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Diffusion kurtosis (DK) imaging (DKI), a type of restricted diffusion-weighted imaging, has been reported to
be useful for tumor diagnoses in clinical studies. We developed a software program to simultaneously create DK
images with apparent diffusion coefficient (ADC) maps and conducted an initial clinical study. Multi-shot
echo-planar diffusion-weighted images were obtained at b-values of 0, 400, and 800 sec/mm’ for simple DKI,
and DK images were created simultaneously with the ADC map. The usefulness of the DK image and ADC map
was evaluated using a pixel analysis of all pixels and a median analysis of the pixels of each case. Tumor and
normal tissues differed significantly in both pixel and median analyses. In the pixel analysis, the area under the
curve was 0.64 for the mean kurtosis (MK) value and 0.77 for the ADC value. In the median analysis, the MK
value was 0.74, and the ADC value was 0.75. The MK and ADC values correlated moderately in the pixel anal-
ysis and strongly in the median analysis. Our simple DKI system created DK images simultaneously with ADC
maps, and the obtained MK and ADC values were useful for differentiating head and neck tumors from normal
tissue.
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agnetic resonance imaging (MRI) shows a

higher resolution of soft tissues than computed

tomography (CT). MRI, particularly diffusion-

weighted (DW) imaging (DWI), is increasingly being
used in clinical practice to diagnose tumors [1-3].

Although apparent diffusion coefficient (ADC) val-
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ues are calculated using DWI, ADC maps are now
widely used in routine clinical practice. The potential
usefulness of restricted diffusion-weighted (RD) imag-
ing (RDI) [4,5] is being investigated. RDI demon-
strates the degree to which the movement of water
molecules is restricted by membrane structures and
other factors within tissues. RDI, including diffusion
kurtosis (DK) imaging (DKI) and Q-space imaging, is
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also being clinically investigated [6,7] in clinical stud-
ies.

DKI involves numerous b-values in 30 axes and a
high maximum b-value, increasing the imaging time
[8-10]. Moreover, the software to create DK images is
not widely available in daily clinical practice. Therefore,
DKI has not progressed from clinical research to rou-
tine clinical practice.

A software program and fast DKI method have been
developed to overcome these shortcomings of DKI
[11,12]. Hamada et al. developed a program that could
be used universally in clinical practice and also reported
an easy method for creating RD images [11]. Regarding
the high maximum b-value, since imaging of head and
neck tumors requires shorter imaging time to avoid
body movement and reduce image distortion, and since
tissues in the head and neck are almost isotropic and
have little restricted diffusion, Kuroda et al. attempted
to decrease the maximum b-value and create DKI using
the triple-axis DW images used in daily clinical practice
[12]. Their fast DKI method uses a low maximum
b-value and a readout segmentation of long variable
echo-train sequences (RESOLVE) with a 3-scan trace
for DW images acquired when creating ADC maps in
routine clinical practice to acquire DK images and ADC
maps simultaneously. The imaging method [12] in
which DK images are acquired simultaneously with
ADC maps was established using a restricted diffusion
standard phantom [13] and healthy volunteers.

The aim of this study was to determine whether the
simple DKI technique using the newly developed soft-
ware is useful in differentiating head and neck tumors
from normal tissue.

Materials and Methods

Patients.  This retrospective study enrolled 27
patients, including 12 men and 15 women, with age
ranging from 17 to 92 years and a mean age of 68 years,
who underwent head and neck MRI for creating ADC
maps as part of their routine medical care between
March 2019 and September 2021 and were pathologi-
cally diagnosed with head and neck malignant tumors.
One case of metastatic cancer, ten cases with a tumor
diameter of 10 mm or less, and three cases with arti-
facts on images of the lesion area were excluded. The
study protocol was approved by the Ethics Committee
of the Okayama University Graduate School of
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Medicine, Dentistry and Pharmaceutical Sciences and
Okayama University Hospital (KEN2011-041).
Informed consent was obtained from all patients.

MRI and sequence. ~ The MRI machines used were
3T MAGNETOM Skyra, 3T MAGNETOM Prisma, 3T
MAGNETOM Verio, and 1.5T MAGNETOM Aera
(Siemens Healthcare, Munich, Germany). MRI was
performed using head and neck coils.

Axial DWI was performed with a RESOLVE
sequence with STIR for fat suppression [14]. The repre-
sentative parameters were as follows: repetition time/
echo time =6,990 - 12,300/55 - 84 msec; slice thickness
=3 mm; gap=4 mm; field of view=200x200 mm;
matrix=140x 140, 128x128, and 126 x 126; bandwidth
=990 Hz/pixel; diffusion mode=3 scan trace; readout
segments=3; b-value=0, 400, and 800 sec/mm’; and
direction=3. A generalized auto-calibrating partially
parallel acquisitions (GRAPPA) was set to 2.0 as the
parallel imaging reduction factor. The average imaging
time for these DW images was 390 (205-769) sec.

In addition to DWI, TI-weighted, T2-weighted
short tau inversion recovery (STIR), and contrast-
enhanced T1-weighted MRI were performed as part of
the routine clinical practice.

Creation of DK images and ADC maps.  In this
retrospective study, DW images, which were previ-
ously taken for ADC maps, were used to create DK
images and ADC maps simultaneously using the simple
DKI technique.

Images in which the mean kurtosis (MK) values
were calculated using DW images at three b-values are
hereafter referred to as DK images.

Our software [12] developed for simple DKI created
DK images simultaneously with ADC maps using DW
images at multiple b-values. This software is based on
macro programs of the image analysis software Image]
(U.S. National Institutes of Health, Bethesda, MD,
USA) and Microsoft Excel (2019; Microsoft, Redmond,
WA, USA). In each pixel of DW images at b-values of
0, 400, and 800 sec/mm’, each signal value was loga-
rithmized and plotted on the vertical Y axis, and the
b-values were plotted on the horizontal X axis. These
values were approximated for the quadratic function
y=Ax’+Bx+C, and then the quadratic coefficient A
and linear coefficient B were calculated to obtain the
MK value for each pixel using equation (1); the MK
value was utilized by Image] to create DK images [12].
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MK=6A/(-B)? (1)

In the ADC map creation, in each pixel of DW
images at b-values of 0, 400, and 800 sec/mm’, each
signal value was logarithmized and plotted on the verti-
cal Y axis, and b-values were plotted on the horizontal
X axis. These values were approximated for the linear
function y=Ax+B, and the linear coefficient A was
calculated to obtain -A as the ADC value of each pixel;
ADC values were utilized by Image] for the ADC map.

Region of interest (ROI) settings. ~ ROIs of tumors,
hereafter referred to as “tumor ROIs,” and normal tis-
sue, hereafter referred to as “normal ROIs,” were set as
common ROIs in all DW images at b-values of 0, 400,
and 800 sec/mm”.

The ROI was set in the DW image with a b-value of
0 sec/mm’ in the slice with the largest tumor area
according to three radiologists (M.K. with 38 years of
experience, J.A. with 25 years of experience, and Y.S.
with 5 years of experience) by consensus. T2-weighted
STIR MRI was used as a reference to modify the tumor
location and shape, when necessary. In addition, the
muscles, mainly the masseter muscle, that were clearly
depicted in the slice with the largest tumor area were set
as normal ROIs (Fig.1). When the masseter muscle was
unclear or out of range, the most clearly defined muscle
among the erector spinae, temporalis, and lateral pter-
ygoid muscles was used.

Statistical analysis.  For each case, the slice with

the largest tumor area was selected, and the MK and
ADC values of all pixels in the tumor and normal ROIs
in that slice were extracted and analyzed.

Two methods were employed: a pixel analysis, in
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which all signal values of pixels in the ROI of each case
were used, and a median analysis, in which the median
signal values of pixels in the ROI of each case were
used.

The Shapiro-Wilk test was used to test the normality
of data distribution, and the Mann-Whitney U test was
used to compare the signal values of the tumor and nor-
mal ROIs in all DK images and ADC maps. A receiver
operating characteristic (ROC) curve analysis was used
to evaluate the positive tumor diagnosis rate, and the
area under the ROC curve (AUC) and cutoff values
were calculated. In the ROC analysis, the test qualities
were judged as “excellent,” “very good,” “good,” “satis-
factory,” and “unsatisfactory” at AUCs of 0.9-1.0, 0.8-
0.9, 0.7-0.8, 0.6-0.7, and 0.5-0.6, respectively. The
cut-off value was set as the point closest to the upper-
left corner.

Spearman’s rank correlation test in the pixel analysis
was used to determine the relationship between the
ADC and MK values at each pixel in the ROI. For the
median analysis, a correlation analysis was used to
determine the relationship between the median ADC
and MK values of each patient. In the correlation anal-
ysis, the strengths of association were judged as “per-
fect,” “very strong,” “strong,” “moderate,” “weak,” and
“absent” at Spearman’s rank correlation coefficient (rs)
values of 0.8-1.0, 0.6-0.8, 0.4-0.6, 0.2-0.4, and 0.0-0.2,
respectively.

Statistical analyses were performed using SPSS ver-
sion 27.0 (IBM Corp., Armonk, NY, USA) and Bell
Curve for Excel (Social Survey Research Information
Co., Ltd., Tokyo). Statistical significance was set at a p
value <0.05.

» <« » « » <«

Fig. 1

A DK image and an ADC map created using the same shared DW images. The DW image, ADC map, and DK image of case

#9 are shown. (A) DW image (b=0 sec/mm?), (B) DW image (b=400 sec/mm?), (C) DW image (b=2800 sec/mm?), (D) ADC map, and
(E) DK image. The white lines indicate the tumor ROIs, and the gray lines indicate the normal ROIs surrounding the right temporalis muscle.
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Results

After applying the eligibility criteria, 13 malignant
tumors (8 squamous cell carcinomas (SCC), 2 adenoid
cystic carcinomas, 1 acinic cell carcinoma, 1 malignant
lymphoma, and 1 osteosarcoma) were finally included
in this study (Table 1).

The total number of pixels within the ROIs estab-
lished for each case was 2,579 (mean: 198; median:
172) for the tumor ROIs and 2,141 (mean: 165; me-
dian: 177) for the normal ROIs. The number of pixels
did not differ significantly between the tumor and nor-
mal ROIs in the Mann-Whitney U test (p=0.762).

For each case, DK images and ADC maps were
simultaneously created from DW images at b-values of
0, 400, and 800 sec/mm”. Figure 1 shows the images of
case #9.

Differences in MK and ADC values between tumor
and normal tissues in each case.  Table 2 summarizes
the significant differences between tumor and normal
tissues in MK and ADC values in DK images and ADC
maps for each case using tumor and normal ROIs.

Differences in MK and ADC values between tumor
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and normal tissues based on pixel and median analy-
ses.  The MK values in the DK images and ADC val-
ues in the ADC map were compared between tumor and
normal ROIs. In both the pixel (Fig.2) and median
analyses (Fig.3), tumor ROIs had significantly higher
MK values (Fig.2A, Fig.3A; p<0.05) and significantly
lower ADC values (Fig.2B, Fig.3B; p<0.05) compared
to normal ROIs.

Discriminability of MK and ADC values between
tumor and normal tissues based on the ROC analysis.
In the pixel analysis (Fig.4A), the AUC of the MK value
was 0.639, indicating a “satisfactory” test quality. The
AUC of the ADC value was 0.769, indicating a “good”
test quality. In the median analysis, the AUC (Fig.4B)
of the MK value was 0.743 and that of the ADC value
was 0.746, both of which indicated a “good” test qual-
ity.

Relationship between MK and ADC values in the
correlation analysis.  Figure 5A shows the correla-
tion between the MK and ADC values in the pixel anal-
ysis. The MK and ADC values were inversely cor-
related, with pixels with higher MK values having lower
ADC values. The rs value was —0.48, indicating a “mod-

Table 1 Case information and the site and number of pixels of the region of interest
ROI setting
Tumor ROI* Normal ROI**
Case Histological classification
Position Number of pixels Position Number of pixels

1 434 Erector spinae muscle 40
2 Maxilla 334 Masseter muscle 119
3 219 Masseter muscle 214
4 132 Lateral pterygoid muscle 100
5 Squamous cell carcinoma Mandible 63 Masseter muscle 87
6 289 Masseter muscle 322
7 Tongue 172 Masseter muscle 91
8 21 Erector spinae muscle 300
9 ) ) ) 412 Temporal muscle 200
10 Adenoid cystic carcinoma Palate 59 Masseter muscle 177
11 Acinic cell carcinoma parotid gland 173 Masseter muscle 83
12 Malignant lymphoma Maxilla 154 Masseter muscle 186
13 Osteosarcoma Mandible 117 Erector spinae muscle 222

ROI, region of interest.

*ROI of tumor tissue set on the slice showing the maximum area of the tumor.
**ROI of normal tissue set on the erector spinae, masseter, lateral pterygoid, or temporalis muscle on a slice of tumor ROI.
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Table 2  Mean kurtosis and apparent diffusion coefficient values for each case
MK value ADC value

Case Tumor ROI Normal ROI Pl Tumor ROI Normal ROI Pyl

Median (Q1, Q3)  Median (Q1, Q3) VAU Median (Q1,Q3) [ x 108 mm2/sec]  Median (Q1, Q3) [ X 1078 mm2/sec] vale
1 0.67 (0, 1.35) 0.79 (0, 0.99) 0.412 1,219 (1,054, 1,447) 1,765 (1,572, 1,978) 0
2 1.09 (0.3, 1.64) 0.72 (0, 1.06) 0 1,027 (909, 1,198) 1,705 (1,343, 2,213) 0
3 1.36 (04, 2) 0.5 (0, 0.91) 0 878 (813, 969) 1,695 (1,457, 2,183) 0
4 1.21(0.66, 1.53) 1.23 (0.02, 1.71) 0.514 1,179 (956, 1,380) 1,074 (664, 1,477) 0.273
5 0.88 (0.72, 1.08) 1.85 (1.44, 2.28) 0 1,727 (1,580, 2,247) 877 (719, 1,059) 0
6 0.88 (0.59, 1.19)  0.72(0, 1) 0 1,753 (1,300, 2,185) 2,002 (1,645, 2,465) 0
7 0.82 (0.51, 1.14)  0.67 (0, 0.93) 0.006 1,771 (1,369, 2,121) 2,073 (1,617, 2,630) 0
8 0.32 (0, 1.05) 0.46 (0, 0.94) 0.600 1,733 (1,484, 2,185) 1,934 (1,598, 2,301) 0.302
9 0.91 (0.02, 1.42) 0(0, 0.78) 0 1,145 (1,014, 1,281) 2,039 (1,669, 2,617) 0
10 0.05 (0, 0.99) 0 (0, 0.95) 0.977 1,289 (1,063, 1,489) 1,776 (1,350, 2,154) 0
11 1.24 (0.74, 1.52)  0.02 (0, 0.86) 0 1,043 (881, 1,215) 1,701 (1,400, 1,983) 0
12 1.18(0.32, 1.53)  0.39 (0, 1.08) 0 962 (816, 1,175) 1,598 (1,331, 1,951) 0
13 0.95(0.08, 1.34)  0.61 (0, 1.08) 0.002 1,373 (1,233, 1,542) 1,698 (1,285, 2,240) 0

ROI, region of interest.

p indicates the result of Mann-Whitney U test to compare the signal values of the tumor and normal ROIs in each case.

A % B
1
41- o o 6 %
3 :
) [} °
o o o
g 2
5 o 8
& 8
E LA
g S
En =3
= 2
=
>
&)
a
< ‘l’
o —1— ok
Tumor Normal Tumor Normal
Fig. 2 MK and ADC values of tumor and normal tissues in the

pixel analysis. MK (A) and ADC (B) values for tumor and normal
tissues are shown in a box plot of the pixel analysis. Both values
differ significantly between the tumor and normal tissues (0 <0.05).

erate” negative association.

Figure 5B shows the correlation between the median
MK and ADC values of the tumor and normal ROIs for
each case in the median analysis. The MK and ADC
values were inversely correlated, with higher MK values
having lower ADC values. The rs value was —0.67, indi-
cating a “strong” negative association.
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Fig. 3 MK and ADC values of tumor and normal tissues in the
median analysis. MK (A) and ADC (B) values for tumor and normal
tissues are shown in a box plot of the median analysis. Both values
differ significantly between the tumor and normal tissues (0 <0.05).

Discussion

To the best of our knowledge, this is the first clinical
study on this simple DKI technique. Using the new
method, DK images were created by using the DW
images that are routinely used to create ADC maps in
clinical practice. Although the DKI of head and neck
tumors has been investigated in clinical dentistry stud-
ies, DK images created using this method could con-
tribute to the differentiation of head and neck tumors
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from normal tissue in the same way as ADC maps.

Hamada et al. [11] reported a method to create RD
images using two popular and inexpensive software
packages, Image] and Excel. Subsequently, Kuroda et
al. [12] reported a fast DKI method that simultane-
ously obtained ADC maps and DK images for phan-
toms and healthy volunteers using three axes and b-val-
ues of DWI and the low maximum b-values obtained
when creating ADC maps to reduce the imaging time.
The aim of our present study was to confirm the useful-
ness of this technique for simple DKI in differentiating
head and neck tumors from normal tissue.

DKI requires imaging in 30 axes, numerous b-values
and a high maximum b-value, and these requirements
prolong the imaging time. Since dedicated imaging
software is not widely available, DKI is not widely used
in daily clinical practice [8-10]. In recent years, research
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has been conducted to reduce the number of axes and
b-values in DKI to shorten the imaging time and reduce
artifacts caused by body motion, aiming for faster DWI
in DKI [15,16]. Regarding the number of axes, many
studies have reported the clinical usefulness of DKI in
three axes. Since tissues in the head and neck are
almost isotropic and have little restricted diffusion, DKI
in three axes might be sufficient. Rosenkrantz et al. [17]
reported that three axes were sufficient for imaging. In
three-axis imaging, the smaller the number of b-values,
the lesser is the imaging time. Pasicz et al. [15] com-
pared seven and four b-values and reported comparable
parameters of DKI in healthy participants, indicating
the possibility of fast imaging with a reduced number of
b-values. In the present study, three axes and b-values
were used in DWI to obtain ADC maps for daily prac-
tice. The ADC map and DK image could be acquired
simultaneously with this single DWI, and the total
imaging time for both the ADC map and DK image was
6 min and 30 sec.

For DWI, it is recommended that the maximum
b-value be set at 1,000 sec/mm’ or less when creating
ADC maps in daily practice [17]. In our daily clinical
practice, a maximum b-value of 800 sec/mm?” is used to
create ADC maps of the head and neck region in den-
tistry. Although the maximum b-value of 800 sec/mm?®
used to create DK images in this study was low com-
pared to that in previous reports [17] of DKI, Wu et al.
[18] and Zhang et al. [19] reported that DKI at a maxi-
mum b-value of 1,400 sec/mm® was useful in diagnos-
ing prostate cancer, and Fu et al. [20] recently reported
that maximum b-values up to 1,000 sec/mm* were
appropriate for renal cancer.

The novel feature of this simple DKI method is that
the ADC map and the DK image are created from the
same source images simultaneously in a single
DWI; thus, the relationship between the ADC values
in the ADC map and the MK values in the DK image
can be compared on a pixel-by-pixel basis. This feature
allows both to be used simultaneously, and elucidates
the characteristics and differences between ADC maps
and DK images. Fujima et al. [21] reported a similar
pixel analysis with an r of —0.42 between ADC and MK
values for head and neck SCC. Other authors reported
an rs of —0.79 [22] and -0.94 [23] between ADC and
MK values for head and neck tumors using ROI-based
analysis. Although the correlation between the ADC
and MK values in this study was strong, the MK values
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varied considerably. In part, this may be because MK
values reflect the restricted movement of water mole-
cules in the tumor microenvironment and pathological
changes, such as apoptosis and necrosis in the tumor
[12,24], unlike free diffusion expressed as ADC values.

The MK values and maximum b-values in this study
were compared with previously reported ones for head
and neck tumors. The previously reported MK values
for head and neck tumors, which were determined
using maximum b-values in the range of 1,500-2,500
sec/mm’, were approximately 0.87 to 0.92 for SCC,
0.71 to 0.79 for adenoid cystic carcinoma, and 0.82 to
0.92 for malignant melanoma [21-23,25-27]. For DK
images with maximum b-values of 1,000 sec/mm’ or
less, at least four papers have been published [20,28-
30], including those reported in recent years on renal
cancer [20,29,30], all of which showed good clinical
efficacy. In four of these studies, the MK values ranged
from 0.62 to 1.84 [20,28-30], except in the cases of
clear cell kidney cancer, which were characterized by
low MK values. The median MK values in our present
study were approximately 0.91 (mean: 0.89; maximum:
1.36; minimum: 0.05) for all cases and approximately
0.90 (mean: 0.88; maximum: 1.36; minimum; 0.32)
for SCC only, and these findings were similar to the
previously reported MK values in tumors. Thus the
present approach might also be useful for differentiat-
ing tumor tissues from normal tissues.

A limitation of this study was the small number of
cases. Although significant differences were demon-
strated in the median analysis for each case, a selection
bias may have been introduced in the cases. Further
studies with more cases are needed to improve the reli-
ability of our results. Second, artifacts during DKI may
have affected the MK values. Although DW images
with obvious artifacts were excluded from the study,
unrecognized artifacts may have affected the parame-
ters, and therefore studies on the usefulness and limita-
tions of filter processing to reduce the noise and vari-
ability inherent in DKI are required. Third, the low
maximum b-value may have affected MK values. In
addition, the impact of perfusion might be a subject for
future research.

In conclusion, this was the first clinical study on this
newly developed simple DKI method. DK images were
obtained simultaneously with ADC maps used in daily
clinical practice using the inexpensive and widely avail-
able software packages Image] and Excel, and the cre-
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ated DK images were equally useful in differentiating
head and neck tumors from normal tissue when com-
pared to ADC maps.
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