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Abstract

Objective A phantom for diffusion-weighted imaging is required to standardize quantitative evaluation. The objectives were
to develop a phantom simulating various cell densities and to evaluate repeatability.

Materials and methods The acrylic fine particles with three different diameters were used to simulate human cells. Four-
degree cell density components were developed by adjusting the volume of 10-pm particles (5, 20, 35, and 50% volume,
respectively). Two-degree components to simulate cell edema were also developed by adjusting the diameter without chang-
ing number (17% and 40% volume, respectively). Spearman’s rank correlation coefficient was used to find a significant
correlation between apparent diffusion coefficient (ADC) and particle density. Coefficient of variation (CV) for ADC was
calculated for each component for 6 months. A p value < 0.05 represented a statistically significance.

Results Each component (particle ratio of 5, 17, 20, 35, 40, and 50% volume, respectively) presented ADC values of 1.42,
1.30, 1.30, 1.12, 1.09, and 0.89 (X 1073 mmz/s), respectively. A negative correlation (r= —0.986, p <0.05) was observed
between ADC values and particle ratio. CV for ADC was less than 5%.

Discussion A phantom simulating the diffusion restriction correlating with cell density and size could be developed.

Keywords Diffusion-weighted imaging - Apparent diffusion coefficient - Standardized phantom - Tumor cell growth - Cell
edema

Abbreviations CV  Coefficient of variation
DWI Diffusion-weighted imaging SD Standard deviation
ADC Apparent diffusion coefficient
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Introduction

Diffusion-weighted imaging (DWI) signal reflects the
degree of water molecule diffusion in living tissue. The
water molecule diffusion might considerably relate to the
cellularity; therefore, DWI could detect early biological
abnormality at the cellular level. DWI is one of the essen-
tial techniques for detecting various diseases, such as acute
cerebral infarction, neoplasm, and inflammation [1-3]. It
may also quantitatively evaluate lesions with apparent dif-
fusion coefficient (ADC) values. The ADC reflects quan-
titative diffusivity of protons in biological tissues, and it
could be modulated by the tissue structure including the
presence of macromolecules. It is useful for tumor char-
acterization as well as for predicting or monitoring the
treatment response and prognosis [4]. The reproducibility
of DWI is necessary for comparing the temporal change in
monitoring the treatment response. Moreover, it is impor-
tant to constantly provide similar information at different
institutions using various equipment to realize clinical util-
ity of ADC among multiple institutions [4]; however, ADC
may differ among the vendors, field strengths, sequences,
and imaging centers because the image acquisition method
of DWI has not been standardized [5-9]. In these studies,
the volunteers or self-developing phantoms were used as
specimens because a phantom dedicated to DWI was not
established. Therefore, a standardized phantom for DWI
is required to establish the basic standard for quantitative
evaluation of tissue diffusion. In most cases, DWI phan-
toms have been created by adjusting the viscosity using
agarose, sucrose, gelatin, polyethylene glycol, and poly-
vinylpyrrolidone, or by modulating the Brownian motion
to control water temperature [10-15]. These simple fluid-
based test objects can be easily created; however, it is dif-
ficult to store them for a longer time. To the best of our
knowledge, no phantoms have simulated the restriction
to water displacement depending on the difference in the
extracellular space. Therefore, the purposes of our study
were to develop a phantom simulating various extracellu-
lar spaces and to evaluate their DWI reproducibility.

Materials and methods
Acrylic fine particle/detergent

We hypothesized that we would be able to simulate the
restricted water mobility for decreasing extracellular space
using acrylic fine particles. There are numerous types
of cells in human tissues varying in sizes. For example,
in a Monte Carlo study of diffusion models of varying
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microstructural environments, typical human cell size
were specified to have a 10 pm diameter [16]. Therefore,
the insoluble polymethyl methacrylate particles with mean
diameters of 10 pm were adopted to simulate human cells
based on their size. The detergent was used for uniform
dispersion of these particles.

Twelve pilot phantom components were prepared to simu-
late the reduction of ADC due to the change in extracellular
space by adjusting the acrylic fine particles and viscosity
using the detergent diluted with purified water. In six of
these components, the acrylic fine particles varied from 5 to
50%, whereas the detergent concentration was kept at 33%.
In other six components, the detergent concentration varied
from 20 to 100%, whereas the acrylic fine particles were
not used. After packing all phantom components in the con-
tainer, the pilot phantom was stored in the MR examination
room at a controlled temperature of 24-25 °C because the
water molecular mobility was dependent on the temperature
[14].

Diffusion phantom

In developing the phantom, the acrylic fine particles with
diameters of three grades (10, 15, and 20 pm) were used
to simulate human cells. About 110-mL vials with 40 mm
diameter and 120 mm height were chosen as containers for
each phantom component. First, we prepared four grades of
extracellular space phantoms simulating the various degrees
of the tumor cell growth by adjusting the 10-um particle
counts (5%, 20%, 35%, and 50% particle volume ratio),
which were dispersed in the detergent diluted with purified
water (Fig. 1). Second, two grade cell size phantoms were
developed to simulate the cell edema. In each phantom, 15-
and 20-pm particles were dispersed (17% and 40% particle
volume ratio) in the detergent diluted with purified water
without changing the particle counts to 5% volume ratio
of 10-pm particles (Fig. 1). All phantom components were
packed in a polypropylene cylindrical container filled with
water, with 184 mm diameter and 133 mm height. The con-
centration of the detergent was adjusted based on the results
of the ADC decay curve presented in Fig. 2 to develop the
phantom corresponding to the ADC about 1.0 x 10~ mm?*/s
as an index of discrimination between the benign and malig-
nant tumors. The developed phantom was stored in the MR
examination room at a controlled temperature of 24-25 °C.
The phantom was shaken for 3 min to redisperse the parti-
cles and it was settled for 5 min on the scanner before each
MR imaging.

MR imaging protocol

MR examinations were performed on a 3 T MR scanner
(Intera Achieva 3.0 T TX, Philips Healthcare, Best, The
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Fig. 1 The developed diffusion
phantom (a), and cross sec-
tion of the spherical diffusion
phantom (b). The percentages
present the particle ratio, and
the particle size is given in um
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Fig.2 Linear regression analyses of particle ratio (a) and detergent
concentration (b) versus the apparent diffusion coefficients (ADCs).
Plots present the mean ADC and error bars indicate the ADC dif-
ference in the region of interest. The y functions in these equations

Netherlands) with an eight-channel-SENSE head coil. The
developed phantom was set on the scanner bed at the z-axis
of the magnet for axial imaging. It was scanned every month,
and the examination during the 3rd month was defined as the
end point for confirming the three-term reproducibility. In
addition, the 6th month was defined as the end point for con-
firming the long-term reproducibility. Each examination was
performed in repetition of six times to minimize the internal
error of the scanner. DWI was performed using a single-shot
spin-echo echo-planar imaging with four b values (b=0,
and 1000 s/mm?) and following parameters: TR = 6000 ms,
TE =62 ms, field of view =300x 300 mm, acquisition
matrix =208 X 165, reconstruction matrix =336 X 336,
number of average =1, sensitivity encoding reduction fac-
tor=2.5, bandwidth in frequency direction =2033.6 Hz/
pixel, spectral attenuated inversion recovery for fat suppres-
sion, slice thickness =5 mm, slice gap=1 mm, number of
slice=18, and scan time =2 min 12 s. The long TR and short
TE were set because an error was produced in the ADC by
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reveal ADC, and x functions present the particle ratio (a) or deter-
gent concentration (b). These were highly accurate fitting in restricted
water mobility by increasing of particle ratio (R* =0.992, p <0.0001)
and detergent concentration (R? =0.990, p=0.0004)

setting a short TR or a long TE for a material with long T1
and short T2 value [17].

We simultaneously calculated ADC values of a water tube
to secure the temporal stability of MR scanner for the ADC
measurement at each examination.

Data analysis

ADC maps were automatically generated from diffusion-
weighted images at b values of 0 and 1000 s/mm? on a
pixel-by-pixel basis using Synapse Vincent (Fujifilm Medi-
cal, Tokyo, Japan). To calculate the average ADC, one radi-
ologist manually set the circular regions of interest of 20
pixel diameter on the center of each phantom component
avoiding the artifacts (Fig. 3c). The ADC of water filled in
container was also measured to confirm the temporal change
of scanner. We calculated the average value of ADC from
the central six slices at each examination for each examina-
tion time point.
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Fig. 3 Diffusion-weighted image of b=0 s/mm? (a), b= 1000 s/mm?
(b), and apparent diffusion coefficient (ADC) map (c) for the devel-
oped phantom. ADC map was generated from images acquired with
the echo-planar imaging (EPI)-based diffusion-weighted imaging pro-

The microscopic observations of 10-, 15-, and 20-pum
acrylic particles were performed before and after MR acqui-
sition of the phantom. We put the unused acrylic particles
and those used 6 months after for phantom in the middle of
microscope preparation with detergent of 60% concentra-
tion and inserted an objective micrometer of 50 um. We
finally put cover glass over them to avoid the mixture of air
bubbles. One radiologist captured five views of the micro-
scopic images at each preparation using Nikon Eclipse NI-U
microscope (Nikon, Tokyo, Japan) at a magnification of 400,
and the diameters of all acrylic fine particles were measured
using ImageJ (National Institutes of Health, Bethesda, MD,
USA).

Statistical analysis

Linear regression analysis was performed to evaluate the
correlation between the ADC and particle ratio or deter-
gent concentration in the pilot phantom. Regression lines
were calculated by linear approximation using the least
square method. Spearman’s rank correlation coefficient
was evaluated to test whether a significant correlation
existed between the ADC and particle ratio in developed
diffusion phantom. The coefficient of variance (CV) was
calculated for each phantom component using the same set
of measurement every month. The CV was the percentage
of standard deviation (SD)/mean, and was used to verify
the temporal stability of the diffusion properties in the
developed phantom. The normal distribution of diameters
of the acrylic particles was tested using the Shapiro—Wilk
test. Thereafter, the mean diameters of the acrylic fine
particles before and after use were compared using a two-
sample two-tailed ¢ test when the data were normally dis-
tributed. All statistical analyses were performed using JMP
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tocol, described in “Materials and methods”. ADC values were meas-
ured at regions of interest (red circles) on the center of each phantom
component

Pro 11.0.0 software (SAS Institute, Cary, NC, USA). A p
value < 0.05 represented statistically significant difference.

Results

Restricted water mobility by acrylic fine particle
and detergent

Figure 2a, b presents the linear regression analysis of ADC
values according to the diffusion properties on the particle
ratio and detergent concentration for the pilot phantom.
These were highly accurate, fitting in the restricted water
mobility by particle ratio (R*>=0.992, p <0.0001) and
detergent concentration (R*=10.990, p=0.0004).

The ADC of the developed phantom

The detergent with 60% concentration was adopted for
the developed phantom on the basis of the present study
results (Fig. 2). The DWI (b =0 and 1000 s/mm?) and
ADC map for the developed phantom are presented in
Fig. 3. Each phantom component at tumor cell growth
model (particle ratio of 5, 20, 35, and 50% volume,
respectively) exhibited the mean ADC of 1.42 +0.03,
1.30+0.04, 1.12+0.03, and 0.89 +0.05 (x 10~> mm?¥/s),
respectively, whereas those at cell edema model (particle
size of 10, 15, and 20 um, respectively) presented mean
ADC of 1.42+0.03, 1.30+0.03, and 1.09 +0.03 (x 10~*
mm?/s), respectively. There was a strong negative correla-
tion (r= —0.986, p <0.05) between the ADC and particle
ratio (Fig. 4).
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Fig.4 The apparent diffusion coefficient (ADC) of each particle ratio
of the developed phantom. There was a strong negative correlation
(r=-0.986, p<0.05) between ADC and particle ratio

The temporal stability of the developed phantom
At first, we confirmed the temporal stability of the MR
scanner to evaluate ADC values. The ADC of a water tube

showed a small variation within CVs of 1.5%. The tem-
poral stability of the diffusion properties of the developed
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Fig.5 The temporal stability of diffusion properties of the developed
phantom components for 3 months. In the tumor cell growth model
(a), round, rhombus, square, and triangular plots present the apparent
diffusion coefficient (ADC) of 5%, 20%, 35%, and 50% particle ratio

phantom was assessed over a middle term for 3 months.
The temporal variations of ADC for all the phantom com-
ponents at the tumor cell growth and cell edema models
are presented in Fig. 5. The CV for ADC of the developed
phantom is presented in Table 1. Tumor cell growth model
(particle ratio of 5%, 20%, 35%, and 50% volume) at each
phantom component revealed a CV of 2.2%, 2.5%, 1.3%,
and 3.6%, respectively, and cell edema model (particle size
of 10, 15, and 20 pm) presented CV of 2.2%, 1.9%, and
0.9%, respectively. The long-term stability of the devel-
oped phantom was also assessed after 6 months. Tumor
cell growth model (particle ratio of 5, 20, 35, and 50%
volume) at each phantom component presented mean ADC
of 1.40+0.03, 1.29+0.03, 1.14 +£0.02, and 0.99 +0.04
(x 107> mm?/s), respectively, and the cell edema model
(particle size of 10, 15, and 20 um) revealed ADC of
1.40+0.03, 1.30+0.02, and 1.13+0.04 (x 10~> mm?¥/s),
respectively, after 6 months. In the particle ratio of 50%
volume, the ADC changed from 0.89 x 10~3 mm?/s at
0 month to 0.99 x 10~* mm?/s after 6 months. In the other
phantom components, no noticeable change was observed.
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phantoms, respectively. In the cell edema model (b), round, rhombus,
and square plots present the ADC of 5%, 17%, and 40% particle ratio
phantoms, respectively (10, 15, and 20 um particles, respectively)

Table 1 The CV of the ADC

. Model Particle ratio (diameter) 0 month 1 month 2 months 3 months CV (%)

value in tumor cell growth

model and cell edema model for  Tymor cell growth 5% (10 pm) 1424003 1.36+0.03 1.36+0.04 1.36+0.03 2.18

3 months 20% (10 pm) 130+0.04 1.24+0.03 1.23+0.04 1.26+0.05 2.46

35% (10 pm) 1.12+0.03 1.09+0.03 1.10+0.04 1.09+0.05 1.29

50% (10 pm) 0.89+0.05 0.91+0.07 0.96+0.06 0.95+0.06 3.56

Cell edema 5% (10 pm) 1.42+0.03 1.36+0.03 1.36+0.04 1.36+0.03 2.18

17% (10 pm) 1.30+0.03 1.25+0.02 1.25+0.04 1.26+0.04 1.89

40% (10 pm) 1.09+0.03 1.09+0.03 1.07+0.03 1.08+0.06 0.88

Data are means + standard deviations

CV coefficient of variation
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Fig.6 The microscopic images (original magnification, x400) of
10-um acrylic particles before use (a), 10-um acrylic particles after
use at 5% particle ratio (b), 10-um acrylic particles after use at 50%
particle ratio (¢), 15-um acrylic particles before use (d), 15-pm

Table 2 The diameters of acrylic particles before and after use

Particle size (um) Before use After use p value
10 8.28+1.6 8.12+1.9 0.27
15 12.1+2.6 11.8+3.0 0.28
20 159+3.5 154433 0.28

Data are means + standard deviations

The presence of any morphological change in the acrylic
fine particles was verified with a microscope. The micro-
scopic images are presented in Fig. 6. The mean diam-
eters of the acrylic particles were as follows: 10 um before
use, 8.28 + 1.6 um; 10 pm after use, 8.12+1.9 um; 15 um
before use, 12.1 £2.6 um; 15 pm after use, 11.8 +£3.0 um;
20 pm before use, 15.9 +£3.5 um; and 20 um after use,
15.4+3.3 um. As presented in Table 2, no significant change
was observed between the diameter of acrylic fine particles
before and after use. In 10-um particle of 50% volume ratio,
the acrylic fine particles were aggregated together (Fig. 6b).

Discussion

Our study results indicate that the ADC decreased with the
increase in the particle ratio (Fig. 4). Brownian motion was
supposed to be restricted by the presence of acrylic fine par-
ticles as barriers to diffusion within the water microenviron-
ment. The regions with small extracellular space had lower
ADC than those with large extracellular space [18]. There-
fore, the acrylic fine particles presented in this study could

@ Springer

acrylic particles after use at 17% particle ratio (e), 20-um acrylic par-
ticles before use (f), and 20-pum acrylic particles after use at 40% par-
ticle ratio (g). In 10-um particle of 50% volume ratio, the acrylic fine
particles were assembled together

simulate the tumor extracellular space. In the developed
phantom, a strong correlation was observed between the
ADC and particle ratio (Fig. 4). The cell membranes signifi-
cantly contribute as the diffusion barriers in living tissues. A
previous report has examined the relationship between ADC
and extracellular space at lesions in vivo; however, viable
tumor involved various factors such as organelles, fibers, and
soluble macromolecules [18]. Therefore, the ADC reduc-
tion caused by only the scarce extracellular space could be
simulated in this study.

In this MR scanner, the DWI repeatability was confirmed
because the water ADC showed a small variation with a
CV of 1.5%. CV for the ADC stability measurements in all
phantom components for 3 months was less than 5%. No sig-
nificant differences were observed in the diameters of acrylic
fine particles over 3 months during the microscopic inves-
tigation. These results indicated that no significant change
was observed in the physical properties of the acrylic fine
particles due to water absorption or denaturation. Neverthe-
less, in the particle ratio of 50% volume, the ADC increased
by about 10% after 6 months. The increase in ADC at 50%
volume particle ratio resulted from the reduced surface area
of the acrylic fine particles by self-aggregation (Fig. 6b).
This phantom simulating extracellular space was available
as a standardized material for DWI except for the phantom
component of 50% volume particle ratio.

This study had four limitations. First, our study used
only one MRI unit of only one manufacturer. It is necessary
to confirm whether our developed phantom shows similar
relationships between the ADC and the density of acrylic
particles in MR unit of other manufacturers. Second, the
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acrylic fine particles used in this study could not simulate
the human cell completely. The insoluble acrylic fine parti-
cles were precipitated over time because the density of the
particle was 1.2 g/cm?. To disperse the acrylic fine particles,
developed phantom was shaken before scanning. In contrast,
the actual human cells cannot float; therefore, this difference
might influence the ADC measurements. Nevertheless, we
confirmed that there were no sedimentation of particles after
each DWI scanning. Accordingly, this phantom might be
unsuitable for qualitative analysis because acrylic fine parti-
cles had no MR signal. Third, developed phantom simulated
only extracellular diffusion. In the living tissue, water dif-
fusion was limited to both the extracellular and intracellular
elements [19]. Moreover, the capillary blood flow might be
mistakenly attributed to living tissue diffusion [20]. Accord-
ingly, this phantom could partly simulate the diffusivity of
living tissue. Forth, we presented a DWI phantom simulat-
ing extracellular spaces; However, it was not compared to
in vivo images and the reachable ADC range was limited
since aggregation of particles was visible in the higher den-
sity volumes. Future work should develop a DWI phantom
completely simulating intra- and extra-cellular diffusion
reproducing sufficient in vivo range of fluctuation of extra-
cellular spaces.

In conclusion, a phantom simulating restricted water
mobility, correlating with the reduction of extracellular
space caused by tumor cell growth and cell edema, could be
developed using acrylic fine particles, and reproducibility
could also be confirmed. The developed phantom is a prom-
ising tool to evaluate the use of DWI and ADC measurement
of the effect of extracellular restricted water diffusion.
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