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Chapterl. Introduction

1.1 Back ground of the study

Diffusion weighted imaging (DWI) is widely applied as a possible noninvasive
biomarker for evaluating neural tissue in vivo. The diffusion of water through a biologic
tissue provides image contrast that is depending on the molecular motion of water. The
method of the DWI was introduced into clinical practice in the 1990s . DWI technique
can be used echo planar imaging (EPI), a fast imaging technique for DWI and DTI, and
it is possible to detect the cerebral ischemia with imaging times ranging from a few
seconds to 2 minutes .

Diffusion tensor imaging (DTI) is a relatively new MR technique enabling the in vivo
examination of the white matter (WM) anisotropy in the human brain. The diffusion
anisotropy is a parameter derived from directional distribution of diffusivity. The
degrees of anisotropy have been shown to correlate with microstructural changes of

5)

neural tissues ”.

Diffusional kurtosis imaging (DKI) is highlighted as a new technique based on the



non-Gaussian water diffusion analysis ®. It is assumed that water diffusion in biological

tissues is restricted. The non-Gaussian behavior of water molecules may provide useful

information related to tissue structure and pathophysiology. Additionally, DKI may be

useful for investigating abnormalities in tissues with isotropic structure, such as gray

matter (GM) ®.

Many studies have been conducted using DKI technique to evaluate cerebral infraction,

glioma, multiple sclerosis, Parkinson disease, and attention-deficit hyperactive disorder.

9, 7110, Tt is important to use DKI as a clinical tool for investigation of the imaging

parameters in the healthy brain in vivo. In the DKI technique, it is preferable to acquire

DKI datasets with multiple b value to minimize the fitting errors. However, the original

protocol (6 b values and 30 MPG directions) ® needed more than 10 minutes for

scanning time, which seemed to be too long for daily clinical use. Moreover, there are still

few reports of the imaging parameter of DKI ™2 compared with DTI or DWI *3%).



1.2 Purpose of the study

This study investigated the influence of imaging parameters on the measurement of
mean kurtosis (MK). To find a suitable clinical setting of DKI, this study examined the b
value, number of MPG direction, and diffusion time.

Furthermore, this study investigated the relationship between the diffusional kurtosis

metrics and diffusion time.



Chapter2. Diffusion Tensor Imaging (DTI)

2.1 Introduction (diffusion weighted imaging)

In the technique known as DWI, the diffusion of water through biological tissue
provides image contrast that depends on the Brownian motion of water molecules. That
random motion in the presence of a magnetic gradient results in MR signal loss.
Diffusion weighted SE- EPI can be achieved with a pair of diffusion gradients applied
before and after the 180° RF pulse to dephase and remove signals caused by diffusing

protons (Stejskal-Tanner method 1) 7.
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Diffusion time = A-6/3

Figure 2-1. The spin-echo diffusion-weighted MRI sequence. The gradient
duration is determined by o0 . The time between the two leading edges of
diffusion gradient is determined by A. From these two gradient parameters, the

diffusion time is determined by A- 06 /3.



2.2 Basic theory

The degree of diffusion weighting is described by the b value, which is determined by
the type of motion probing gradient (MPG). In other words, the b value is determined by
the gradient strength (G), duration (§), and the time between the two leading edges of
diffusion gradient (A):

b value = y2G?5? (A—g) [1]

where y is the gyromagnetic ratio ¥ ', The diffusion time is A- 6 /3 (Fig. 2-1).
The following formula describes the relationship between the signal intensity of the

diffusion-weighted MR image and the other parameters.
S = S, e bDP0) (2]
18), 19)

Where S, is the signal value without the gradient

Diffusion can be fully characterized by the symmetric 3 X 3 diffusion tensor matrix -

Dxx ny sz
D = Dyx Dyy Dyz [3]
sz Dzy Dzz

where D,,, D,,, and D,, relate the diffusional fluxes to the gradients in the x, y, and z

yy»

directions (diagonal elements). By performing a similarity transform, the nondiagonal

elements in the matrix are excepted. Thus, the 3 X 3 diffusion tensor has nine elements,



but there are enough six independent elements to calculate the diffusion ellipsoid 17 18,

The shape and orientation of the 3D ellipsoid is described by these six parameters, and

the determination of these six parameters is the target of DTI (Fig. 2-2) 29

A1
Ae V1
A3 V3
v

Three numbers to Three vectors to

define the shape define the orientation
Figure 2-2 The ellipsoid has a six parameters, which are three eigenvalues
(A . A 3) and three eigenvectors (v LTV 3). The eigenvalues define the shape
of the ellipsoid, and the eigenvectors difine the orientation 2.




2.3 Diffusion anisotropy

A tensor characterizes diffusion in the brain not only by a single apparent diffusion

coefficient (ADC) but by three diffusion eigenvalues (1;, 1,, 13) describing diffusion

along three eigenvectors (v 1, v2, v3).Axial diffusivity is defined by the axial

eigenvalue (1;) to the main WM tract, and radial diffusivity is defined by the radial

eigenvalue (1,5: average value of 1, and 13).

The ADC and FA were calculated by following formula:

ADC = M1ttetls [4]
—_ I3 (A1=22)2+(A1—23)2+(A2—43)?
FA = \ﬁ J ot 5]

The ADC value is the diffusion magnitude indices, which is irrelevant to the diffusion

directions. The FA value is typical of the strength as diffusion anisotropy, and it is

scaled from 0 (isotropic) to 1 (anisotropic) (Fig. 2-3). The ADC, FA, and color FA maps

are shown below (Fig. 2-4) 21,22,

10
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A2

A3

Figure 2-3 Isotropic diffusion and anisotropic diffusion

(a) If the diffusion is observed in the free water molecules, it is said that the

diffusion is isotropic. (b) If water molecules move along axonal fibers, the

diffusion anisotropy is close to 1 2.
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Cerebral peduncle level Internal capsule level Corpus callosum level

Figure 2-4 Parametric maps of the ADC (first row), FA (second row), and color
FA (third row) for one subject. The DTI data were acquired at 3T with b-values
of 0 and 1000 [s/mm?] and 64 MPG directions. In the color FA map, red, green,
and blue express fibers running along the right-left, anterior-posterior, and

inferior-superior, respectively.
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Chapter3. Diffusional Kurtosis Imaging (DKI)

3.1 Expectations, Moments, and Cumulants

The exact probability density function (PDF) is usually unknown. However, one can
use instead expectations of some functions for performing useful analysis and
processing. A great advantage of expectations is that they can be estimated directly
from the data, although they are formally defined in the density function.

Let g(x)signify any variable derived from the probabilistic vector x. The variable g(x)
may be a scalar, vector, or even a matrix. The expectation of g (x)is signified by Eig(x)/},
and is given by the following formula.

E{g(0} = J2,,9() px(x)dx (6]
Where p,(x) is the PDF. If g(x) = x, formula (5) equals to the expectation E{x/of x.

Moments of a probabilistic vector x are typical expectations used to feature it. The first
moment of a probabilistic vector x is especially called the mean vector m, of x. It is

given as the expectation of x

m, = E{x} = fjooox p,(x)dx [7]

13



Next, we present the general definition of cumulants. Hypothesize that x is a
real-valued, zero-mean, continuous scalar probabilistic variable with PDF.
The first characteristic function @(w) of xis given as the continuous Fourier
transform of the PDF:
o(w) = E{exp(jox)} = [, exp(jwx) px(x)dx [8]
All probability distribution is uniquely specified by its characteristic function, and

vice versa. Now, we expand the characteristic function ¢@(w) into its Taylor series:

p@) = [ (S0 p()dx = B B9 9]

Therefore, the coefficient terms of formula (8) are moments E{x*} of x. For that
reason, the characteristic function ¢(w) is also called the moment generating
function.

It is often desirable to use the second characteristic functiong(w) of x, or cumulant
generating function, this function is given by the natural logarithm of the first
characteristic function:

p(w) = In(p(w)) = In(E{exp(jwx)}) [10]

The cumulants k; of x are given in a similar way to the respective moments as the

14



coefficients of the Taylor series expansion of the second characteristic function:
(@) = Tfgr L [11]
For a zero mean probabilistic variable x, the first four cumulants are
Ky =0,k = E{x?}, k3 = E{x3},x, = E{x*} - 3[E{x?}]? [12]
Thus the first three cumulants are equal to the respective moments, and the fourth
cumulant k, 1is the kurtosis.
We show the respective expressions for the cumulants when the mean E{x} of x is
nonzero 2.
Kk, = E{x} [13]
Ky = E{x?} — [E{x}]? [14]

k3 = E{x3} = 3E{x*}E{x} + 2[E{x}]? [15]

Ky = E{x*} = 3[E{x?}]? — 4E{x3}E{x} + 12E{x*}[E{x}]? — 6[E{x}]* [16]

3.2 General properties about the kurtosis
In practice, higher than fourth order moments and statistics are used seldom, so we

discuss more specifically fourth-order moments. The fourth-order statistics called the

15



kurtosis has some useful properties, and it is important in independent component

analysis and blind source separation.

In the zero-mean, kurtosis is given in formula:

kurt(x) = E{x*} — 3[E{x?}]? [17]

The normalized kurtosis can be used instead:

E{x*} _

[E{x?}]? (18]

Ky =

In addition, important characteristics of kurtosis are that it is the simplest statistical

quantity for indicating the nongaussianity of a statistical variable. If x has a gaussian

distribution, its kurtosis is zero. And a distribution having zero kurtosis is called

mesokurtic in statistical.

Generally, the distributions having a negative kurtosis are called subgaussian (or

platykurtic in statistics). On the other hand, the distributions having a positive kurtosis

are called supergaussian (or leptokurtic in statistics). Subgaussian tend to be flatter

than the gaussian PDF, or multimodal. A typical supergaussian has a slender peak and

longer tails than the gaussian PDF.

Kurtosis is often used as a measure of the nongaussianity of a probabilistic variable

16



or signal, but some caution must be needed. The reason is that the kurtosis of a
supergaussian signal may have a large positive value, which maximum is infinity in

principle. However, the kurtosis of a subgaussian signal is finite, which the minimum

possible value is -2 #.

3.3 The signal intensity of the DKI
The kurtosis is a statistics value showing the degree of deviation from a normal

distribution, and parametric maps of K,,,were created by using the formula.

1
2

1 2
Sexp = {1 + [SoxD (~bDapp + £5*Dary K| | el

Where 7n is the Rician noise, D,,, is the apparent diffusion coefficient for the given

app

direction, K,,, is the apparent kurtosis coefficient and is a dimensionless parameter °.

pp
The diffusion tensor has 32 = 9 elements, but because of symmetry only six are

independent. The kurtosis has 34 = 81 elements, but because of symmetry only 15 are

independent. With these two tensors, Kg,, in an arbitrary direction is calculated by

following formula.

MD?

Kapp = Dapp? Zi=x,y,z Zj:x,y,z Zk=x,y,z Zl=x,y,z nin;ng nlWijkl [20]

17



Where MD is mean diffusivity, n;n;nin; is elements of the direction vector n, and W

is elements of the diffusion kurtosis 2,

For a special case of three b-values, the simple closed-form is calculated by

following formula.

__ (b3 +b;)D12)—(by+b,)D(13)

D - [21]
p(2)_p13
K= 6W [22]
S(b1) S(b1)
In n
p(12) — [5@0 pU3) = sao)l 23]
by—b, bs—b,

Where D12 and D@3 are the DTI estimates of the diffusion coefficient for the

b-values pairs of (b1, b2) and (b1, bs), respectively 12).

It is desirable to acquire DKI datasets with multiple b value to minimize the fitting

errors.

The mean kurtosis, axial kurtosis, and radial kurtosis maps are shown below (Fig. 3-1).

Mean kurtosis is the qualitative estimation of overall diffusional heterogeneity in tissue,

independent of direction. Axial kurtosis is the qualitative estimation of diffusional

heterogeneity along principal direction, parallel with WM fiber orientation. Radial

kurtosis is qualitative estimation of diffusional heterogeneity perpendicular to principal

18



direction, perpendicular to WM fiber orientation 4.

Advantages of DKI (compared with DTI)
1. The main advantage of the DKI approach is that it is relatively model-free.
Therefore, DKI is not needed to calculate complicated mathematical models .
2. DKI does not depend on spatially oriented tissue structures, so DKI can be used to
feature both GM and WM.

3. DKI technique can be used to resolve crossing fiber tracts, whereas the DTI cannot

(Fig. 3-2)©.

19



Cerebral peduncle level Internal capsule level Corpus callosum level

.’ “~

Figure 3-1 Parametric maps of the mean kurtosis (first row), axial kurtosis
(second row), and radial kurtosis (third row) for one subject. The DKI data were
acquired at 3T with b-values of 0, 1000, and 2000[s/mm2] and 64 MPG
directions. Mean kurtosis is independent of direction. Axial and radial kurtosis

are parallel with WM and perpendicular to WM, respectively.

20



Figure 3-2 mean kurtosis map (a) shows relative higher values at fiber crossing

areas, whereas FA map (b) shows lower values than surrounding WM at the
same areas (arrows). This indicate that mean kurtosis map can be evaluated in

the fiber crossing regions.
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Chapter4. Optimization of the DKI parameters

4.1 Introduction

DWI is widely applied as a possible noninvasive biomarker for evaluating neural
tissue in vivo. DWI can be used with EPI, a fast imaging technique for DWI and DTI,
through which it is possible to detect cerebral ischemia with imaging times ranging
from a few seconds to 2 minutes ¥. Diffusion tensor imaging is a MRI technique
enabling in vivo examination of WM anisotropy in the human brain. Diffusion
anisotropy 1s a parameter derived from the directional distribution of diffusivity, and
the degrees of anisotropy have been shown to correlate with microstructural changes in
neural tissues 9.

Diffusional kurtosis imaging (DKI) has been highlighted as a new technique based
on non-Gaussian water diffusion analysis ©. It is assumed that water diffusion in
biological tissues is restricted. The non-Gaussian behavior of water molecules may
provide useful information related to tissue structure and pathophysiology 2. Many

studies have been conducted with DKI for evaluation of cerebral infarction, glioma,

22



multiple sclerosis, Parkinson disease, attention-deficit hyperactive disorder, and

spondylotic myelopathy 4> 7-10), 25), 26), Tt is important to use DKI as a clinical tool for

investigation of the imaging parameters in the healthy brain in vivo. In the DKI

technique, it is preferable to acquire DKI datasets with multiple b value to minimize the

fitting errors. However, the original protocol (six b values and 30 motion-probing

gradient (MPG) directions) ® requires more than 10 minutes of scanning time, which is

regarded as being too long for daily clinical use. Moreover, until now, few reports have

been conducted on the imaging parameters of DKI 1. 12 compared with those of

diffusion tensor imaging and DWI 13715,

4.2 Materials and Methods

Four normal healthy subjects (age range 21-24 years, mean age 22.5 years)

participated in the study. This study was approved by the institutional review board of

Tokyo Metropolitan University (No. 14053) and Juntendo University School of Medicine

(No. 351). Written informed consent was obtained from all participants and their

relatives. All DKI data were acquired on a clinical 3T-MRI scanner (Philips Medical

23



Systems, Best, The Netherlands) with use of three study protocols as follows:

Protocol 1. Repetition time/echo time (TR/TE), 3000/99 ms; slice thickness, 5 mm;

resolution, 2x2 mm; MPG directions, 32; b values, 0—7500 s/mm? (16 steps, refer to

Table 4-1); The time between the two leading edges of the diffusion gradient (A) and the

gradient length (6) were 49.1 and 39.1 ms. The total scan time was approximately 48

minutes 18 seconds.

Protocol 1 used three b values, b = 0, 1000, and 2000 s/mm?2, as proposed in 2010

(Jensen et al.) 12). Protocol 2 used six b values, b = 0, 500, 1000, 1500, 2000, 2500 s/mm?2,

as the original protocol, which was proposed in 2005 (Jensen et al.) 8. For Protocols 3 to

5, this study prepared a combination that used six higher b values than those of

Protocol 2, in order to compare these two protocols with MK values. Protocol 3 used b =

0, 500, 1000, 2000, 3000, and 5000 s/mm?2. Protocol 4 used b = 0, 1000, 3000, 5000, 6000,

and 7000 s/mm?2. Protocol 5 used b =0, 5500, 6000, 6500, 7000, and 7500 s/mm?2,

Protocol 2. TR/TE, 8000/90 ms; slice thickness, 3 mm; resolution, 3x3 mm; MPG

directions, 6-32 (6 variations, refer to Table 4-2); b values, 0, 1000, 2000 s/mm?2; A/S,

44.1/34.5 ms. The total scan time was approximately 44 minutes 22 seconds. The scan

24



time for 6 MPG directions was 2 minutes 26 seconds, for 15 MPG directions was 5

minutes 27 seconds, for 20 MPG directions was 7 minutes 7 seconds, for 24 MPG

directions was 8 minutes 27 seconds, for 28 MPG directions was 9 minutes 48 seconds,

and for 32 MPG directions was 11 minutes 7 seconds. Jones et al. applied the theory of

electrostatic repulsion algorithm to calculate optimal gradient directions 27. The

protocol of 20, 24, 28 MPG directions is applied their algorithm. To study the MPG

direction, this study evaluated the standard deviation (SD) of the MK value in WM and

GM.

Protocol 3. TR/TE, 8000/566—-104 ms; slice thickness, 3 mm; resolution, 3X3 mm; MPG

directions, 20; b values, 0, 1000, 2000 s/mm?2; A/§, 28.7-83.1/9.5-34.5 ms (6 variations,

refer to Table 4-3). Total scan time was approximately 48 minutes 26 seconds.

Statistical analysis was performed with Scientific Package for Social Sciences,

version 20 (SPSS, Chicago, Illinois). This study used Pearson correlation to investigate

the relationships between MK and diffusion time, and the relationships between the

signal-to-noise ratio (SNR) and diffusion time. This study assumed that, under ideal

conditions, the cerebrospinal fluid (CSF) would have a Gaussian distribution. Thus, the

25



MK value of the CSF would be close to zero. This study supposed that a lower MK value

would improve the diffusion precision.

All data were calculated for all diffusion metric maps such as FA, ADC, and MK, with

the software dTV.IL.FZR 29.

The volumes of interest (VOIs) were placed on the PLIC (Fig.4-1A), corpus callosum

(CO) (Fig.4-1B), thalamus (Fig.4-1C) , and anterior horn of the lateral ventricle (as CSF)

(Fig.4-1 D). The size of VOIs was 19 voxels.

To study diffusion time, this study placed the regions of interest (ROIs) in the globus

pallidus and the extra-cranial background region by using MRIcro (free software), in

order to measure the SNR. For DKI, the globus pallidus has been shown to the useful

region for the testing SNR at 3T 12. The SNR was defined as the mean signal intensity

in the globus pallidus and the standard deviation of the noise in the extra-cranial

background region 29. In studying the VOIs and ROIs, the VOIs and ROIs were saved

and used for every subject and every protocol.

26



Fig. 4-1 Volumes of interest (VOIs) showed on FA map (A, B) and T2-weighted
image without motion probing gradient (C, D). A Posterior limb of the
internal capsule, B corpus callosum, C thalamus, D anterior horn of the

lateral ventricle

27



4.3 Results

Result 1. The FA, ADC, and MK values were lower in the WM and GM with higher b

values; this tendency was seen in the combination in which b values were above 6000

s/mm?2 (Protocols 4 and 5) in the ADC (Table 4-1, Fig. 4-2).

Result 2. The FA and ADC values did not differ in the number of MPG directions.

However, there was a remarkable difference in the SD of the MK values (Table 4-2).

Result 3. The MK values were significantly higher with use of a longer diffusion time

in the PLIC (p=0.003, r=0.924) and thalamus (p=0.005, r=0.903), whereas the MK

values for the CSF (p=0.001, r=-0.976) were significantly lower with use of a longer

diffusion time. The SNR decreased significantly with diffusion time (p=0.001, r=-0.978)

(Table 4-3, Fig. 4-3).
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Table 4-1 Protocol of b values and Diffusional Kurtosis Imaging Metrics

Posterior
Protocol | limb of the Corpus Cerebrospinal
Thalamus
No.2 internal callosum fluid
capsule
diffusion tensor analysis

1 0.75+0.08 | 0.75+0.06 | 0.33%+0.06 0.13%0.04

2 0.74%0.07 | 0.77%=0.05 | 0.32%0.06 0.1240.04

FA 3 0.73£0.09 | 0.76%+0.05 | 0.29%+0.06 0.11£0.04

4 0.70=0.09 | 0.72%=0.05 | 0.30%=0.05 0.11+0.05

5 0.66*+=0.09 0.71%0.03 0.247%+0.05 0.12%+0.05

1 0.58+0.03 0.84+0.14 0.66+0.14 1.90+£0.21

2 0.58+0.04 0.78+0.08 0.68+0.18 1.88+0.17

[Ii]r::?C/s] 3 0.51+0.02 | 0.71+0.08 | 0.64+0.17 1.64%0.13

4 0.41%+0.02 0.56+0.07 0.48+0.07 1.11%+0.09

5 0.31+0.02 | 0.38%£0.02 | 0.38%+0.03 0.66+0.04

diffusional kurtosis analysis

1 1.224+0.15 | 1.04£0.13 | 0.91%+0.11 | 0.465%£0.068
2 1.02+0.11 1.02£0.09 0.71+0.09 0.453+0.055
MK 3 0.89%+0.05 | 0.76%0.05 | 0.62£0.06 | 0.363%0.028
4 0.85%+0.05 0.66+0.05 0.63+0.05 0.342+0.025
5 0.72%+0.06 | 0.58%=0.05 | 0.56£0.04 | 0.334%0.024

a. Each protocol number contains the following b values [s/mm2]:

Protocol 1: 0, 1000, and 2000

Protocol 2: 0, 500, 1000, 1500, 2000, and 2500
Protocol 3: 0, 500, 1000, 2000, 3000, and 5000
Protocol 4: 0, 1000, 3000, 5000, 6000, and 7000
Protocol 5: 0, 5500, 6000, 6500, 7000, and 7500

Uncertainties indicate standard deviation.
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Table 4-2 MPG Directions and Diffusional Kurtosis Imaging Metrics

Posterior
Motion
limb of the Corpus Cerebrospinal
Probing Thalamus
internal callosum fluid
Gradient
capsule
diffusion tensor analysis
6 0.65+0.15 | 0.66£0.14 | 0.37=£0.11 0.22+£0.12
15 0.63*£0.16 | 0.63+=0.13 | 0.35£0.11 0.17£0.11
20 0.61£0.16 | 0.62+0.15 | 0.29%0.08 0.15£0.11
= 24 0.59%+0.16 | 0.61£0.17 | 0.29+0.06 0.15£0.11
28 0.60£0.16 | 0.62+0.16 | 0.28%+0.08 0.16£0.12
32 0.63%+0.17 | 0.67£0.15 | 0.29+0.08 0.17£0.13
6 0.65£0.06 | 1.02+0.22 | 0.69%0.09 2.24%+0.36
15 0.63%+0.05 | 1.02£0.24 | 0.69+0.08 2.22+0.37
ADC 20 0.63£0.05 | 0.97+0.24 | 0.71%£0.08 2.22+0.37
[mm2/s] 24 0.63%+0.06 | 0.99£0.25 | 0.73£0.11 2.20£0.39
28 0.62£0.05 | 0.98+0.25 | 0.73%+0.13 2.08+0.38
32 0.63%+0.05 | 0.99£0.25 | 0.72+0.14 2.07£0.39
diffusional kurtosis analysis
6 1.21+0.32 | 1.07%=0.31 | 0.94=£0.17 0.43£0.24
15 1.26+£0.21 | 0.97%=0.26 | 0.99£0.14 0.44£0.34
20 1.256+0.19 | 1.13%£0.26 | 0.90£0.13 0.49+0.16
MK 24 1.21+0.18 | 1.10%0.31 | 0.94=£0.13 0.44£0.17
28 1.28+£0.19 | 1.06%=0.28 | 0.97£0.13 0.48£0.20
32 1.28%£0.16 | 0.99£0.24 | 0.97£0.12 0.48£0.18

Uncertainties indicate standard deviation.
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Table 4-3 Diffusion Time and Diffusional Kurtosis Imaging Metrics

Posterior
Diffusion Cerebro-
limb of the Corpus
timea/ TE Thalamus spinal SNR
internal callosum
[ms] fluid
capsule
22.7/56 1.14+0.17 | 1.21%+0.15 | 0.87=*0.11 0.47+=0.04 276148
40.9/ 70 1.21+0.18 | 1.19#+0.23 | 0.88%+0.12 | 0.460.05 208+49
50.6/ 78 1.20%+0.21 1.22+0.09 | 0.88+0.11 0.44=+0.05 211154
62.2/ 88 1.2340.21 1.1920.15 | 0.9240.13 | 0.42=%=0.06 162+51
72.3 197 1.30+0.20 | 1.09%+0.19 | 0.92%+0.14 | 0.41£0.05 145167
79.9/104 | 1.37%£0.22 | 1.19%+0.12 | 0.96%+0.16 | 0.41=*=0.05 135448

a. Diffusion time = A-8/3 [ms].

Uncertainties indicate standard deviation.
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Fig. 4-2 Left to right columns, fractional anisotropy (FA), apparent
diffusion coefficient (ADC), and mean diffusional kurtosis (DK) maps
of the brain of a healthy volunteer.

Top row (Protocol 1): 0, 1000, and 2000 (s/mm?2),

2nd row (Protocol 2): 0, 500, 1000, 1500, 2000, and 2500 (s/mm?),

3rd row (Protocol 3): 0, 500, 1000, 2000, 3000, and 5000 (s/mm?2),

4th row (Protocol 4): 0, 1000, 3000, 5000, 6000, and 7000 (s/mm?2),
5th row (Protocol 5): 0, 5500, 6000, 6500, 7000, and 7500 (s/mm2)
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Fig. 4-3 Relationship between mean kurtosis (MK) and diffusion time in the
posterior limb of the internal capsule (PLIC), corpus callosum (CC), thalamus, and
anterior horn of the lateral ventricle. The solid lines represent the linear regression

line between MK and diffusion time

4.4 Discussion

Discussion 1.

It has been previously reported that the water signal decay of the human brain departs

from the mono exponential behavior commonly assumed when ADC maps are generated

in clinical practice, once the b-value range is extended above 6000 [s/mmz2] 30,
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These results for the ADC maps were consistent with a previous study 39; the poor

contrast between WM and GM was shown in Protocols 4 and 5 (Fig. 4-2). From Eq. (16),

it has been shown that the value of the apparent diffusion kurtosis coefficient can be

influenced by the ADC 1D,

It is shown that one simulation using with use of typical parameters (ADC = 1

[um2/ms], apparent kurtosis coefficient = 1) showed that the quadratic approximation

would no longer be valid when the b value was 3000 [s/mm?2] or larger. Therefore, the

maximum b value should be limited to within about 3000 [s/mm2] 1V, In this study for

the MK maps, the poor contrast between WM and GM was shown in Protocols 3, 4, and

5 (Fig. 4-2).

It has been reported that the regional mean kurtosis values in the PLIC, in the body of

the CC, and in the thalamus were 1.23 £ 0.09, 1.17 + 0.07, and 0.86 + 0.07, respectively

31, These results for Protocol 1 of the PLIC, CC, and thalamus were 1.22 + 0.15, 1.04 +

0.13, and 0.91 + 0.11, respectively. These results were consistent with a previous study

as regional mean kurtosis value in the PLIC, in the body of the CC, and in the thalamus

31), To scan DKI data for the whole brain in a clinically acceptable time, this study
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support that three b values (b =0, 1000, and 2000 s/mm2) may be powerful tool for

evaluating neural tissue in vivo.

Discussion 2. It has previously been shown that for adequately measuring the MK, it is

necessary to employ at least 15 different diffusion-encoding directions 8. However,

another study reported that it might be sufficient to measure in only six diffusional

directions in order to obtain a DK estimate, for example, in the evaluation of MS lesions

32)

This study focused on the SD of the MK value, and there was a remarkable difference

in the SD of the MK values in the number of MPG directions. The difference in the SD of

the MK values has influenced the signal loss or calculation errors due to MPG

directions. These results indicate that the SD of the MK values was higher in 15 MPG

directions than in 20 MPG directions and more. The MPG directions should be therefore

number 20 or more for evaluation of the MK value.

Discussion 3. It has been previously reported that the mean diffusional kurtosis value

in freely diffusing water molecules is theoretically zero ®. However, one study reported

that the histograms of the MK values had peaks for CSF of approximately 0.45 33,
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Another study reported that pure CSF has an intrinsically low kurtosis due to flow

effects 39.

This study assumed that the MK value of the CSF would be close to zero, and these

results indicate this hypothesis. Because the MK values were significantly lower when

we used longer diffusion times, this study expects longer diffusion times to be useful for

DKI. However, diffusion in the CSF is not a Gaussian distribution, because of the flow

effect, choroid plexus, and membranes.

There are some limitations to this study. First, this study population was small in

number. Second, the voxel size in this study was 3xX3X3 mm3. Third, it is known that the

kurtosis values are influenced by other factors, such as noise, motion, and imaging

artifacts 12).

4.5 Conclusion

From the above results, this study considered that following imaging parameters were

suitable for clinical use: TR/TE 7437/70ms; slice thickness 3mm; 3X3mm resolution;

MPG directions 20; b value 0, 1000, 2000[s/mm?2]; A/§ 45.3 / 13.3ms.
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Chapter5. Effects of Diffusion Time on Diffusion

Quantification of Diffusional Kurtosis Imaging

5.1 Introduction

Diffusional kurtosis imaging (DKI) is a new technique based on non-Gaussian water
diffusion analysis. Because water diffusion in the brain is restricted (non-Gaussian),
DKI provides more precise diffusional information derived from the tissue
microstructure than in conventional diffusion analysis such as diffusion tensor imaging
(DTI, assuming Gaussian) 8- 10,12, There are few reports of the imaging parameters of
DKI 1112 compared with those of DTI 13715, In DTI, previous studies reported that the
diffusion quantification of white matter might be influenced by TE and diffusion time 29,
In our previous study, we have shown that the relationships between mean kurtosis
metrics and diffusion time in the white matter, gray matter, and, cerebrospinal fluid,
that work did not give results for axial and radial diffusional kurtosis metrics 35. To
examine the relationship between the diffusional kurtosis metrics and diffusion time,

this study compared different acquisition in human studies.
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5.2 Materials and Methods

Four normal healthy subjects (age range 21-25 years, mean age 22.8 years)

participated in the study. This study was approved by the institutional review board of

Tokyo Metropolitan University (No. 14053) and Juntendo University School of Medicine

(No. 351). Written informed consent was obtained from all participants and their

relatives. All DKI data were acquired on a clinical 3T-MRI scanner (Philips Medical

Systems, Best, The Netherlands) with use of protocols as follows:

TR/TE 5000/56-97ms; slice thickness 3mm; resolution 3x3 mm; 3 b values (0, 1000, and

2000 s/mm 2) with diffusion encoding in 30 directions for every b value. Gradient length

(86) was 10, 10.8, 12, 13.3, and 17.9 ms and the time between the two leading edges of

diffusion gradient (A) was 28.7, 45.3, 54.6, 65.8 and 75.6 ms. &/ A/ diffusion time (A—3/3),

17.9/ 28.7/ 22.7, 13.3/ 45.3/ 40.9, 12.0/ 54.6/ 50.6, 10.8/ 65.8/ 62.2, 10.0/ 75.6/ 72.3 ms. The

number of signals averaged was set at 1, 2, 2, 2, and 3, respectively.

All data were calculated for all diffusion metric maps such as FA, ADC, axial diffusivity,

radial diffusivity (using b = 0, 1000 s/mm 2), mean kurtosis (MK), axial kurtosis (AK),

and radial kurtosis (RK) (using b =0, 1000, and 2000 s/mm 2) with the software dTV.13k
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28, The volumes of interest (VOIs) were placed on the PLIC, CC, thalamus, and

terminal zone of myelination (peritrigonal white matter) 36). The size of VOIs was 19

voxels. In studying the VOIs, the VOIs were saved and used for every subject and every

protocol.

Statistical analysis was performed with Scientific Package for Social Sciences,

version 20 (SPSS, Chicago, Illinois). This study used Pearson correlation to investigate

the relationships between all diffusion metrics and diffusion time.
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5.3 Results

The FA values were significantly higher in the PLIC (p=0.013, r=0.544) with use of a

longer diffusion time. No significant differences were found between the ADC values

and diffusion time. The axial diffusivity values were significantly higher with use of a

longer diffusion time in the PLIC (p=0.031, r=0.484) and the peritrigonal white matter

(p=0.036, r=0.470). The radial diffusivity values were significantly lower in the PLIC

(p=0.002, r=-0.641) with use of a longer diffusion time. The MK values were

significantly lower with use of a longer diffusion time in the peritrigonal white matter

(p=0.033, r=-0.479). The RK values were significantly higher with use of a longer

diffusion time in the PLIC (p=0.032, r=0.481).
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Fig. 5-1 Relationship between mean kurtosis and diffusion time in the
posterior limb of the internal capsule, corpus callosum, thalamus, and
terminal zone of myelination (peritrigonal white matter). The solid lines
represent the linear regression line between mean kurtosis and diffusion

time in the terminal zone.
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Fig. 5-2. Relationship between axial kurtosis and diffusion time in the
posterior limb of the internal capsule, corpus callosum, thalamus, and

terminal zone of myelination (peritrigonal white matter).
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Fig. 5-3 Relationship between radial kurtosis and diffusion time in the
posterior limb of the internal capsule, corpus callosum, thalamus, and
terminal zone of myelination (peritrigonal white matter). The solid lines
represent the linear regression line between radial kurtosis and diffusion

time in the posterior limb of the internal capsule.
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5.4 Discussion

This study represents the first evaluation of the relationships between the diffusional

kurtosis metrics and diffusion time in human brain in vivo. This study indicates that

the diffusional kurtosis metrics can be influenced by the diffusion time.

It has been previously reported that the FA and axial diffusivity demonstrated positive

correlation with TE in the PLIC 29. The increase of the axial diffusivity resulted in the

absence of cellular boundaries. The decrease of the radial diffusivity might be observed

because of the increased interaction of water molecules with the cellular boundaries.

The increase of the axial diffusivity and the decrease of the radial diffusivity could

contribute to the increase of FA by increasing diffusion time 29. These results for the FA

and axial diffusivity were consistent with a previous study. In the PLIC, the increase of

the RK values reflects the restriction of axons (more diffusion barriers) when we used a

longer diffusion time.

The peritrigonal zone of the lateral ventricles is described by persistent high signal

intensity on T2 weighted images. It is assumed that the persistence of T2 high signal

intensity as the expression of an absence of myelination. The T2 high signal intensity in
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the peritrigonal zones could be partially referred to perivascular spaces 3. The MK

values were negatively correlated with diffusion time in the peritrigonal white matter.

In the terminal zone of myelination (peritrigonal white matter), the decrease of the MK

values reflects unrestricted diffusion (less diffusion barriers), when we used a longer

diffusion time.

5.5 Conclusion

The results suggest that diffusion quantification of the diffusional kurtosis metrics

might be influenced by diffusion time. This knowledge may be helpful for clinical

research studies, for instance longitudinal studies.
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Chapter6. Summary of the study

This study focuses on the DKI technique for evaluation of diffusional kurtosis metrics
and diffusion time. This study shows that the RK values were positively correlated with
diffusion time in the PLIC and the MK values were negatively correlated with diffusion
time in the peritrigonal white matter when we used a longer diffusion time.

There are some limitations to this study. First, the subjects in this study were small in
number. Second, the voxel size in this study was 3x3x3 mma3. Third, it is known that the
kurtosis values are influenced by other factors, such as noise, motion, and imaging
artifacts.

In summary, this study shows that the diffusional kurtosis metrics can be influenced
by the diffusion time. This result may be helpful for future research of DKI, to evaluate

the effect of diffusion time.
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