or 0.823 ± 0.032

(MS group) (P = 0.002). Analysis of individual ROIs

revealed significant differences in DK in 3 ROIs between

normal WM and NAWM, but significant differences in ADC

and FA in only one ROI each.

Conclusion DKI may be a new sensitive indicator for

detecting tissue damage in MS patients in addition to

conventional diffusional evaluations, for example diffusion

tensor imaging.

Keywords Diffusional kurtosis � MRI � DKI �
Non-Gaussian � Multiple sclerosis � Normal-appearing

white matter

Introduction

In multiple sclerosis (MS), diffusion analysis of water mol-

ecules using magnetic resonance imaging (MRI) is a quan-

titative technique for revealing more specific microstructural

changes than conventional MRI. It enables the apparent

diffusion coefficient (ADC) in the tissues to be calculated.

The ADC reflects the microscopic Brownian motion of water

molecules [1]. It has been reported to be very sensitive to the

occult tissue damage of MS, and has revealed abnormalities

of diffusion MRI metrics in the normal-appearing white

matter (NAWM) outside plaques of MS patients; in MS the

ADC in the NAWM was elevated [2–4].

Diffusion tensor imaging (DTI) provides a mathematical

description of the magnitude and directional dependency

(anisotropy) of the movement of water molecules in three-

dimensional space [5]. It furnishes, separately, indices of

fractional anisotropy (FA) and ADC in three-dimensions

[1]. Recent studies have shown that DTI can quantify the

extent and pathological severity of the structural changes

occurring within MS plaques and in the NAWM [6–8].
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Moreover, previous investigators have noted reduced FA

and elevated ADCs in both MS plaques and NAWM, with

higher ADCs in the plaques than in the NAWM [4, 9–11].

Diffusional kurtosis imaging (DKI) is an emerging MRI

technique that provides information about non-Gaussian

water diffusion in tissues [12, 13]. DKI can furnish diffu-

sional non-Gaussianity, called diffusional kurtosis (DK),

and the standard DTI metrics, for example FA and ADC.

An advantage of DK over FA is that, because DK does not

rely on spatially oriented tissue structures, it can be used to

evaluate both gray and white matter (WM). Moreover,

unlike DTI, DKI is not affected by crossing fiber tracts

[14]. We evaluated diffusional changes in the NAWM

regions remote from MS plaques by using DKI in a clini-

cally appropriate setting.

Methods

Subjects

The subjects were 11 MS patients (4 men and 7 women;

mean age, 38.4 ± 8.5 SD years) and 6 healthy volunteers

(3 men and 3 women, mean age 35.3 ± 5.9 years) with no

history of neurological disease. Informed consent was

obtained from all patients and volunteers. The local ethics

committee approved this study.

All of the MS patients had relapsing–remitting MS,

defined according to standard criteria [15–17]; the median

Expanded Disability Status Scale [18] at study entry was

1.77 (range 0–6.0), and the mean disease duration was

9.76 ± 7.71 years.

Imaging procedure

Our data for diffusion metrics were acquired on a 3-T

magnetic resonance scanner (Achieva; Philips Medical

Systems, Best, The Netherlands) with an 8-channel-array

SENSE head coil. After conventional imaging sequences

had been taken, including T2 and T1-weighted images and

fluid-attenuated inversion recovery (FLAIR) images, DKI

was acquired by use of a single-shot, spin–echo echo planar

imaging (EPI) sequence following repetition time/echo

time, 3000/80 ms; number of signals acquired: one; section

thickness: 5 mm, 20 slices; field of view: 256 9 256 mm;

matrix: 128 9 128; imaging time: approximately 13 min;

and six diffusion weighting (b) values (0, 500, 1000, 1500,

2000, and 2500 s/mm2), with diffusion encoding in 32

directions for every b value. Gradient length (d) was kept at

27.7 ms, and the time between the two leading edges of the

diffusion gradient (D) was kept at 39.2 ms. A b value of

2500 s/mm2 was used as a reference value for consistency

with recent reports [12, 13].

Diffusion metrics

B0 distortion correction was applied to all diffusion data on

the magnetic resonance imager. DKI data were transferred

to an offline workstation. Diffusion metric maps were

calculated by using the free software dTV II FZR (Image

Computing and Analysis Laboratory, Department of

Radiology, The University of Tokyo Hospital, Japan). FA

and ADC maps and color maps with 3-dimensional (x, y,

z) information using a conventional mono-exponential

model were obtained, as were DK maps.

Regions of interest (ROIs) were determined in NAWM

in the MS group and normal WM in the control group, and

the values of FA, ADC, and DK (also known as mean DK

or mean kurtosis, defined as the average of the kurtosis

over all possible diffusion directions, were compared in

these regions.

The DKI pulse sequence and processing algorithm have

been described previously [12, 13]. Briefly, this technique

uses a diffusion-sensitizing pulse sequence and the signal

intensity data are fitted to the functional form [12, 19]:

S ¼ S0 exp �bDapp þ
1

6
b2D2

appKapp

� �
ðAÞ

where S0 is the signal intensity for b = 0, Dapp is the ADC,

and Kapp is the apparent diffusional kurtosis (ADK). The

Stejskal–Tanner sequence [20] was defined such that the b-

value is given by b = (cdg)2(D - d/3), where c is the

nuclear spin gyromagnetic ratio, g is the diffusion time, and

D and d were as given above (in the section ‘‘Imaging

procedure’’). Parametric maps of the ADK and ADC were

created by fitting the image signal intensities on a voxel-

by-voxel basis to Eq. (A), as described elsewhere [12, 19].

The conventional DTI data were calculated by using

information at the b value, 1000.

Image analysis

First, we checked the MS patients’ plaques on the FLAIR

images and T2-weighted echo-planar images. The 24

ROIs were placed on NAWM in the MS group by using

the T2-weighted echo-planar images or color maps.

Particular care was taken to avoid contamination by MS

plaques close to the NAWM (Fig. 1). None of the ROIs

were in the MS plaques and peripheral plaques. ROIs

were also drawn in matching regions in the WM of the

age-matched controls. FA, ADC, and DKI were calcu-

lated by using the free software dTV II FZR. All of the

ROIs were fixed at the same size, 19 voxels (total:

152 mm3); each voxel was an interpolated 2-mm isotro-

pic voxel with cubic shape. The size of ROIs selected

was as large as possible in order not to deviate from all

WM regions.
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The 24 ROIs consisted of 10 bilateral areas—frontal

lobe WM, parietal lobe WM, superior longitudinal fascic-

ulus (SLF), corona radiata, peripheral WM of anterior horn

of lateral ventricle and posterior horn of lateral ventricle,

anterior limb of internal capsule (ALIC), posterior limb of

internal capsule (PLIC), occipital lobe WM, temporal lobe

WM, and the 4 ROIs on the corpus callosum that were not

bilateral (the genu (GCC), the anterior (ACC), the posterior

(PCC), and the splenium (SCC)).

Statistical analysis

The Mann–Whitney test was performed to assess differ-

ences in the averaged values of FA, ADC, and DK between

the 11 patients and 6 healthy control subjects. IBM SPSS

Statistics software (version 19.0, SPSS, Chicago, IL, USA)

was used. P \ 0.05 was considered to indicate a statisti-

cally significant difference.

For comparison of the 24 individual ROIs in the normal

WM and NAWM, Mann–Whitney U tests with Bonferroni

correction were performed to compare the averaged FA,

ADC, and DK values between MS patients and normal con-

trols. P \ 0.05 (with Bonferroni correction, P \ 0.002) was

considered to indicate a statistically significant difference.

Results

Analysis of mean values of FA, ADC, and DK

in all ROIs

The mean values and standard deviations (SD) are shown

in Table 1.

The mean FA for all ROIs was 0.468 ± 0.014 SD in

the control group and 0.431 ± 0.029 in the MS group. The

mean ADC was 0.785 ± 0.034 9 10-3 mm2/s in the

control group and 0.805 ± 0.041 9 10-3 mm2/s in the MS

group. The mean DK of all ROIs was 0.878 ± 0.020 in the

control group and 0.823 ± 0.032 in the MS group.

Significant differences in mean FA (P = 0.016) and,

particularly, in DK (P = 0.002), were observed between

normal WM and NAWM. ADC values were non-signifi-

cantly higher in the MS group than in the control group

(P = 0.393). These analyses are summarized in Fig. 2.

Analysis of individual ROIs in normal WM

and NAWM

Mann–Whitney U tests revealed marked differences

(P \ 0.05) in FA in 4 ROIs (right parietal lobe WM, left

temporal lobe WM, PCC, and SCC) between the control

and MS groups. Marked differences (P \ 0.05) in ADC

were observed in 5 ROIs (right SLF, temporal lobe WM

bilaterally, PCC, and SCC) between the control and MS

groups. Marked differences (P \ 0.05) in DK were

observed in 6 ROIs (right SLF, temporal lobe WM

Fig. 1 Examples of the drawing of 24 regions of interest. Particular

care was taken to avoid contamination by plaques close to the normal-

appearing white matter. WM white matter, ALIC anterior limb of

internal capsule, PLIC posterior limb of internal capsule, SLF
superior longitudinal fasciculus, GCC genu of corpus callosum,

ACC anterior corpus callosum, PCC posterior corpus callosum, SCC
splenium of corpus callosum

Table 1 Averages and standard deviations (SD) of fractional

anisotropy (FA), apparent diffusion coefficient (ADC), and diffu-

sional kurtosis (DK) values for all the ROIs

FA ADC

(910-3 mm2/S)

DK

Controls 0.468 ± 0.014 0.785 ± 0.034 0.878 ± 0.020

MS patients 0.431 ± 0.029 0.805 ± 0.041 0.823 ± 0.032

Fig. 2 Averages of fractional anisotropy (FA), diffusional kurtosis

(DK), and apparent diffusion coefficient (ADC) in control and

multiple sclerosis (MS) groups. Significant differences in FA and DK

were observed between the control and MS groups
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bilaterally, left frontal lobe WM, PCC, and SCC) between

the control and MS groups.

Bonferroni correction revealed significant differences

(P \ 0.002) in FA in one ROI (right parietal lobe WM)

between normal WM and NAWM. Significant differences

in ADC were observed in one ROI (left temporal lobe

WM) between the control and MS groups. Significant

differences in DK were observed in 3 ROIs (right SLF, left

temporal lobe WM, and SCC) between the control and MS

groups.

Discussion

MS is an autoimmune-mediated disease of the central

nervous system; its lesions are characterized by inflam-

mation, edema, demyelination, remyelination, axonal

damage, gliosis, or a combination of these features [21–

25]. Recently these findings have been known as neuro-

degenerative phenomena [24]. Neuronal/axonal damage

and gray matter and WM atrophy are important in disease

progression [24, 25].

Conventional MRI is the primary imaging modality that

supports clinical diagnosis of MS [26, 27]; quantitative

analysis, especially using histograms, have been reported

[28–30]. However, it is limited to low pathological speci-

ficity and quantitative evaluation of the WM outside visible

lesions on T2-weighted images or FLAIR. Therefore, it

cannot be used to evaluate diffuse damage in the NAWM

and the association of this damage with clinical status.

DTI is a quantitative technique that can be used to

overcome these limitations. Recent studies have found that

DTI can reveal subtle damage in the NAWM of MS

patients [31, 32]. DTI studies have shown that MS plaques

and NAWM have significantly higher average ADCs and

significantly lower average FAs than healthy WM, and that

NAWM injury becomes more pronounced with increasing

disease duration and clinical disability [8, 31, 32].

However, DTI presupposes a Gaussian approximation of

the diffusion displacement in an unrestricted environment

whereas diffusion is, in reality, restricted by barriers of cell

membranes, axon sheaths, and water compartments, etc.

DTI cannot be used to measure non-Gaussian diffusion;

moreover, it may not be used to predict accurate values at

dense intersections of fiber tracts [33]. In contrast, DKI can

be used to quantify non-Gaussian diffusion and is a more

sensitive indicator of diffusional heterogeneity [12, 19, 34].

Diffusional non-Gaussianity may arise from diffusion

barriers, for example cell membranes, axon sheaths, myelin

layers and organelles, and water compartments. DKI can be

regarded as an indicator of microstructural complexity and

can be used to investigate abnormalities in tissues with

isotropic structure, i.e. gray matter and WM [12].

It has already been shown that the DKI method can be

used to detect changes in tissue microstructure between

healthy subjects and patients with white matter lesions

[35], during normal human aging [36], during rodent brain

maturation [37], in staging of cerebral gliomas [38], after

mild brain injury [39, 40], in attention-deficit hyperactivity

disorder [41], in cerebral infarction [42], and in lung/small

airway disease [43].

Histological studies in MS have revealed pathological

damage in WM areas that have appeared normal on con-

ventional MRI. This damage consists of astrogliosis, mi-

croglial activation, vascular hyalinization, blood–brain-

barrier breakdown, reduced myelin density, and axonal loss

[44].

Our results showed that DKI could detect abnormalities

in NAWM that could not be imaged by conventional MRI.

Differences in DK between NAWM and normal WM were

more pronounced than those in FA or ADC. Our results

suggest that DKI is sensitive to microstructural changes

associated with the above pathology by quantifying diffu-

sional non-Gaussianity. DK is believed to be sensitive to

slow diffusional movement in a restricted environment,

which may be mainly determined by microstructure. As a

consequence of our results, DKI can provide the additional

information and be a more precise biomarker of tissue

damage in NAWM in MS patients compared with DTI (FA

and ADC). More sensitive evaluation of NAWM could

enable prediction of clinical status and be used as a tool for

monitoring the responses of MS patients to medication.

Limitations of our study include the small number of

patients and a possible need to further optimize the pro-

cedure used for data acquisition with DKI. Normalization

of DK data would be needed if this technique were to be

compared with others, for example DTI and q-space

imaging. Because our study was an ROI study, it could be

regarded as subjective and assessment of a small area of

WM. More types of statistical analysis (e.g., of the auto-

matic ROI setting or the use of histogram analysis [28, 29])

are being considered, and we need to attempt tract-specific

analysis of the WM in MS. This study focused on com-

parison of normal WM and NAWM. It is necessary for us

to assess lesions, including some types of plaques, in MS to

determine their elaborate pathological changes. Moreover,

studies of the correlation between clinical findings (e.g.,

cognitive function or clinical stages) and imaging data will

be needed. Another limitation is that we used only mean

DK. Recently studies of directional DK, i.e. axial and

radial kurtosis, have been reported [13, 19, 34, 41]. Such

directional DK analysis may provide more precise micro-

structural information about the brain tissue [13, 19].

However, mean DK, directionally averaged kurtosis, has

been shown to be useful in some reports, for example,

investigation of glioma [38] and acute cerebral infarction
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[42], among others [12, 36, 39, 40]. In MS, there has been

no study using mean DK. So it is important that we report

these preliminary results, because this study was able to

demonstrate the clinical potential of DKI for assessing

NAWM in MS patients.

Conclusion

DKI has been demonstrated to be a sensitive quantitative

indicator in addition to conventional diffusional evalua-

tions, for example DTI. DKI can provide new information

about NAWM changes in MS by detecting subtle changes

in brain tissue microstructure.
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