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The roles of cell density, extracellular space, intracellular factors, and apoptosis induced by the
molecularly targeted drug rituximab on the apparent diﬀusion coeﬃcient (ADC) values were investigated using bio-phantoms. In these bio-phantoms, Ramos cells (a human Burkittｾs lymphoma cell line)
were encapsulated in gellan gum. The ADC values decreased linearly with the increase in cell density,
and declined steeply when the extracellular space became less than 4 µm. The analysis of ADC values
after destruction of the cellular membrane by sonication indicated that approximately 65ｵ of the ADC
values of normal cells originate from the cell structures made of membranes and that the remaining
35ｵ originate from intracellular components. Microparticles, deﬁned as particles smaller than the
normal cells, increased in number after rituximab treatments, migrated to the extracellular space and
signiﬁcantly decreased the ADC values of bio-phantoms during apoptosis. An
study using biophantoms was conducted to quantitatively clarify the roles of cellular factors and of extracellular
space in determining the ADC values yielded by tumor cells and the mechanism by which apoptosis
changes those values.
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iﬀusion-weighted (DW) imaging of MRI is a
useful method for the diagnosis and post-treatment follow-up of tumors [1, 2]. DW imaging enables
us to measure the apparent diﬀusion coeﬃcient
(ADC). It is well known that ADC values are lower in
tumor tissues and increase after treatment [1, 2].
The ADC values have frequently been used as indicators of the diﬀusion of water molecules [3]. The
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presence of barriers with various biophysical properties may aﬀect water diﬀusivity by hindering Brownian
motion. These barriers consist of small intracellular
compartments and cell membranes that divide intracellular from extracellular spaces. Moreover, biophysical components, speciﬁcally sodium ions, ATPs,
lactates, and -acetyl aspartate, also aﬀect the diﬀusion of water molecules [4, 5].
To investigate the ADC values of intra- and extracellular spaces, we previously developed new biophantoms [6] containing gellan gum and living tumor
cells, which enable us to place cells uniformly at
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arbitrary cell densities in bio-phantoms. Gellan gum
does not aﬀect the ADC values of cells being used in
bio-phantoms [6], and it has no cytotoxicity [7]. In
addition, as cells are enclosed within bio-phantoms at
room temperature, cells were not damaged by heat
during the production of the bio-phantoms. Using
these bio-phantoms, we clariﬁed that the extracellular
space plays an important role in determining the ADC
values of bio-phantoms [6]. To what degree, however,
remains to be answered.
studies have suggested that the factors
visualized by DW imaging in tumor tissues include cell
density [8, 9], extracellular spaces [10, 11], intracellular factors such as intracellular components and
cell membrane structures [12, 13], and blood ﬂow in
the capillary vessels [14]. Because most of these
factors were identiﬁed by a comparison between
ADC values and histological ﬁndings of human [9‑12,
15] and animal [8, 13, 14, 16] tissues, it has been
diﬃcult to clarify the degree to which each factor
contributes to the ADC values. In our
study,
we analyzed the factors aﬀecting ADC values using
bio-phantoms, with a particular focus on the roles of
cell density, extracellular spaces, and intracellular
factors. In addition, by means of the destruction of
the cell membrane using sonication, the roles of
extracellular space and intracellular factors were
analyzed.
It has been reported recently that apoptosis occurring due to chemotherapeutic drugs and radiation
changed the
ADC values of animal tumors
[17‑19]. Although several mechanisms underlying the
changes in ADC have been posited, including dilatation of the extracellular spaces and the decrease in cell
density due to cell shrinkage and cell death, it has not
been possible to identify the crucial factors among
them. In this
study, the molecularly targeted
drug rituximab, which is an anti-CD20 antibody for
lymphoma [20], was used to induce apoptosis of
Ramos cells [21], a CD20-positive human Burkittｾs
lymphoma cell line. The alteration of ADC values
during apoptosis and the mechanisms underlying the
alteration were then investigated.

Materials and Methods
Ramos cells, a CD20positive Burkittｾs lymphoma cell line, were kindly
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provided by the RIKEN Cell Bank (Ibaraki, Japan)
and used for the present study. The cells were cultured in RPMI 1640 medium (Gibco, Grand Island,
NY, USA) supplemented with 10ｵ fetal bovine
serum (Filtron PTY, Brooklyn, Australia) and 1ｵ
penicillin-streptomycin-neomycin (Gibco). Cells were
cultured in an incubator with 5ｵ CO2 plus 95ｵ air at
37℃. The rotational culture was performed using
spinner ﬂasks on a magnetic stir plate set to 10 or 15
rpm in an incubator (Fig. 1A).
Cells with diameters
larger than 8 m were counted by an electric cell
counter (Coulter Electronics, Luton, UK) before
each treatment. The cell density was calculated based
on the cell count. The center-to-center distance (2r)
between cells was calculated by applying the Kepler
conjecture [22]. The Kepler conjecture is a about in
three-dimensional Euclidean space. It says that no
arrangement of equally sized spheres ﬁlling space has
a greater average density than that of the cubic closepacking (face-centered cubic) and hexagonal closepacking arrangements. The density of these arrangements is slightly greater than 74ｵ. We assumed that
74ｵ of the volume of a bio-phantom is a cellular volume when the cell density is maximal. We assumed
that the cellular volume is shown by 4/3 πr3 and calculated r. Then the center-to-center distance (2r) of
cells is given by the formula 2r=1.12 ρ−1/3, where ρ
indicates the cell density.
The cells were seeded into a spinner
ﬂask containing 250mL medium. After 6 days, rituximab (Chugai Pharmaceutical, Tokyo, Japan) was
added into spinner ﬂasks in which cell density was 5.0
−9.0 × 105/mL and the cells were cultured in medium
with 10 g/mL rituximab at 37℃ for 24h. Then the
cells were encapsulated in a microcuvette to make biophantoms from the cell pellets as described below.
The Ramos cells that were not treated and that were
treated by sonication to destruct the cell membranes
were encapsulated into bio-phantoms (Fig. 1B, C)
according to a previously reported method [6]. In
brief, the medium containing the cells was concentrated to about 2mL and then moved into the microcuvette. The medium in the cuvette was centrifuged at,
1500rpm for 5min and the supernatant was removed
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Fig. 1
The phantoms and methods used in this study. (A) Rotational culture using a spinner ﬂask in the incubator. (B) Front image of
a bio-phantom including tumor cells. (C) Lateral image of a bio-phantom. (D) A phantom container of bio-phantoms. (E) MR imaging of
bio-phantoms using a 1.5T MRI system. (F) ADC map of bio-phantoms that were prepared at 1.0 × 109/mL (left), 5.0 × 108/mL (middle),
3.5 × 107/mL (right).

to make cell pellets in which cell density was between
1.1×109/mL and 1.3×109/mL. The cell pellets were
then diluted by 0. 5 w/wｵ gellan gum, which had been
dissolved in distilled water and highly concentrated
(× 10) phosphate-buﬀered saline (PBS), to yield a
ﬁnal concentration of 0.25 w/wｵ gellan gum in isotonic (× 1) PBS. Cells were encapsulated in biophantoms containing gellan gum so as to achieve a ﬁnal
cell density between 3.0 × 107/mL and 8.0 × 108/mL.
To make bio-phantoms in which cell density was
between 1.1× 109/mL and 1.3× 109/mL, the cell pellets themselves were used as bio-phantoms without
using gellan gum. Similarly, to make bio-phantoms
using rituximab-treated cells, the cell pellets themselves were used as bio-phantoms without using gellan
gum.
The bright-ﬁeld images of
cells were observed by phase-contrast ﬂuorescent
microscopy (Olympus, Tokyo, Japan) [23]. Images
of 100 cells were analyzed using the image processing
software Image-J (National Institutes of Health,
Bethesda, MD, USA). The cell diameters were
measured with bright-ﬁeld images in order to calculate
the mean ± standard deviation.
-

Cells were ﬁxed in 2ｵ glutaraldehyde and
2ｵ formaldehyde in PBS and then rinsed, dehydrated in an ethanol series (50‑100ｵ), and replaced
in t-butyl alcohol. After lyophilization, the specimens
were coated with osmium metal. Finally, the specimens were observed by a scanning electron microscope (S‑4800, Hitachi High Technologies, Tokyo,
Japan) at the Central Research Laboratory, Okayama
University Medical School.
Cells were ﬁxed in 2.5ｵ glutaraldehyde,
then rinsed with PBS, post-ﬁxed in osmium tetroxide,
and rinsed again with PBS. The specimens were then
dehydrated in an ethanol series (50‑100ｵ), treated
with propylene oxide, and embedded in epoxy resin.
Thin sections were stained with uranyl acetate and
lead citrate, and were observed by a transmission
electron microscope (H‑7650, Hitachi High
Technologies) at the same laboratory.
The double-staining method using enhanced green ﬂuorescent proteinlabeled Annexin V (AV), and propidium iodide (PI)
was used to estimate the number of cells undergoing
apoptosis and necrosis as described previously [23].
Brieﬂy, 3 × 105 cells were stained with AV using an
Annexin V-EGFP Apoptosis Detection kit (Becton
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Dickinson, San Diego, CA, USA) and 0.2 nM PI
(Sigma, St. Louis, MO, USA). After staining, the
cells were incubated in 5mM CaCl2 for 15min at
37℃ in the dark. The stained cells were analyzed
with a FACSCalibur ﬂow cytometer (Becton Dickinson)
and Cell Quest software (Becton Dickinson) at the
same laboratory. The ﬂuorescence of AV and that of
PI were measured through 550nm and 690nm ﬁlters,
respectively, after 488nm ﬂuorescence emission. The
ratio of positive cells was determined by the evaluation criteria using negative and positive controls. The
particles were analyzed by measuring their relative
diameter using the degree of forward scatter. We
deﬁned particles smaller than normal cells as microparticles. The percentage of microparticles among
total particles (1,000particles) was calculated. For
particle analysis, 10 L cell pellets in bio-phantoms
were taken from the upper and lower parts of the biophantoms and were diluted by 10mL of PBS in order
to calculate the precise mean percentage of microparticles for each bio-phantom. These analyses were
performed using Summit software (Becton Dickinson).
The phantoms were placed
into a phantom container (Fig. 1D), which was ﬁlled
with PBS and then heated to 37℃ using a water bath.
The container and a heat-retention gel material were
put into a homemade case of styrene foam to keep the
phantom temperature at 36.5 ± 0.5℃
℃ during MR imaging. MR images of the container were taken by a head
coil with a 1.5-tesla MRI device (Achieva, Philips
Electronics Japan, Tokyo, Japan) as shown in Fig. 1E.
Triaxial DW images were taken orthogonally with
motion-probing gradients applied in the x, y, z directions by a multi-shot echo planar imaging sequence.
The number of shots was set to 9. The scan parameters were set as follows: repetition time=2000ms;
echo time=100ms; ﬁeld of view (FOV)=100 × 100mm;
matrix=256 × 256; b values=0, 250, and 500s/mm2;
thickness=5mm; the time interval between the onset
of diﬀusion-gradient pulses (∆)=30.0ms; the diﬀusion
gradient pulse duration (δ)=17.4ms; the eﬀective
diﬀusion time (∆‑δ/3)=24.2ms; and the diﬀusion
gradient pulse (G)=0 to 30.9mT/m.
The isotropic
DW image for each b value was created from triaxial
DW images by calculating the root-mean-square of the
logarithms of signals at each pixel. The ADC value
was determined for each pixel on isotropic DW images
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by calculating the change rates of the signals of isotropic DW images against the b values using the leastsquares methods. The ADC map was made using the
ADC value of each pixel on the isotropic DW images
(Fig. 1F). The ADC values of the bio-phantoms were
calculated from the square region of interest on the
ADC map using Image-J software.

Results
The ADC values of normal cells decreased as cell
density increased (Fig. 2A). The destruction of the
cell membranes by sonication increased the ADC values compared with normal cells, and the ADC values
decreased linearly according to the increase in cell
density (Fig. 2A). The ADC values of bio-phantoms
were reduced according to the decrease in the centerto-center distance of cells (Fig. 2B). When the cell
density was within the range between 3.0 × 107/mL
and 4.5 × 108/mL, a range in which the center-tocenter distance between cells was large, the ADC
values of normal cells were reduced linearly according
to the increase in cell density. When the cell density
increased in the range between 5.5 × 108/mL and 1.3
× 109/mL, the range in which the center-to-center
distance decreased to less than 15 m, the ADC values
of normal cells declined steeply and with a sweeping
form. The reduction rate of the ADC values of sonicated cells as a function of cell density was −4.84 ×
10−13 mL mm2/s, which was about one third of that for
normal cells, −1.39 × 10−12 mL mm2/s (Fig. 2A).
Cell
size and shape were studied from light microscope
images (Fig. 3A, B), and the diameter of Ramos cells
was determined to be 11.6 ± 1.1 m. Sonication
destroyed the membrane structures, including the cell
membranes, and normal cells did not remain (Fig.
3C). The SEM observation revealed increased numbers of rituximab-treated cells in budding (Fig. 3E)
on the cell surfaces as well as increased numbers of
microparticles (Fig. 3F) as apoptotic bodies in the
extracellular spaces compared to normal cells (Fig.
3D). The TEM observation also revealed budding on
the surfaces of the rituximab-treated cells compared
with normal cells (Fig. 3G). The budding bulged from
the cell surface, and the density inside the budding
was similar to that of the cytoplasm. The density
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Fig. 2
ADC values of bio-phantoms including cells and the center-to-center distances between cells in bio-phantoms. (A) The relationships between ADC values and cell densities of bio-phantoms. The symbol ( ) shows normal cells and the straight black line is the
regression line obtained from the dates of cell density within the range between 3.0 × 107/mL and 4.5 × 108/mL. The symbol (⃝) shows
sonicated cells and the dashed black line is the regression line. (B) The relationships between center-to-center distances and cell densities of bio-phantoms.
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Fig. 3
The changes in cell morphology in response to sonication and rituximab treatment. (A‑C) Light microscopic observation of
cells. (D‑F) Scanning electron microscopic observation of cells. (G‑I) Transmission electron microscopic observation of cells. (A), (D),
and (G) Normal cells. (B), (E), and (H) Apoptotic cells treated with rituximab. (C) Sonicated cells. (F) and (I) The microparticles
appeared after rituximab treatment.
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inside the microparticles (Fig. 3I) was also similar to
that of the cytoplasm.
The ﬂow cytometric analysis of the double staining with AV and PI
showed a 7ｵ increase in apoptotic cells in the early
stage after rituximab treatment, as indicated by staining with AV alone and not by PI. Cells stained by both
AV and PI increased 18ｵ. Microparticle analysis
revealed that a larger number of microparticles
existed in bio-phantoms after rituximab treatment
compared to the number in the bio-phantoms of normal
cells (Fig. 4).
After the cells were
treated with rituximab, the cell density of the spinner
ﬂask was between 0.7 − 1.1 × 106/mL. The cells were
centrifuged into cell pellets, and the maximum cell
density was 4.0 − 4.5 × 108/mL (Table 1), whereas the
maximum density of normal cells was 1.1 − 1.3 × 109/

Microparticles (%)
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Fig. 4
The rate of microparticle appearance rate. The vertical
axis indicates the percentage of microparticles in bio-phantoms.
The control is the percentage in the bio-phantom of normal cells.
RTX is the percentage in the bio-phantom of cells treated by rituximab.

Table 1
rituximab

ADC values and cell density of bio-phantoms treated by

Phantom

ADC ( × 10−3 mm2/s)

Cell density ( × 109/mL)

#1
#2
#3
#4

0.96
0.95
0.90
0.83

0.44
0.40
0.42
0.45

Mean ± standard deviation

0.91 ± 0.06

0.43 ± 0.02

mL. After centrifugation in the bio-phantom, the ADC
value of the bio-phantom without gellan gum was 0.91
± 0.06 × 10−3 mm2/s (Table 1), which was signiﬁcantly lower than that of normal cells (Fig. 2A), the
density of which was the same as that of treated cells.

Discussion
We measured the ADC values of bio-phantoms in
which gellan gum was used to change cell density and
distribute cells with uniform extracellular spaces. In
a previous
study [24], extracellular spaces
were not uniform and could not be clalculated exactly,
because swelling and shrinking cells had varying radii.
In other
studies [25, 26], the precise extracellular spaces were also not calculated. In most of
these
reports, the ADC measurements were
not done at a physiological temperature, 37℃. Under
these experimental conditions, the obtained ADC
values might be low compared to those in clinical situations, in which cells exist at about 37℃. The ADC
measurements at low temperature might make it diﬃcult to distinguish between the free diﬀusion at extracellular space and the restricted diﬀusion at intracellular space using low b values.
The ADC values of bio-phantoms were closely
related to the cell density. The ADC values of normal
cells were determined simply by cell density and were
not inﬂuenced by the amount of extracellular space
when the cell density was within the range between
3.0 × 107/mL and 4.5 × 108/mL. When the cell density increased to between 5.5 × 108/mL and 1.3 ×
109/mL, the range in which the distance between cells
became less than 4 m, the ADC values decreased
remarkably because the average diameter of Ramos
cells was 11.6 m. We consider that the restriction of
water diﬀusion at the extracellular space signiﬁcantly
aﬀected the ADC values of bio-phantoms in this narrow extracellular space of less than 4 m. In previous
reports [8, 9, 15] of the measurement of
ADC
values and in the comparison between the ADC values
and histological ﬁndings, it was diﬃcult to determine
that the decrease in ADC values was due simply to the
increase in cell density and to evaluate the degree to
which the amount of extracellular space aﬀected these
values.
Our study clariﬁed that the destruction of the cell
membrane by sonication increased ADC values.
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Several
studies [8, 12, 13] have clariﬁed that
the destruction of the cell membrane, which acts as a
barrier against the diﬀusion of water molecules
increases the ADC values of cells through necrosis.
The ADC values of sonicated cells decreased linearly
with the increase in cell density even in the range of
high cell density. This means that sonication eliminated the restriction of water diﬀusion due to intracellular membrane structures and narrow extracellular
spaces. The decrease in ADC values in normal cells
was a result of the presence of intracellular components and structures. On the other hand, the decrease
in those values in sonicated cells was yielded by intracellular components alone, because of the destruction
of cell membranes. The slopes of the decreases in the
ADC values of normal cells and sonicated cells were
in the ratio of 1 to 0.35. It suggests that approximately 65ｵ of the ADC values of cells originated
from the cell membrane structure and 35ｵ originated
from intracellular components.
Rituximab is a molecularly targeted drug and antiCD20 antibody that induces apoptosis [20, 21].
When apoptosis occurred, budding on the cell surfaces
and microparticles in the extracellular spaces among
cells appeared and the maximum cell density of the
bio-phantom decreased. The ADC values of the biophantoms including apoptotic cells were signiﬁcantly
decreased compared to those of normal cells, which
had a cell density identical to that of apoptotic cells.
This suggests that microparticles enter the extracellular spaces and might restrict the water diﬀusion
therein. This
report revealed that apoptotic
bodies might play an important role as barriers against
water diﬀusion in extracellular spaces. Wendland
. [27] reported that apoptosis occurred due to the
hypoxic injury of brain tissues and was decreased in
ADC values, although the mechanisms underlying
these actions were not identiﬁed. This decrease in
ADC values during apoptosis might be caused by the
blocking of water diﬀusion into the extracellular
spaces by apoptotic bodies. On the other hand, some
reports [17‑19] have indicated that the
ADC
values of tumors increased when apoptosis occurred.
Those reports suggested that cell shrinkage and a
decrease in cell density were the mechanisms by which
ADC values increased during apoptosis. Apoptotic
cells usually appear in part of the tissue
. Then
shrinkage and budding occur and the cells are removed
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by phagocytes. The
apoptotic process observed
in the present study might not be identical to the
apoptotic process. Therefore, our results might
have a limited ability to explain the entire mechanisms
of the alteration of ADC values during apoptosis in the
clinic.
Various factors [8‑19] are known to aﬀect intricately the
ADC values of tissues. Our methods,
using bio-phantoms made of gellan gum, could make it
possible to examine each individual eﬀect of these
factors, such as intracellular components, membrane
structures, cell density, and extracellular space, on
the change in ADC values. In our bio-phantom study,
ADC values decreased according as cell density
increased and, when the extracellular space became
less than 4 m, the ADC values decreased suddenly by
restricted diﬀusion. The bio-phantom allows us to
analyze the impact of extracellular spaces on ADC
values. We compared normal cells with sonicated cells
and clariﬁed the ratio of cell membrane structure to
intracellular components for creating ADC values.
Finally, microparticles from apoptotic cells migrated
to the extracellular space and restricted the water
diﬀusibility. To explain the complete mechanisms
underlying the alteration of
ADC values in
tumor tissues, we should continue to analyze other
factors that aﬀect ADC values separately, as well as
to interpret their impact in combination.
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