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Diffusion-weighted imaging may be used to obtain the apparent diffusion coefficient (ADC), which aids the
diagnosis of cerebral infarction and tumors. An ADC reflects elements of free diffusion. Diffusion kurtosis
imaging (DKI) has attracted attention as a restricted diffusion imaging technique. The ADC subtraction
method (ASM) was developed to visualize restricted diffusion with high resolution by using two ADC maps
taken with different diffusion times. We conducted the present study to provide a bridge between the reported
basic ASM research and clinical research. We developed new imaging software for clinical use and evaluated its
performance herein. This software performs the imaging process automatically and continuously at the pixel
level, using Image] software. The new software uses a macro or a plugin which is compatible with various oper-
ating systems via a Java Virtual Machine. We tested the new imaging software’s performance by using a Jurkat
cell bio-phantom, and the statistical evaluation of the performance clarified that the ASM values of 99.98% of
the pixels in the bio-phantom and physiological saline were calculated accurately (p <0.001). The new software
may serve as a useful tool for future clinical applications and restricted diffusion imaging research.
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iffusion-weighted imaging (DWTI) is an imaging

D technique that measures the movement of
hydrogen atoms, and it can thus be used to investigate
the movement of water molecules present in large
quantities in the human body. In DWI, the apparent
diffusion coefficient (ADC) maps are useful for clinical
applications and reflects elements of free diffusion [1-4].
Diffusion kurtosis imaging (DKI) is a restrictive diffu-
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sion imaging technique that has been reported to visu-
alize lesions more sensitively than ADC maps [5,6].
The ADC subtraction method (ASM) is a new method
that can visualize restricted diffusion [7]. Since ASM
values correlate with the mean kurtosis values calcu-
lated by DKI, ASM values might be an index of
restricted diffusion [7].

The new ASM method that we developed [7] has a
limitation in that there has been no imaging technology
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for clinical applications based on its principles until
now. We conducted the present study to provide a
bridge between the previously reported principles and
clinical research; we developed an image processing
software program that calculates images on a pixel-by-
pixel bases. We evaluated the software program’s per-
formance herein by using verification images of a Jurkat
cell bio-phantom. We also examined and evaluated the
accuracy of the bit conversion used in the calculation
process of the software.

Materials and Methods

Phantom.  We used Jurkat cells purchased from
Bio Resource Center (Tsukuba, Japan) for the
bio-phantom. For cell cultures, we added 10% fetal
bovine serum (Filtron, Victoria, Australia) and 1%
penicillin-streptomycin-neomycin (Gibco; Thermo
Fisher Scientific, Waltham, MA, USA) to RPMI-1640
medium (pH 7.4; Gibco; Thermo Fisher Scientific).
The incubation was performed at 37°C with 5% CO,.
The number of cells with a diameter > 8 um was counted
with an electric cell counter (Coulter Electronics, Luton,
UK) prior to the preparation of the bio-phantom, since
the diameter of the majority of Jurkat cells is >8 pm,
with the mean dia. of 9.6 um [8].

The Jurkat cells were encapsulated into micro-
cuvettes (#halbmikro 1.5 ml; Greiner Labortechnik
Manufacturing, Disseldorf, Germany) as bio-phan-
toms. Briefly, once the cell number had been deter-
mined, the cell solution was concentrated to approx.
0.89 ml, placed in a micro-cuvette, and centrifuged at
161 gfor 5 min. The supernatant was then removed and
the cell density was adjusted to approx. 1-8x 10°cells/
ml. After treatment, the cells were enclosed in gellan
gum (P-8169; Sigma-Aldrich; Merck, Darmstadt,
Germany). The bio-phantom of 7.41 x 10° cells/ml was
prepared as a pellet-like high-cell-density phantom.
The bio-phantom was enclosed in a phantom container
(9.5 cm long, 14 cm wide, 7 cm high) [9]. The interior
of the container was filled with physiological saline
(0.9% NaCl).

Magnetic resonance imaging.  For magnetic res-
onance imaging (MRI) of bio-phantoms, a phantom
container was installed in a bio-phantom heating device
that we constructed, which was formed of ethylene-
vinyl acetate copolymer and was connected to a circu-
lating thermostatic chamber (Thermo-Mate BF-41;
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Yamato Scientific Co., Tokyo). The temperature of the
bio-phantom was adjusted to approx. 37°C, which is
similar to the normal human body temperature. For
real-time phantom temperature measurements, an
optical fiber thermometer (Fluoroptic™ m3300,
Luxtron Co., Santa Clara, CA, USA) was installed in
the micro-cuvette during the MRI examination.

A 3.0T MRI scanner (MAGNETOM Prisma
VE11C; Siemens, Munich, Germany), which has a
20-channel head/neck coil, was used for imaging. The
readout segmentation of long variable echo-trains
(RESOLVE) was used for the DWI to eliminate image
distortions at the pixel level during subtraction. The
RESOLVE-basic and RESOLVE-modify sequences are
presented in Table 1. In RESOLVE-modify, a b-value of
10,000 is added to extend the effective diffusion time.

With these 2 sequences, 2 types of ADC maps with
different diffusion times were generated as 16-bit
images. The first ADC map with an effective diffusion
time of 39.3 msec was generated using RESOLVE-basic,
and the second ADC map with an effective diffusion
time of 46.0 msec was generated using RESOLVE-
modify with b-values of 0, 500 and 1,000. The
RESOLVE-modify sequence with the b-value of 10,000
was not used to create the second ADC map.

The development of the new ASM imaging software.
ASM values are calculated using Eq. (1) [7]:

ASM = |1st ADC-2nd ADC|/(1st ADC)* (1)

where ‘Ist ADC’ and 2nd ADC’ are the ADC values in
each pixel of the first and second ADC maps, respec-
tively. In the present study, we calculated the ASM
values on a pixel-by-pixel basis with Eq. (1) by using the
following method, and we developed the software pro-

Table 1 Imaging conditions of the apparent diffusion coefficient
(ADC) subtraction method

Parameters RESOLVE-basic RESOLVE-modify
Effective diffusion time (msec) 39.3 46.0

b-value (sec/mm?) 0, 500, 1,000 0, 500, 1,000, 10,000
A (msec) 41.2 51.2

O (msec) 5.6 15.6

TR (msec) 8,000 8,000

TE (msec) 86 106

ES (msec) 0.56 0.56

FOV (mm) 120 120

Matrix 224 X 224 224 X 224

RESOLVE, readout segmentation of long variable echo-trains; A, motion prob-
ing gradient (MPG) pulse spacing; &, MPG pulse duration; TR, repetition time;
TE, echo time; ES, echo space; FOV, field of view.
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gram to create ASM images.

Image] (ver. 1.51j8; U.S. National Institutes of Health,
Bethesda, MD, USA) was used to develop the new
ASM imaging software program. A flowchart repre-
senting the inter-image calculations based on the ASM
principle is presented in Fig.1. The first and second
ADC maps were created as the 16-bit images. In Eq.
(1), the difference in the ADC value is divided by the
1st ADC, but the difference is small, and the value
divided by the 1st ADC is a value below the decimal
point. In 16-bit gradation of an ADC map, the decimal
point cannot be handled and only integers can be han-
dled, and thus the calculation of ASM values becomes
inaccurate. The 32-bit gradation of an ADC map has
two advantages: it can handle values below the decimal
point, and the maximum limit is greater than the max-
imum of 16-bit gradation, which is 65,535. We there-
fore converted the gradation of the first and second
ADC maps from 16 to 32 bits.

Each pixel of the 2 maps was multiplied by the con-
stant 10" to make the difference larger. We obtained the
constant 10" from preliminary experiments (data not
shown). Next, the absolute difference value between
the resulting two ADC maps was calculated pixel by
pixel. The absolute difference value was divided by the
ADC value of the first 32-bit ADC map three times.
This process aimed to decrease the large standard devi-

Preparation of the 15t ADC map
and the 2" ADC map

\

Change the gradation from 16 bits to 32 bits

l

Multiply 10! on each pixel of both images

\

Create subtraction image using two images

\

Divide the subtraction image
by the 15t ADC map three times

\

Change the gradation from 32 bits to 16 bits ‘

Fig. 1 A flowchart of the calculations based on the apparent
diffusion coefficient (ADC) subtraction method used in the present
study.
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ations often associated with large ADC values in the
ADC maps. Since general medical images are 16-bit
images, we converted the gradation from 32 bits to 16
bits. Finally, we created an ASM software program
using a macro so that the described calculation was exe-
cuted automatically and continuously using Image]
software. We all created an ASM program using a
plugin to follow the rules of the programming language
Java. The plugin is compatible with various operating
systems that use a Java Virtual Machine.

Evaluation of the images in each imaging process for
the ASM calculation.  We extracted the images of
each ASM calculation process in the new software and
compared the image changes by visual evaluation and
using histograms. The conversion process from 32 bits
to 16 bits was verified for the following reasons. The
maximum signal value of 32-bit images is
4,294,967,295 which is more than that of 16-bit images,
i.e., 65,535 [10]. In addition, the 32-bit image has
unique pixel values such as infinity and Not a Number
(NaN). In the 32-bit images, pixels with a signal value
>65,535, infinity, and NaN may be problematic during
the conversion process from 32 to 16 bits in Image].
When converting from 32 to 16 bits, the pixel values of
>65,535 and infinity become 65,535 (the maximum
signal value of 16-bit images), and the pixel value of
NaN becomes 0.

To evaluate these issues, we identified and evaluated
the appearance ratios of these pixel values in the ASM
process of calculating in 32 bits. A region of interest
(ROI) was set for each of ‘bio-phantom and physiologi-
cal saline’ and ‘plastic and air.” The ratios of the number
of pixels to the number of all pixels in each ROI were
calculated for a signal value >65,535, infinity, and
NaN. The significance of differences in the ratios was
tested using Fisher’s exact test (BellCurve for Excel,
Social Survey Research Information Co., Tokyo).
Probability (p) values <0.05 were accepted as signifi-
cant.

Results

Comparison of the images in each imaging process
for the ASM calculation.  Image] software was used
to execute the calculations based on the principles of
ASM. The images produced for the bio-phantom and
physiological saline following important steps of the
calculation process are presented in Fig.2. The bio-
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phantom was used as the validation sample (Fig.2A).
The first ADC maps produced for the bio-phantom and
physiological saline are shown in Fig.2B. This ADC
map was calculated using DWI taken with the
RESOLVE-basic sequence (Table 1).

The second ADC maps (Fig.2C) of the same
bio-phantom and physiological saline were calculated
using DWI taken with the RESOLVE-modify sequence
(Table 1). There was no apparent difference between
the two ADC maps. The gradation of the first and sec-
ond ADC maps was converted from 16 to 32 bits. Each
pixel of the first and second ADC maps was multiplied
by 10". The image of the absolute difference value
between the first and second ADC maps, which were
converted from 16 to 32 bits and multiplied by 10", was
created (Fig.2D). An image was subsequently obtained
by dividing the image of the absolute difference value
(Fig.2D) by the first 32-bit ADC map 3 times. The gra-
dation of this image was converted from 32 to 16 bits in
order to maintain the signal value under the maximum
signal value of the 16-bit image (65,535). Figure 2E
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presents the resultant ASM images of the bio-phantom
and physiological saline. These results clarified that the
ASM imaging software correctly visualized images on a
pixel-by-pixel basis according to the ASM calculation
principle.

Verification in the conversion process from 32 bits
to 16 bits.  Figure 3A shows the first ADC map, in
which the pixels with a signal value 0 and the other pix-
els are indicated as white and black, respectively.

The ratios of infinity (Fig.3B), NaN (Fig.3C), and a
signal value > 65,535 (Fig.3D) in the ROI of ‘bio-phan-
tom and physiological saline,” the pixel number of
which was 6,598 were 0%, 0%, and 0.02%, respectively
(Table 2). The ratios of infinity (Fig.3B), NaN
(Fig.3C), and a signal value >65,535 (Fig.3D) in the
ROI of ‘plastic and air,” the pixel number of which was
3,203 were 0.97%, 0.53%, and 9.33%, respectively
(Table 2). These ratios in the ROI of ‘bio-phantom and
physiological saline’ were significantly lower than those
in the ROI of ‘plastic and air’ for infinity (Fig. 3B), NaN
(Fig.3C), and a signal value > 65,535 (Fig.3D) (p<0.001

Fig. 2

Images obtained following the ADC subtraction method (ASM) calculation process. A, A bio-phantom was used as the validation

sample; B, The 1st ADC map of the bio-phantom (left side) and physiological saline (right side), which was calculated using DWI with the
readout segmentation of long variable echo-trains (RESOLVE)-basic sequence; C, The 2nd ADC map of the same bio-phantom and phys-
iological saline, calculated using DWI with the RESOLVE-modify sequence; D, The image obtained following pixel subtraction with the
absolute difference value between the 1st and 2nd ADC maps, which were converted from 16 to 32 bits and multiplied by the constant
10"; E, The resultant ASM image is shown, which was obtained by dividing the image in panel (D) 3 times by the first ADC map and

converted to 16 bits.



April 2021

each). These results indicate that the ASM values in
each pixel of the bio-phantom and physiological saline
were calculated accurately, and thus that the ASM
imaging software was able to visualize the ASM values
correctly.

Discussion

We tested our new ASM imaging software for creat-

A B

Fig. 3  Characteristic pixel values in the 32-bit ASM method; A,
The white pixels with a signal value 0 in the ADC map; B, The
white pixels with a value of infinity in the 32-bit ASM image; C,
The white pixels with values Not a Number (NaN) in the 32-bit ASM
image; D, The white pixels with a signal value >65,535 in the
32-bit ASM image. The numbers of pixels of infinity (B), NaN (C),
and a signal value >65,535 (D) in ‘bio-phantom and physiological
saline’ were low compared to those in ‘plastic and air.” The ASM
values in ‘bio-phantom and physiological saline’ were calculated
accurately.

Table 2
air’ models
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ing restricted diffusion images, and the verification of
the ASM images clarified that this software program
correctly obtains the ASM values of the bio-phantom
and physiological saline, on a pixel-by-pixel basis.

It has been reported that restricted diffusion imaging
could be useful for diagnosis in clinic settings [11-17].
DKI is a representative imaging modality for restricted
diffusion. DKI was reported to visualize lesions more
sensitively than ADC maps [5,6]. The new ASM imag-
ing method, which provides images that are less dis-
torted by using the RESOLVE-sequence, might become
a new method for restricted diffusion imaging. The
present report is the first concerning the creation and
evaluation of ASM imaging software.

We used the free software from the U.S. NIH, i.e.,
Image], for the ASM imaging toward the goal of
spreading the ASM method widely in future clinical
research. Image] enables the conversion of gradients
and inter-image calculations. Image] has already been
used to analyze various research and medical images,
including fundus photographs [18-25]. Macros and
plugins are available to continuously and automatically
perform several processes including inter-image calcu-
lations [18-23]. Plugins are faster than macros and are
compatible with various operating systems [26], and
several plugins have been developed and reported [18-
23].

In the ASM image creation process, the appropriate
selection of bits is required. Medical images such as
MRI and CT are usually 16 bits. It is difficult to store
and manage 32-bit images in medical systems, and
these images are difficult to handle with general image
processing software. As 32-bit images increase the data
capacity compared to 16-bit images, they are not widely
used in clinics. In the process of ASM calculation
described herein, 32-bit images are used to remove the

Comparison of the ratios of infinity, NaN, and >65,535 between the ‘bio-phantom and physiological saline’ and ‘plastic and

Pixel number (%)

Total pixel number

Infinity NaN >65,535
Bio-phantom and physiological saline 6598 0 (0%) 0 (0%) 1 (0.02%)
Plastic and air 3203 31 (0.97%) 17 (0.53%) 299 (9.33%)
Statistics p<0.001 0<0.001 p<0.001

NaN, Not a number. The significant difference in each ratio between “bio-phantom and physiological saline” and “plastic and air” was
tested using Fisher’s exact test. p<0.05 was determined as a significant difference.
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limitations of 16 bits, but 32-bit images are converted to
the final 16-bit ASM images so that they are suitable for
medical systems.

When calculating with 32-bit images, care must be
taken concerning the appearance of pixels with a signal
value of infinity, NaN, or >65,535. In the 32-bit
images, these three types of pixels matter during the
conversion process of 32 bits to 16 bits. When an arbi-
trary signal value is divided by the signal value 0, the
signal value becomes infinity. When the signal value 0
is divided by the signal value 0, the signal value
obtained becomes NaN. When converting from 32 to
16 bits, the pixel value of infinity becomes 65,535,
which is the maximum signal value of 16 bit-images,
and the pixel value of NaN becomes 0. Therefore, if the
first ADC map has a signal value of 0 (as indicated in
Fig.3A), the signal value in 32-bit ASM images become
infinity (Fig. 3B) or NaN (Fig.3C). These signal values
are then converted into 65,535 or 0 as the final signal
value in 16-bit ASM images. These values might affect
the evaluation.

However, we observed pixels with a signal value of 0
(Fig.3A), infinity (Fig. 3B) or NaN (Fig.3C) in the plas-
tic and air. Pixels with a signal value > 65,535 were also
observed in the plastic and air (Fig.3D). No pixels in
the bio-phantom or physiological saline had values of
infinity or NaN, and few pixels in the bio-phantom and
physiological saline had values of >65,535. These
results indicated that 32-bit images could be converted
to 16-bit images without affecting the ASM values of the
bio-phantom. However, the results obtained through
ASM should be interpreted cautiously, and we should
take into account whether the subjects contain a signal
value of 0, such as that found in the plastic and air.

Although medical images are usually DICOM
(Digital Imaging and Communications in Medicine)
images, Image] is unable to save images in the DICOM
format during the ASM calculation process, and in the
present study the images were saved in Tagged Image
File Format (TIFF). Another image processing software
is thus required to convert TIFF images to DICOM
images for clinical use.

In recent years, the usefulness of restricted diffu-
sion-weighted imaging modalities such as DKI has been
reported. The ASM method is a new technique that can
visualize restricted diffusion. To date, there is no ASM
imaging software based on the ASM principle, and this
is the first report concerning ASM imaging software.

Acta Med. Okayama Vol. 75, No. 2

Our new ASM imaging software program might
become available for clinical research on restricted dif-
fusion-weighted imaging in the future.
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