
 

Abstract

 

. Cell spheroids have been proposed as models of
early tumor growth from which a better understanding of tumor
cell heterogeneity and its effects on treatment response might
be gained. Results of experiments performed to understand the
underlying dynamics of cell growth within a spheroid formed
by SNB19, a high-grade glioblastoma cell line, are presented.
We discuss the spatiotemporal distribution of the cells and their
cell cycle status based on physical measurements, immuno-
histochemistry, and flow cytometry analysis. The size of the
spheroids and their growth rates were dependent on the initial
cell number, the proliferation was mostly limited to the
outermost region as the spheroids grew in size, and the
number of dead cells increased with age and size as well.
Interestingly, though the population of the proliferating cells
became localized to the outer rim as spheroids grew, the
fraction of proliferating cells did not change drastically.
Also, our data reveal that the calculated density varied with
respect to age of the spheroid as well as position within the
spheroid. We show that a simple exponential model is not
adequate for modelling the growth characteristics that have
been seen by these experiments. In contradiction to available
studies, we report that an acellular (necrotic) center
appeared and then disappeared during the period of
investigation. Furthermore, after the acellular region
disappeared, a few proliferative cells appeared in the center
area, raising many questions about the growth-related
dynamics of the spheroids formed by this particular cell
type.

Introduction

Treatment of tumors is highly complicated because of the
heterogeneity in the cell populations. The diverse response

of the tumors to therapeutic agents is attributed to the
development of resistant cells and capability of the tumor
cells to shift between quiescent and proliferating states (1,2).
Treatment modalities can be improved only if the growth of
these cells is understood, and this is only possible if we have
an 

 

in vitro system that mimics the in vivo situation. Spheroids,
which can be considered multi-cellular model systems of
tissues that are grown with no artificial substrate for cell
attachment (3), have been proposed as a model for tumor
cell heterogeneity. Spheroids are known to mimic the growth
characteristics of tumors (3) and to develop gradients in
proliferation with increasing size (4). Studies by Landry et al
(5) have shown that the regrowth kinetics of cells derived
from different regions of multi-cellular spheroids are indeed
different. Spheroids provide a system for study of the pre-
vascular phase of tumor growth in the absence of tumor-host
interactions and for investigating the regulation of growth by
three-dimensional cell-cell interactions.

Along with biological experiments to understand the growth
dynamics of these spheroids, there have been many attempts
to seek a mathematical interpretation of this complex, dynamic
system. Many mathematical models have been proposed during
the last few decades, ranging from simple Gompertzian models
to more extensive, and hence complex, models. These complex
models incorporated biological phenomena such as the
limitation of proliferation to the outer edge of the spheroid
(constant crust models), the emergence and the influence of a
necrotic center (inhibitory factors), the availability and
transport of nutrients, changing growth status of the cells,
and even the possibility of cell migration. Refs. 6-12 detail a
few such studies.

Spheroids have been used as in vitro experimental models
also to study other effects. For example, spheroids have been
used to study radiation effects, tumor invasion, and the effects
of antisense gene transfer on tumor invasion; some recent refs.
are 13-18.

The previous experiments and their models were based on
one property of the spheroids, for example, the cell count or
the radius with respect to time. None of them had examined
how the cells within the spheroids behaved with respect to
space and time. A good mathematical model of spheroid
growth, however, requires that it accounts for changes in
spheroid volume, cell count, distribution of cells within the
volume, and the proliferative status of the cells. All of these
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properties influence the end point results of experimental
manipulations of spheroids aimed at understanding tumor
growth and invasion. In this study we report the results of
experiments that reveal the different dynamics of a glio-
blastoma spheroid, including all the parameters discussed
above.

We conducted experiments on spheroids that were
established by a glioblastoma cell line, SNB19, for a duration
of 4-5 weeks. Our long-term goal is to derive comprehensive
mathematical models that exhibit the spatiotemporal behavior
of tumor spheroids. Such models could be used as valuable
tools in designing further experiments.

Materials and methods

Spheroid culturing. SNB19 glioblastoma cells were cultured
at 37˚C in a 5% carbon dioxide atmosphere in DMEM/F12
medium supplemented with 10% fetal bovine serum. Spheroids
were initiated by inoculating 2x106 cells, unless indicated
differently, of SNB19 glioblastoma cells in 100-mm dishes
containing DMEM/F12 high glucose medium containing
10% fetal bovine serum (FBS) on top of an underlay of
0.75% agar. After 4 days the spheroids were removed, and
individual spheroids were placed in a 24-well plate coated
with 0.75% agar. The medium was replenished once every
other day.

Volume analysis. The size of each spheroid was determined
by measuring 2 orthogonal diameters (d1 and d2) on each of 

the spheroids using an inverted microscope fitted with a
calibrated eye piece reticule. The volume (V) was calculated

Cell counts. Single spheroids were removed, washed with
phosphate-buffered saline (PBS), and trypsinized using 0.25%
trypsin for 30 min at 37˚C. The trypsin action was stopped by
the addition of an equal volume of medium with 10% FBS.
The cells were centrifuged and stained with 0.2% trypan blue.
The number of live (trypan blue excluding) and dead cells
were counted using a hemacytometer under a light micro-
scope.

Flow cytometric analysis. The spheroids were washed with
PBS, trypsinized with 0.25% trypsin, and incubated at 37˚C
for 30 min. An aliquot containing 0.5x106 cells of each group
was pelleted by centrifugation (1200 x g, 5 min), resuspended
in PBS, and fixed in 70% ethanol at 4˚C overnight. Fixed cell
samples were washed twice with PBS and then resuspended
in PBS-Tween containing 50 µg/ml propidium iodide and
100 µg/ml RNase Type I. Stained samples were analyzed for
cell cycle phase distribution on a Coulter EPICS XL AB6064
flow cytometer (Beckman Coulter, Fullerton, CA).

Histologic preparation. The spheroids were fixed in 10%
formalin and incubated first at 4˚C overnight and then at room
temperature for 2-3 days. The material was then embedded in
paraffin and sectioned at 5 µm thickness. The sections were
stained with hematoxylin and eosin.

MIB-1 immunostaining. Immunohistochemical staining for
the MIB-1 antigen was performed using the MIB-1 antibody
and the avidin-biotin complex method. Parafffin-embedded
tissue sections were deparaffinized and dehydrated. High
temperature antigen retrieval was performed in 10 mM sodium
citrate, pH 6.0, for 20 min. The slides remained in this solution
for 30 min to cool. After a PBS rinse, tissue sections were
treated with 0.3% hydrogen peroxide in methanol for 30 min
to block endogenous peroxides and then washed in PBS. The
slides were transferred to a humid chamber and blocked with
normal horse serum in PBS containing 1% bovine serum
albumin for 30 min at room temperature. After the overnight
incubation with primary antibody at 4˚C, the slides were
allowed to warm at room temperature, rinsed in PBS, and
placed in antimouse biotinylated antibody for 1 h at 37˚C. After
another rinse in PBS, the avidin-biotin complex was applied
for 1 h at 37˚C. The slides were developed with 3-amino-9
ethylcarbazole (AEC) and checked under a microscope for
adequate color development. The slides were cover slipped
with a water-miscible mounting medium after counterstaining
with Mayer's hematoxylin.

Optical measurements. Sections of hematoxylin and AEC-
stained spheroids were analyzed using the methods described
earlier (19). Basically the method consists of the following
three steps: i) image acquisition. A Leica DMLB microscope
(Leica Microsystems Inc., Deerfield, IL, USA) was equipped
with a CCD camera (Hamamatsu, Bridgewater, NJ, USA),
interfaced with an IBM computer (International Business
Machines Corporation, Armonk, NY, USA) equipped with a
Matrox Meteor digitizer board (Matrox Electronic Systems
Ltd., Dorval, Quebec, Canada). Light and camera settings
were standardized, resulting in average background values of
20±5 (mean ± standard deviation; scale 0-255 from white to
black) for the red, green and blue channels. Linearity of the
image acquisition setup was tested using a stepped neutral
density filter. This was found to be linear with light intensity
for all three colors within 2%, over the whole dynamic range
of the camera (correlation coefficients of the OD with grayscale
values for red, green and blue: R >0.996; R2 >0.993). The
images were captured with a x20 objective lens.

ii) Image processing. The 24-bit RGB images were trans-
ferred to a Macintosh G4 (Apple Computer, Cupertino, CA,
USA) and processed and analyzed using NIH image version
1.62, developed at the National Institutes of Health (NIH) and
available on the Internet from rsb.info.nih.gov/nih-image.
Custom macros were written for background correction
and transformation from intensity to optical density (OD),
to determine the colorvectors for the different stains, for
calculation of the color deconvolution matrix, and for the
actual color deconvolution of the images. The stored image
of an empty field was used for determination of the light
entering at each pixel, implicitly correcting for unequal
illumination by background subtraction.

iii) Image analysis. The original and OD images were used
to generate image masks for determination of overall spheroid
area, hematoxylin-positive area, and AEC-positive area.
Thresholding of positive and negative areas was performed
using minimum error rate classification of foreground and
background signal using custom macros. The areas positive
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d1 • d2according to the formula: V = 4/3πr3, where

the geometric mean radius.

1
r = ––

2



for each stain were measured, and the data were analyzed
using standard statistical methods.

Results

Experiment i). Effects of the initial volume on time-dependent
volume growth. The volume growth of six spheroids with
starting diameters ranging from 380 to 750 µm (spheroids a-f
with increasing starting diameter) was studied by measuring
the diameter of each, every week for 5 weeks. The size of
these spheroids was measured as explained in Materials and
methods. The trend of each spheroid's growth was similar for
5 weeks (Fig. 1A). The volume vs. time plot during this time
period revealed an approximate exponential growth pattern
for every spheroid. In Fig. 1B, the mean volume of these six
spheroids with respect to time is presented. Assuming a
simple exponential model for the time-dependent volume,

V(t), i.e., V(t) = V(0) e

 

·t where t is the time and · is the
exponential growth rate of each spheroid, we investigated the
dependency of the initial volume V(0) by plotting ln[V(t)] vs. t.
As shown by Fig. 1C, the exponential growth rate of each
spheroid decreased (the slope of each straight line) with
higher initial volume. The starting age of all of these spheroids
of different initial volumes was the same.

Experiment ii). Effects of plating different initial cell numbers.
Cell numbers ranging from 1x104 to 5x104 cells per well
were plated on a 24-well plate coated with 0.75% agar. After
1 week, the diameter of the two largest spheroids formed in
each well was measured. Each of these spheroids was
trypsinized separately, and the number of dead and live
(trypan blue excluding) cells were counted. The volume, the
total cell count, and the number of dead cells of these
spheroids were directly proportional to the number of cells
initially seeded onto the agarose dishes (Fig. 2) (these results
are the averages of two spheroids at each plating number).

For the next experiments, spheroids of almost equal size
(around 450 µm in diameter), seeded with a constant cell
count, were selected and grown in two 24-well plates. Total
cell count, number of dead cells (using trypan blue), volume,
DNA analysis, and histological studies were performed weekly
on a subpopulation of spheroids (five or six) taken from the
plates.

Experiment iii). Total cell count, number of dead cells, and
volume change with respect to time. Six spheroids were
selected every week for a period of 4 weeks to study the
volume and cell count changes over time. Diameter
measurement and cell counts were done for individual
spheroids. The average volume and total cell count showed
an exponential growth pattern with respect to time (Fig. 3). 

Experiment iv). Cell cycle analysis with respect to time. The
percentages of cells in different cell cycle phases with respect
to time were determined by flow cytometeric analysis (Fig. 4).
With time, the percentage of S+ G2/M-phase cells, the
proliferative percentage, decreased slightly. The percentage of
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Figure 1. (A), The volume of each spheroid with respect to time. Each
spheroid had a different initial volume at day 5. (B), Mean volume of the
spheroids of (A) with respect to time (error bars, range of values). (C), The
volume on a log scale versus time to investigate the exponential growth rate
of the same spheroids that are depicted by (A).

A

B

C

Figure 2. Average live, dead and the total cell numbers and the volume of one
week-old spheroids that were formed from differrent plating numbers.



G1/G0-phase cells increased very slowly until week 3 and
then drastically decreased at week 4.

Experiment v). Light microscopy, spheroid organization with
respect to time. The appearance of the spheroids was different
under a phase contrast microscope at different weeks. During
the first week the cells in the spheroid were less organized,
with respect to space, than in the third and fourth weeks. At
week 3, the spheroid had a visible, large acellular region that
faintly stained with eosin (Fig. 5, first row).

Experiment vi). MIB-1 immunostaining, location of the
proliferating cells. This study was undertaken to determine
the area of proliferation in the spheroid sections studied in
the previous experiment. The MIB-1 mAb labels nuclei in
cycling cells. Labeled nuclei were easily identified by visual
inspection. During the first 2 weeks of spheroid growth the
sections showed more widespread positivity to MIB-1, but
during the third and fourth week the staining with MIB-1 was
seen more in the outer rim of the spheroid (Fig. 5, second
row).

Experiment vii). Distribution of cells within the spheroid. The
distribution of MIB-1-positive and -negative cells relative to
position in the spheroids was studied using sections obtained
from these spheroids at different ages. In Fig. 6 we present
the cell density of the center area of half the radius and the
outer half-radius rim as revealed by hematoxylin (Hem) and
ethylcarbazole (AEC) staining. Cell density was estimated by
the relative area occupied by the nuclei. The central-area
nuclear density (Hem stain) increased up to a spheroid age of
3 weeks and then decreased. The density in the rim-area was
similar, but slightly lower than in the center at all times
(Table I). However, the MIB-1 staining (AEC) result was
different: the staining seemed to drop after 2 weeks in the
center as well as the rim, but more so in the center than in the
rim. Therefore, the proliferation in the center seemed to stop
after more than 2 weeks (Table II). After 2 weeks, the
proliferation in the rim also seemed to decrease, although
much less so than in the center, causing the proliferation to
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Figure 3. The average cell counts (live, dead and total) and volume of five
spheroids at each week.

Figure 4. The flow cytometry data of G1-phase and S- and G2/M-phase cell
fractions of five spheroids at each time point.

Figure 5. Representative samples of immunohistochemical staining for MIB-1
(row 1 and 2) and hematoxylin-eosin staining of 1-4 week-old spheroids.
Row 1, MIB-1 stained with AEC, counterstained with hematoxylin. Row 2,
AEC staining only as determined by color-deconvolution of the images of
row 1. Row 3, hematoxylin and eosin staining.

Figure 6. The relative areas stained with hematoxylin (all nuclei) and AEC
(MIB-1 positive nuclei) as calculated by image analysis. Data are the average
of 3-4 cross sections of spheroids at 1-4 weeks of age.

Table I. Relative area in the spheroid center and rim stained by
hematoxylin.
–––––––––––––––––––––––––––––––––––––––––––––––––
Age (weeks) Center Rim Center/Rim
–––––––––––––––––––––––––––––––––––––––––––––––––

1 0.67±0.11 0.62±0.08 1.09±0.16

2 0.81±0.03 0.76±0.04 1.04±0.03

3 0.85±0.03 0.78±0.05 1.14±0.02

4 0.51±0.11 0.45±0.08 1.14±0.07
–––––––––––––––––––––––––––––––––––––––––––––––––



be 10 times higher in the rim than in the center at 4 weeks
(Table III).

Discussion

Spheroids grown from an established glioma cell line were
used to create different microenvironments within an identical
cell population. This system is thought to simulate a situation
found in underperfused solid tumors where different micro-
environments develop as a result of increasing distances from
the nourishing capillaries (3). The aim of our study was to
see how well spheroids of a clinically highly invasive tumor
cell line follow the growth patterns that are established for
spheroids of many other cell types and lines. Characteristics
of these growth patterns are: i) the volume growth becomes
saturated over time; ii) there exists a constant crust of
proliferative cells; and iii) the radius of the necrotic center
grows with time. As seen in our results, during this time
period of investigation, we did not observe a limiting spheroid
volume, nor an increasing necrotic central volume with
increasing time. Instead, we observed growth of the total
volume of the spheroid over time.

The reasons our spheroids did not show a limiting volume
growth could be twofold. First, the limits on volume reported
in other studies could have been due to depleted growth
medium; we replenished ours more often (every other day)
than usual. Second, our spheroids could be of an in vitro
slow-growing cell line compared to the others and we have
not continued our experiment long enough to observe such a
stabilizing effect. If these are slow-growing, we can assume
that these experiments were performed during the early growth
time period of these spheroids, before they reached plateau

phase. It is well documented in the literature that the early
growth phase of most of the spheroids is exponential. Our
data from experiments i) and iii) agree well with this concept.

In Fig. 7A we show the exponential fit [R(t) = R(0) e·t] for
the data of time-dependent radius from experiments i) and
iii). The best fit for these data are given by R(t) = 151 e(0.027850)t

and R(t) = 188 e(0.01862)t, respectively. The
volume growth of these spheroids can be formulated using
the radius growth given by the two equations above,
assuming the spheroids are
the two cases given by experiments i) and iii) is 8 and 12
days, respectively. If constant cell density is assumed, then
the cell doubling time will be the same as volume doubling
time. Under this assumption, we can conclude that these
spheroids are slow-growing spheroids compared to the
spheroids cited in the literature (for example see ref. 20).

Furthermore, these results also show that even for the same
batch of spheroids tested under similar conditions, the growth
rate · can vary. Hence, a simple exponential growth model as
we have used above may not be a sufficient mathematical
model.

However, the validity of assuming a constant density is
not justified by our data. For example, we can use data from
experiment ii) to calculate the cell density in a spheroid of
similar size that was used in experiment iii). The average
density for the week-old spheroid in the same diameter range
is 1.81 (±0.23) x104 cells/mm3. For comparison, we show in
Fig. 7B the cell counts from experiment iii), the calculated
cell counts using the mean density obtained above (mean
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Figure 7. (A), Exponential fits to the radius changes observed in experiments
i) and iii). (B), Estimated cell number per spheroid as a function of time
assuming constant cell density, compared with experimental data from
experiment iii).

Table II. Relative area stained positive in the spheroid center
and rim for MIB-1.
–––––––––––––––––––––––––––––––––––––––––––––––––
Age (weeks) Center Rim Center/Rim
–––––––––––––––––––––––––––––––––––––––––––––––––

1 0.15±0.06 0.18±0.07 0.83±0.08

2 0.16±0.10 0.21±0.14 0.70±0.02

3 0.01±0.01 0.10±0.01 0.16±0.07

4 0.01±0.01 0.06±0.03 0.12±0.06
–––––––––––––––––––––––––––––––––––––––––––––––––

Table III. Fraction of cycling cells in the spheroid center
and rim as determined from immunostaining (MIB-1/
hematoxylin).
–––––––––––––––––––––––––––––––––––––––––––––––––
Age (weeks) Center Rim Center/Rim
–––––––––––––––––––––––––––––––––––––––––––––––––

1 0.25±0.06 0.34±0.14 0.78±0.19

2 0.18±0.14 0.26±0.20 0.68±0.03

3 0.02±0.01 0.13±0.02 0.14±0.06

4 0.02±0.02 0.13±0.10 0.10±0.05
–––––––––––––––––––––––––––––––––––––––––––––––––

spherical. Then the volume doubling time, for

B

A

ln 2
TD(TD = ––––),

3·



density x volume), and the cell counts at the extreme values
of the density, the upper and the lower estimates based on the
standard deviation of the mean density. This implies that for a
long period of time, 4 weeks in this case, volume measurement
with the density measured at one time point (at week 1) is not
an appropriate method to estimate the total cell count. Hence,
the density is not a constant with respect to time. Also from
Fig. 6, it is very clear that the cell density is not a constant with
respect to time or position. Not the time dependent cell density,
total dissociated cell count/total volume for experiment iii)
nor the density approximation we obtained by counting the
nuclear area on the corresponding sections given by Table I
support a constant density. These results suggest cell re-
organization in these spheroids during this time period.
Furthermore, by both methods of calculating the density,
we saw a drop in the cell density at week 4, which implies a
reorganization of the glioblastoma cells within these spheroids.

As for the cell cycle status of the cells within the spheroid,
our results show a progressive decrease in the proliferative
fraction with increasing time. The growth of the spheroids
proceeded through various phases. At week 1 we observed
that the cells aggregated to initiate the spheroid (closer to a
spherical shape), followed by a second week of geometric
growth when diffusion of the nutrients is not limiting and
almost all the cells are dividing. At the third week, the
spheroids increased in size still more (well-formed spherical
shapes), with the proliferating area localized to the outer layer
and an inner annulus zone of non-proliferative, viable cells,
and an acellular inner center considered a necrotic center. By
the end of the fourth week, the size of the spheroids increased
but without a central core of necrosis. Expression of MIB-1
was diffuse throughout all the layers of the spheroid at week 1,
indicating an active proliferative state. But during the third
week, the MIB-1 was strongly expressed in the periphery of
the spheroid, suggesting it could be the most proliferative
compartment in our model. The low level of expression in the
center of the spheroid supports a conclusion of no proliferating
cells. In the fourth week, along with the disappearance of the
necrotic center, strong MIB-1 expression appeared in a very
small fraction of cells that occupied the center (data not
shown). These results suggest to us that other than the effects
due to the diffusion of the nutrients from the exterior some
other factors within the spheroid could regulate the growth
characteristics in these glioblastoma spheroids.

The spheroid growth models proposed by Freyer and
Sutherland (7) and by Freyer (4) assume that growth
regulation in spheroids is a competition between stimulatory
and inhibitory factors; the relative functions of these factors
changes with spheroid growth. Our results also emphasize
that the age of the spheroid affects the growth characteristics
of these spheroids. Thus it may be improper to interpret
results obtained with therapeutic agents restricted to one set
of spheriods that are at a fixed size as a general result. This is
a major concern, as a majority of the published reports are
based on spheriods of the same volume. In our studies we
have shown [experiments i) and ii)] how the variability in
initial size and plating number affect the growth dynamics of
these spheroids.

Also, irrespective of the starting volume of the spheriods,
the observed growth differences between the spheroids could

be due to the heterogeneity in the subpopulations of cycling
(proliferating) versus non-cycling (non-proliferating/quiescent)
cells.

We chose 35-day observation period based on the literature,
which generally found that spheroids reached plateau phase
in 8-25 days. The volumes of the spheroids that had different
initial volumes in experiment i), however, would approach a
single value (volume) at around day 41. This value can be
derived by extrapolating the graphs shown in Fig. 1C. Future
research on these types of spheroids should thus run beyond
41 days to observe the critical outcome.

In terms of modeling the growth of these spheroids, we
conclude that neither the volume growth nor the cell count of
spheroids of this type can be modeled by a simple exponential
formula. A proper simulation will have to incorporate spatio-
temporal changes, including those that have been reported
here. Hence, we need to model the growth of these spheroids
by more complex mathematical formulations. The simulation
of the volume growth of these spheroids by a Gompertzian
function is still to be investigated.

Results from these experiments suggest that some growth
properties of the tumor spheroids formed by SNB19 are
similar to those already known for other spheroids, e.g.,
volume growth and proliferative rim development. However,
the appearance and disappearance of the necrotic center and
the non-limiting volume growth for this length of time have
not been reported in other studies. It has been reported that
the activation of a poly(ADP-ribose) polymerase (PARP) is a
potential candidate for the regulation of necrosis in glio-
blastoma (21). It would be interesting to study the expression
of PARP in these glioblastoma spheroids at different weeks
of growth. In a previous study by Weiss (22) the cells nearer
to the necrotic cells showed a greater detachment than from
other areas of the tumor. This could be due to the release of
materials, for example, lysosomal enzymes, from the cells
during necrosis (23). Earlier reports have shown the induction
of growth factors in response to hypoxia in the central zone
(24). This implies that repopulation could be due to the
induction of growth factors at the zone of necrosis. Whether
these processes contribute to the disappearance of the acellular
region we observed is still to be investigated. We found the
acellular region to be repopulated with cells, and a few of
them were proliferative at week 4. Based only on these two
findings, it is difficult to conclude what type of a reorganization
took place for the acellular region to be repopulated. Whether
cells moved from the surrounding annulus region to the center
or whether the live cells in the annulus proliferated rapidly
during this time period to repopulate the center is a question.
Since we observed a reduction of the cell density in the center
from week 3 to 4, and most of the cells were live but not
proliferative at week 4, the latter concept is not well supported.

Our result, disappearance of an acellular region, could
be specific to this specific glioblastoma cell line. If so, we
are faced with many questions. Among them are, when do
spheroids of this type start showing a necrotic center? Does
the necrotic area disappear due to reorganization and if so,
when does this happen? Do the cells in the dormant (G0-
phase) rim move into the necrotic area? Will the necrotic
center reappear if the spheroid is kept growing for a few
more weeks? Therefore, further studies on these spheroids
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are needed to understand the different biological processes
that control the dynamics of the growth of these particular
spheroids. Such an understanding is crucial for developing a
reliable mathematical model for the growth of these tumor
spheroids. Furthermore, spheroid-based studies of the effects
of treatment could produce variable results based on the size
and age of the spheroid. So, an in depth understanding of the
growth of these spheroids is critical to our ability to produce
valid comparisons of chemotherapeutic agents and radio-
therapeutic regimens applied to spheroids.
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