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The apparent diffusion coefficient subtraction method (ASM) was developed as a new restricted diffusion-
weighted imaging technique for magnetic resonance imaging (MRI). The usefulness of the ASM has been
established by in vitro basic research using a bio-phantom, and clinical research on the application of the ASM
for the human body is needed. Herein, we developed a short-time sequence for ASM imaging of the heads of
healthy volunteers (n=2), and we investigated the similarity between the obtained ASM images and diffusion
kurtosis (DK) images to determine the utility of the ASM for clinical uses. This study appears to be the first to
report ASM images of the human head. We observed that the short-time sequence for the ASM imaging of the
head can be scanned in approx. 3 min at 1.5T MRI. The noise reduction effect of median filter processing was
confirmed on the ASM images scanned by this sequence. The obtained ASM images showed a weak correlation
with the DK images, indicating that the ASM images are restricted diffusion-weighted images. The new short-
time imaging sequence could thus be used in clinical studies applying the ASM.
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imaging, restricted diffusion, short-time imaging

D iffusion kurtosis (DK) imaging is a technique for

imaging restricted diffusion in vivo when using
magnetic resonance imaging (MRI), in which the kur-
tosis is the degree of deviation from free diffusion in
diffusion-weighted (DW) images [1,2]. Clinical studies
of DK imaging have reported its high sensitivity for
acute cerebral infarction and multiple sclerosis and its
usefulness for grading brain tumors [3-7]. Our group
developed the apparent diffusion coefficient (ADC)
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subtraction method (ASM), which is an imaging
method to depict restricted diffusion based on a differ-
ent principle from that of DK imaging [8]. The ASM is
expected to be clinically useful because it may depict
restricted diffusion in the extracellular space, similar to
DK imaging [8].

The existing studies of ASM used only phantoms for
in vitro evaluations, and they did not verify whether
ASM images of the human body depict the same
restricted diffusion as DK images [8-10]. For the vali-
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dation of the usefulness of ASM images, it is necessary
to develop an ASM imaging sequence that can be used
in clinical practice. In addition, clinical imaging requires
shorter imaging times, and the reported acquisition
times for phantoms are too long for in vivo imaging.

As a preliminary step for future clinical research, in
the present study we developed a short-time ASM
imaging sequence for the human head that can be used
with 1.5 and 3.0T MRI. To the best of our knowledge,
this study is the first to report ASM imaging of human
subjects. We also investigated the possibility of reduc-
ing the imaging time for human subjects by examining
the ASM images produced by the developed imaging
sequence, and we assessed the possibility of imaging
restricted diffusion in the human head by comparing
ASM images with DK images.

Subjects and Methods
Subjects.  The imaged subjects were two healthy
adult volunteers (a 26-year-old male and a 36-year-old

male) who provided written informed consent and

Table 1 Conditions of diffusion weighted imaging

Acta Med. Okayama Vol. 76, No. 1

agreed to the use of their data in scientific research. The
study was approved by the Ethics Committee of
Okayama University (approval no. RIN 1910-004).
DW imaging and the reduction of the imaging time.
A 1.5T MRI system (Magnetom Avanto fit VE11C;
Siemens, Munich, Germany) and a 3.0T MRI system
(Magnetom Skyra VE11C; Siemens) were used. The
Head/Neck 20 was used as the receiver coil. The head of
one subject was imaged using 1.5T, and the other sub-
ject’s head was imaged using 3.0T MRI. The imaging
conditions used for the DW imaging are shown in Table
1. Readout segmentation of long variable echo-trains
[11] was used for the DW imaging. Table 2 shows the
three protocols and the imaging time for each protocol.
Protocol 1 had the highest number of b-values (5
points) and the DW imaging time for ASM imaging was
as long as 7 min 32 sec on 1.5T MRI. Protocol 3 had the
lowest number of b-values (2 points) and the imaging
time was as short as 3min 10sec on 1.5T MRL
Protocol 2 was an intermediate between protocols 1
and 3. The imaging time of the 3.0T MRI is slightly
longer than that of the 1.5T MRI. ASM images were

DWI-1.5T DWI-3.0T
Parameters
Basic Modify Basic Modify
Sequence RESOLVE RESOLVE RESOLVE RESOLVE
TR (msec) 4,860 4,860 6,450 6,450
TE (msec) 76 127 70 123
ES (msec) 0.44 0.44 0.36 0.36
FOV (mm) 220 220 220 220
Matrix 140 X 140 140 X 140 140 X 140 140 X 140
BW (Hz/pixel) 1,116 1,116 940 940
b-value (sec/mm?) 0, 250, 500, 750, 0, 250, 500, 750, 0, 250, 500, 750, 0, 250, 500, 750,
1,000, 2,000 1,000, 10,000 1,000, 2,000 1,000, 10,000
Averages 1 (b=0-1000), 1 1 (b=0-1000), 1
2 (b=2000) 2 (b=2000)
Segments 3 3 5 5
Slice thickness (mm) 5 5 5 5
Slice number 23 23 23 23
Phase direction AP AP AP AP
d (msec) 16.8 423 16.2 427
A (msec) 374 62.9 34.2 60.7
Diffusion time (msec) 31.8 48.8 28.8 48.8
Diffusion mode 3-Scan trace 3-Scan trace 3-Scan trace 3-Scan trace
Diffusion direction 3 3 3 3

DWI, diffusion weighted imaging; RESOLVE, readout segmentation of long variable echo-trains; TR, repetition time; TE, echo time; ES,
echo space; FOV, field of view; BW, band width; AP, antero-posterior; &, motion probing gradient (MPG) pulse duration; A, MPG
pulse spacing. DWI-1.5T and DWI-3.0T represent DWI using 1.5 and 3.0T MRI, respectively. ‘Basic’ and ‘modify’ represent the sequences
with short and long diffusion time, respectively.
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Table 2  Combination of b-value and magnetic resonance imaging time for each protocol to create apparent diffusion coefficient subtrac-
tion method images
Protocol 1 Protocol 2 Protocol 3
Basic Modify Basic Modify Basic Modify
b-value (sec/mm?) 0 0 0 0 0 0
250 250 - - - -
500 500 500 500 - -
750 750 - - - -
1,000 1,000 1,000 1,000 1,000 1,000
- 10,000 - 10,000 - 10,000
Imaging time of 1.5T (min : sec) 3:24 4:08 1:57 2:40 1:13 1:57
Imaging time of 3.0T (min : sec) 7:19 8:55 4:05 5:42 2:28 4:05

Each protocol consists of the different combinations of b-values, which decide each imaging time shown in this table. ‘Basic’ and ‘modify’
represent the sequences with short and long diffusion time, respectively.

created from DW images scanned by these three proto-
cols, and their image quality was compared both
visually and quantitatively.

Preparation of ASM images from DW images.
DW images for each b-value of the ‘basic’ and ‘modify’
sequences were prepared for each protocol in Table 2.
The ADC, value was calculated for each pixel of the DW
image scanned with each b-value of the ‘basic’ sequence
according to Eq. (1):

ADC=In (S,-S)/b (1)

where b is the b-value, S is the signal intensity value,
and S, is the signal intensity value when b=0 sec/mm?”.
Based on Eq. (1), the ADC value is the first-order coef-
ficient when the b-value and the logarithm of the signal
intensity value are approximated by a linear function
using the least-squares method. Similarly, the ADC,
value was calculated from DW images scanned with the
‘modify’ sequence.

Next, using each pixel value of ADC, and ADC,,
the ASM value of each pixel was calculated according to

Eq. (2) [8]:
ASM =|ADGC, — ADC,|/(ADG,)’ )

The ASM image was obtained by reconstructing the
ASM values of each pixel as an image. To create this
ASM image, the ASM imaging software developed by
Hamada et al. [10] was used with certain modifications.
Briefly, this software uses the image analysis software
Image] (ver. 1.52a; National Institutes of Health, MD,
USA) [12] to perform inter-image calculations accord-
ing to Eq. (2) to create an ASM image. ASM images for
each subject can be created in 5 min using this software.

Creation of a DK image from a DW image. A
DK image was created using the following procedure for
comparison as a reference-restricted DW image. DW
images were prepared for each b-value of the ‘basic’
sequence in protocol 1. Mean kurtosis (MK) values
were calculated for each pixel of the DW image scanned
at each b-value of the ‘basic’ sequence based on Eq. (3):

MK=6x[In (S-S,) +bx ADC]/(b*x ADC?) (3)

where b is the b-value, S is the signal intensity value,
and S, is the signal intensity value when b=0 sec/mm?®.
The first and second coefficients of the quadratic func-
tion approximating the b-value and the logarithm of the
signal intensity value were used to calculate the ADC
and MK values. The least-squares method was used for
fitting the model to the data. The MK values of each
pixel were reconstructed as an image to obtain the DK
image. The images were created using Python (ver.
3.6.10; Python Software Foundation, DE, USA).

Noise reduction of images using a filter. A
median filter (radius 2.0) was applied to the ASM and
DK images to reduce the salt-and-pepper noise, using
Image] (ver. 1.52a). A median filter (radius 2.0) replaces
each pixel with the median value in its 3 x 3 neighbor-
hood pixels of the ASM and DK images.

Statistical analysis.  We used Spearman’s rank
correlation coefficient to examine both the similarity of
ASM images created by each protocol and the similarity
between ASM and DK images by using the pixel values
of all pixels in the region of interest (ROI) in the images.
ROIs were set in the entire brain parenchyma excluding
the skull on one slice at the level of the basal ganglia for
both the ASM and DK images. For the evaluation of the
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effect of median filter processing, we obtained the mean,
standard deviation (SD), signal to noise ratio (SNR),
and coefficient of variance (CV) from the ROIs of the
globus pallidus and thalamus. The SNR was calculated
by dividing the mean of the pixel values by the SD in the
ROIs, and the CV is the reciprocal of the SNR. The
homogeneity of group variances was examined using the
Fligner-Killeen test [13] by R (ver. 4.0.1; The R
Foundation, Vienna, Austria). Significant differences
in the variability of pixel values in the ROISs of the glo-
bus pallidus and thalamus were evaluated before and
after median filter processing. P-values <0.05 were
accepted as significant.

Results

Comparison of imaging protocols to shorten the
imaging time of DW imaging for ASM imaging.  The
left three columns in Fig. 1 show ASM images obtained
by the three different protocols with different imaging
times and b-values. There is no significant visual differ-
ence between the images scanned by the three protocols
at 1.5 or 3.0T.

The Spearman’s rank correlation coefficient between
pairs of protocols was calculated for all of the pixel val-
ues in the ROI set in the entire brain parenchyma, as

ASM
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shown in Table 3. The correlation coefficients between
protocols 1 and 2 and between protocols 1 and 3 were
both 0.84 (p<0.01), while the correlation coefficient
between protocols 2 and 3 was 1.00 (p<0.01) at 1.5 and
3.0T. These results show a significantly strong correla-
tion among all protocols. We thus selected protocol 3
(with the least number of b-values), i.e., the protocol
with the shortest imaging time, as the best protocol and
used it in the subsequent studies.

Image quality improvement by noise reduction fil-
ter on ASM images.  The fourth column from the left
in Fig. 1 shows the ASM images after median filter pro-
cessing. The post-filtered ASM images had visually and
qualitatively less salt-and-pepper noise compared to that

Table 3  Comparison of apparent diffusion coefficient subtrac-
tion method images obtained with different imaging protocols

Imaging Protocol 1 vs. 2  Protocol 1 vs. 3  Protocol 2 vs. 3
ASM-1.5T 0.84* 0.84* 1.00*
ASM-3.0T 0.84* 0.84* 1.00*
ASM, apparent diffusion coefficient subtraction method; *,

p<0.01. ASM-1.5T and ASM-3.0T represent ASM using 1.5 and
3.0T MRI, respectively. The values in each cell mean Spearman’s
rank correlation coefficient using the signal values at the same
position in ASM images scanned with different imaging protocols.

DK

Protocol 1

Protocol 2
2 ° e,

Fig. 1

Protocol 3

wit mein filter with median filter

ASM and DK images. From left to right, ASM images created by protocol 1, protocol 2, protocol 3, and protocol 3 with median

filter processing, and DK images with median filter processing. The images in the first and second rows were scanned with 1.5 and 3.0T
MRI, respectively. ASM, apparent diffusion coefficient subtraction method; DK, diffusion kurtosis.
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Table 4
before and after median filter processing
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Region of interest values for the globus pallidus and thalamus in apparent diffusion coefficient subtraction method images

Globus pallidus Thalamus
Imaging Index
Non-filter Median filter Non-filter Median filter
ASM-1.5T N 113 113 213 213
Mean 247 x10° 244 x10° 3.97 x 10° 2.82 x 10°
SD 248 x 10° 0.842 x 10° 5.36 X 10° 0.674 x 10°
SNR 1.00 2.90 0.74 4.19
CcVv 1.00 0.345 1.35 0.239
Fligner-killeen test p<0.01 p<0.01
ASM-3.0T N 125 125 139 139
Mean 4.50 x 10° 3.18 X 10° 3.91x10° 3.05 % 10°
SD 3.74 X 10° 0.767 x 10° 3.79 X 10° 0.890 x 10°
SNR 1.21 4.14 1.03 3.43
CcVv 0.830 0.241 0.969 0.292
Fligner-killeen test p<0.01 p<0.01

ASM, apparent diffusion coefficient subtraction method; N, number of pixels in the region of interest; SD, standard deviation; SNR, sig-
nal to noise ratio; CV, coefficient of variance. The P-value was calculated for homogeneity of variance between the non-filter and median

filter processing of ASM images using the Fligner-Killeen test.

of images before filter processing in Fig.1. The mean,
SD, SNR, and CV obtained from the ROIs are listed in
Table 4. The Fligner-Killeen test showed that the filter
processing significantly reduced the variability in the
ROIs (p<0.01, Table 4).

Similarity between ASM and DK images.  The
DK images after median filter processing scanned with
1.5 and 3.0T MRI are shown in Fig.1. The image con-
trast of both DK images was visually and qualitatively
similar to that of the ASM images shown in Fig. 1.

As the results of the quantitative evaluation of the
similarity between ASM and DK images, Figure 2 pro-
vides a scatter plot of all of the ASM values in the ROI of
the whole brain parenchyma of the ASM image on the
vertical axis and all of the MK values in the ROI of the
DK image on the horizontal axis. The Spearman’s rank
correlation coefficients between the ASM and MK val-
ues revealed the significantly weak correlations of 0.30
and 0.25 at 1.5 and 3.0T, respectively (p<0.01).

Discussion

We developed the ASM as an MRI restricted diffu-
sion-weighted imaging technique, similar to DK imag-
ing. The present clinical study was conducted to evalu-
ate the possibility of applying short-time imaging in
clinical practice and to determine the capability of the
ASM image creation software for clinical use, with the
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Fig. 2  Scatter plots of ASM and MK values. Each scatter plot
created from images scanned with (A) 1.5T and (B) 3.0T MRI. ASM
values were extracted from an ASM image created by protocol 3
with median filter processing. MK (mean kurtosis) values were
extracted from a diffusion kurtosis image created with median filter
processing.

aim of applying the ASM in clinic settings. Our results
identified the imaging sequences that can be used for
short-time MR imaging. In addition, by using the ASM
image creation software and post-processing filters, we
were able to acquire ASM images of the human body
that are similar to DK images.

The usefulness of DW images in clinical practice has
been established mainly by the ADC map, which visu-
alizes free diffusion [14-19]. The use of restricted diffu-
sion-weighted images such as DK imaging, which
visualizes the restricted diffusion of water molecules
due to cell membranes and intracellular structures in
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vivo, has been examined in clinical studies [3-7].
Yoshimura ef al. developed the principle of ASM based
on basic MRI studies of a bio-phantom, and they
reported that the ASM may provide images of restricted
diffusion that are as accurate as DK imaging [8].
Hamada et al. described the ASM image creation soft-
ware based on Yoshimuras principle, and they suc-
ceeded in creating ASM images of a bio-phantom [10].
In the aforementioned studies, it was necessary to
acquire images with sufficient spatial resolution and a
high SNR because the bio-phantom was much smaller
than the human body, and a sequence with an imaging
time of >30 min was used. In MRI examinations, it is
essential to develop a new short imaging sequence to
avoid the effects of body motion during imaging.

In the present study, we developed a short-time
ASM imaging sequence for the human head to achieve
the same imaging time as the head DW imaging used
for ADC maps in clinical practice. Since the visual
evaluation and the Spearman’s rank correlation coeffi-
cient showed that the difference in protocols had little
effect on the image quality, we selected protocol 3 with
the shortest imaging time (the lowest number of b-val-
ues) as the short-time imaging sequence for ASM. Asa
result, the clinical ASM image of the head could be
scanned in 3 min 10 sec at 1.5T MRI. Burdette et al.
reported that there was little difference between images
scanned with two b-values and those scanned with six
b-values in terms of imaging the ADC map of the brain
[20]. We speculate that the number of b-values did not
affect the image quality in the ASM image created from
the ADC map since the difference in the number of
b-values did not affect the image quality of the ADC
map. As we set the number of segments to 5 in order to
reduce the susceptibility artifacts of 3.0T, the imaging
time of 3.0T is twice as long as that of 1.5T. It might be
effective to reduce the number of segments if it is neces-
sary to further shorten the imaging time of 3.0T.

Diftusion images, including DK images, are affected
by the noise in the original DW image [21-24]. Each
diffusion image must be corrected for noise due to the
bias caused by the noise. It has been reported that salt-
and-pepper noise occurs in DK images [25], and that
the use of median filter is effective for reducing this
noise [26]. Diffusional Kurtosis Estimator (ver. 2.6.0;
Center for Biomedical Imaging, Medical University of
South Carolina, Charleston, SC, USA) [27], one of the
software programs available for creating DK images,
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also applies median filter processing to DK images. We
thus applied median filter processing to the ASM image
in the present study, and its usefulness was evaluated.
The median filter processing visually and qualitatively
reduced the salt-and-pepper noise. In addition, the
large variation in pixel values was significantly improved
quantitatively.

We observed a weak correlation between the ASM
and MK values in the heads of the two volunteers. The
mean square displacement of water molecules in a
three-dimensional space follows the Einstein-
Smoluchowski Eq. (4) [28]:

<x*>=6xDxt (4)

where <x*> is the mean square displacement, D is the
diffusion coeflicient, and t is the diffusion time. The
Stokes-Einstein equation [29] indicates that the diffu-
sion coefficient of water at 37°C is 3 x 10~ mm?/sec. As
the body temperature of our present subjects was
~37°C, the mean square displacement could be calcu-
lated from Eq. (4). The difference between the squared
roots of the mean square displacement of the ‘basic’ and
‘modify’ sequences is 5.7 pm at 1.5T. The ASM image
depicts this difference. On the other hand, DK imaging
depicts deviation from the normal distribution as MK,
which is calculated from the association between the
b-value and the signal intensity [1,2]. ASM and DK
imaging are thus based on different principles, which
suggests that different levels of restricted diffusion may
be depicted. Apoptotic bodies formed during apoptosis
are less than a few micrometers in size, and the ASM
and DK might be useful for the diagnosis and early
determination of the effects of treatment for malignant
lymphoma with apoptotic expression [30]. It is neces-
sary to evaluate the usefulness of the ASM in clinical
trials for diseases such as brain tumors, for which the
clinical availability of DK imaging is well known. It is
also necessary to consider the possibility of using the
ASM as a new diagnostic method for diseases that are
difficult to diagnose with conventional ADC maps and
DK imaging. For this purpose, the widespread of ASM
software and clinical research are indispensable.

This study has several limitations. The first is the
limitation in ASM imaging in the setting used. There
are numerous limitations in selecting different effective
diffusion times for clinical MRI. In multiple clinical
MR images, the effective diffusion time can be changed
only within a limited range, mainly by changing the
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b-value, and the degree of freedom is low. Other
devices for experiments such as 7T allow the setting of
large differences in the effective diffusion time [31];
however, these high-field devices have not been widely
used in clinical practice. The second study limitation is
that the ASM imaging was conducted on healthy sub-
jects. DK and ASM imaging are useful for patients with
diseases that exhibit restricted diffusion. In the present
study, there were no pixels with strong restricted diffu-
sion with MK values ~2. Clinical studies of patients are
needed to validate the comparison of DK imaging with
ASM imaging. A third study limitation is the use of
median filter processing as a post-processing tool.
Median filter processing reduces the noise qualitatively
and quantitatively, but it changes the absolute values of
multiple pixels in the ASM image as a computational
value based on the principle behind the generation of
ASM images. Clinical studies of patients are thus nec-
essary to determine the effect of post-processing on the
degree of disease depiction as a diagnosis. In addition,
several types of post-processing filters have been pro-
posed, and studies regarding the selection of the opti-
mal post-processing filter for ASM imaging are also
needed.

In conclusion, we investigated the DW imaging
sequence for the human head in healthy subjects and
developed a short-time imaging sequence that can be
applied in future clinical studies of ASM imaging. To
the best of our knowledge, this study is the first to
report the application of ASM images for the human
body. The short-time imaging sequence and the ASM
image-generation software may be useful for future
clinical studies of patients with different diseases.
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