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The biologic response of tissue exposed to radiation emitted by
internal radioactivity is often correlated with the mean absorbed
dose to a tissue element. However, studies show that even
when the macroscopic absorbed dose to the tissue element is
constant, the response of the cell population within the tissue
element can vary significantly, depending on the distribution of
radioactivity at the cellular and multicellular levels. These varia-
tions are believed to be the consequence of nonuniform distri-
butions of activity among the cells or subcellular compartments
that comprise the tissue element. Furthermore, the self-dose
received by a cell containing radioactivity can be more radiotoxic
than the cross-dose from neighboring cells. To study how the
nonuniformity of activity among cells can affect the dose response,
a 3-dimensional model of cells in a heterogeneous carbon
scaffold was used to assess response. Methods: A theoretic
model of a 3-dimensional cell culture was constructed, and
Monte Carlo radiation transport was performed to assess self-
and cross-doses for each cell nucleus in a population of 106

cells. On the basis of these individual doses and on empiric
models of radiation-induced cell death (i.e., reproductive fail-
ure), survival curves were simulated with different electron
energies and activity distributions among the cells. Results:
Nonuniformity of cell activities are responsible for nonuniformity
of the dose at the cellular level, which in turn causes a change in
the surviving fraction of the cell population from that expected
on the basis of uniform activity and dose. Conclusion: The
macroscopic dose received by a tissue cannot be used to
anticipate its biologic response. The dose distribution among
individual cells, because of both their nonuniform activity and
geometric environment, is an important factor in determining
biologic response of the tissue at the macroscopic level.
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There are many variables that dictate the overall bio-
logic response of tissues that contain radioactivity. Among
the variables are tissue radiosensitivity; distribution of ra-
dioactivity at the macroscopic (1,2) and multicellular (3–7),
cellular, and subcellular levels (8–10); relative biological
effectiveness of radiations emitted (e.g., a, b, Auger elec-
trons) (11); pharmacokinetics; dose rate (12); repair; oxygen
tension (13); and bystander effects (14–16). Considerable
progress has been made in correlating biologic response with
many of these variables (17). However, we still have only a
limited understanding of the correlation of biologic effects
with nonuniform dose distributions that result from nonuni-
form distribution of radioactivity at the cellular and subcel-
lular levels (7,18–23). Accordingly, when the distribution of
activity (or sources) is uniform at the macroscopic level but
nonuniform at the multicellular level, the mean absorbed
dose to a tissue element may not be a suitable quantity for
use in predicting biologic effects (20).

In previous work, it has been pointed out that improvement
in our capacity to predict the biologic effects of incorporated
radionuclides will require not only sophisticated theoretic
models but also robust experimental models that can generate
data to validate the theoretic approach (17). Considerable
effort has been devoted to developing paired theoretic and
experimental multicellular dose–response models, and these
efforts have led to improvements in our understanding and
modeling capabilities (7,18,24). Reports by Humm and Chin
(18) and Howell and Neti (24) describe 3-dimensional (3D)
experimental multicellular cluster models that afford precise
control over the cellular dosimetry variables (7,24). Recently,
our laboratory has devoted considerable efforts toward devel-
oping a new 3D tissue culture model that enables us to more
closely simulate human tissue invivo. Thismodel uses aCyto-
matrix carbon scaffold (Cell Sciences PTE), and it has been
used to study radiation-induced adaptive responses and
bystander effects elicited by nonuniform distributions of
radioactivity and concomitant quantification of targeted drug
delivery and biologic response in individual cells (25–27).

The purpose of our study is to develop a computer model
that represents this new 3D tissue culture model. Coupling

Received Jun. 7, 2010; revision accepted Dec. 29, 2010.
For correspondence or reprints contact: Roger W. Howell, Department of

Radiology, UMDNJ—New Jersey Medical School Cancer Center, F-1208,
205 S. Orange Ave., Newark, NJ 07103.
E-mail: rhowell@umdnj.edu
COPYRIGHT ª 2011 by the Society of Nuclear Medicine, Inc.

926 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 52 • No. 6 • June 2011

mailto:rhowell@umdnj.edu


a Monte Carlo transport code to this computer model
should further our understanding of the role played by each
independent variable on the biologic response of the tissue
by recording both the cellular self-dose (from radiation
emitted by radioactivity within the cell) and the cross-dose
(from radiation emitted by radioactivity in other cells). To
model the complex geometry of the Cytomatrix scaffold, a
representation of the scaffold with simple geometric shapes
is not feasible. Instead, a 3D CT image is used to provide a
faithful representation of the scaffold. Similar developments
were previously implemented for bone marrow dosimetry
(28,29). In these previous implementations, a sample of
human trabecular bone was harvested from a cadaver and
imaged at high resolution with either nuclear magnetic res-
onance or micro-CT. Image processing was then applied to
produce a smooth 3D model of the trabecular bone micro-
structure. This model was then coupled with a Monte Carlo
radiation transport code (30,31). In more advanced models,
several image datasets were combined to provide different
levels of complexity for the geometry (32). The present
work, for the first time to our knowledge, marries these bone
dosimetry methods to a multicellular approach to modeling
the surviving fraction of cells within a Cytomatrix scaffold
after exposure to nonuniform distributions of radioactivity.
The difference in dose response between the self- and cross-
doses is addressed (24).

MATERIALS AND METHODS

Overview
In brief, a 3D multicellular dosimetry model was created com-

prising a carbon scaffold, cell nuclei randomly distributed in the
pores of the scaffold, and medium that fills the remaining space
(representing a combination of the cytoplasm, cell membrane, and
extracellular matrix). Cellular radioactivity was restricted to the
nucleus. The relative activity in each cell was assigned according
to a lognormal probability distribution. The Monte Carlo transport
code EGSnrc (33) was then used to assess both the self-dose and
the cross-dose for each individual cell nucleus. These absorbed
doses provided the input data that were needed to calculate the
probability of survival for each individual cell and the overall
surviving fraction of the population of cells within the Cytomatrix
scaffold.

The present study focused on monoenergetic electrons emitted
upon decay of a hypothetical radionuclide. It has been shown that
inclusion of photons for a radionuclide that emits both electrons and
photons does not alter significantly the results, provided that the
volume of the cell population is small enough that the photon-
absorbed fraction is negligible in comparison to the electron-absorbed
fraction (34). Furthermore, the initial use of monoenergetic electrons
facilitates benchmarking of the computer model. Our objective was to
further our understanding of the interrelationship between electron
energy and activity distribution in terms of their effect on the surviv-
ing fraction of cells in a 3D multicellular model of heterogeneous
composition.

Micro-CT Model of Carbon Scaffold
The Cytomatrix scaffold was imaged under dry conditions, to

provide adequate contrast between ligaments and pores, using a

desktop cone-beam micro-CT scanner (Scanco Medical AG).
Cubic voxels with edge lengths of 6 mm were characterized by
spatial coordinates and a pixel intensity proportional to its average
radiographic absorption coefficient. To reduce noise, the image
dataset was median-filtered using a kernel size of 3 · 3 · 3 voxels.
After filtration, the threshold intensity to distinguish carbon from
air was determined using a gradient-magnitude technique (30).
Such binary segmentation provides a faithful representation of
volume fractions between the 2 media. However, because of the
jagged representation of the boundary between voxels, this seg-
mentation does not preserve the surface area of the interface
between the 2 media. This voxel effect has consequences for
dosimetric assessment using Monte Carlo transport and is espe-
cially important for low-energy electrons (35). At a 6-mm voxel
size, the effect is pronounced for electron energies below 20 keV
(e.g., for electrons emitted by 3H or 125I). To overcome this prob-
lem, a smoothing technique suitable for Monte Carlo transport
code was used (31). This technique facilitates representation of
the boundary between carbon and air with a smooth and continu-
ous surface that eliminates most of the voxel effects. Figure 1 is a
rendering of a micro-CT image of the Cytomatrix disk (diameter,
8.5 mm; thickness, 2 mm). Voxel analysis yields an average pore
diameter of approximately 0.7 mm, ligament diameter of approx-
imately 50–100 mm, and ligaments occupying 4.1% of the total
Cytomatrix scaffold. These parameters depend on the manufac-
turer’s average pore size, available in 10–100 pores per inch.

Construction of Cell Field within Cytomatrix Scaffold
For modeling the biologic environment, the air in the pores

of the scaffold image was computationally replaced with cells.
Cell nuclei were represented by spheres (diameter, 8 mm). The
assumption of spheric geometry yields self-doses within 15% of
those calculated with extreme elliptic geometry over the range
of electron energies considered here (8). The cytoplasm was
not explicitly modeled; rather, nuclei were randomly positioned
within the pores but were not allowed within 1 mm of the

FIGURE 1. Three-dimensional rendering of micro-CT image of
Cytomatrix carbon scaffold. Scaffold ligaments are green. Inset is

magnified light microscope image of human MDA-MB 231 luc-

DH3H1 breast cancer cells suspended in Matrigel (BD Biosciences)

and then cultured in Cytomatrix scaffold. Black regions within inset
correspond to carbon ligaments.
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ligaments, and nuclei were separated by at least 2 mm. With
these restrictions, 1.5 · 108 nuclei fit in the scaffold, with a
mean distance of 2.48 6 0.45 mm between neighboring nuclei
and a packing density of 16%. A 31% cell packing density and
mean distance of 0.48 6 0.45 mm between neighboring cells
is obtained if a 1-mm-thick cytoplasmic shell surrounds each
nucleus. Because our personal computer cluster cannot sup-
port computations with 108 cells, this study was limited to
106 cells in the central portion of the Cytomatrix device and
specifically a cylinder with a diameter of 1.322 mm and height
of 1.252 mm.

Distribution of Activity
The distribution of activity among the cells was assumed to

be uniform or lognormal. For the latter, each of the 106 cells
was assigned a relative activity using a lognormal probability
density function (PDF) normalized to unity (22). Lognormal
shape parameters (s 5 0.6, 1.0, and 2.0) were considered.
The PDF and cumulative probability function are shown in
Figure 2. The relative probability of a decay occurring in a
given cell is also given by the PDF. Thus, during a simulation,
cell nuclei were randomly selected for a decay based on prob-
abilities obtained from the lognormal PDF. Source particles
were generated arbitrarily in random nuclei, with activity uni-
formly distributed in individual nuclei.

Monte Carlo Radiation Transport
Radiation-absorbed doses to cell nuclei within the Cytomatrix

scaffold were assessed using the EGSnrc Monte Carlo radiation-

transport code (33). The transport geometry was limited to a rec-

tangular solid region (1.380 · 1.380 · 1.308 mm) that contained the

cylinder defining the field of nuclei. Every time a particle was

transported outside the region, it was discarded and not followed

further. This reduced the central processing unit (CPU) load for the

simulations. Monoenergetic electrons (10, 30, 100, 300, and 1,000

keV) were used as source radiations. Photons produced during the

electron transport were transported by EGSnrc. A history is defined

as the process of radiation transport of a single particle along its

ionization track. For each history, energy deposition events in each

cell nucleus were recorded and stored according to self- and

cross-deposition of energy in each nucleus.
The compositions of the components of the model were

assumed to be carbon graphite with a 2.0 g/cm3 density for the
ligaments, cell nuclei as defined by the International Commis-
sion on Radiation Units and Measurements (36), and liquid
water for the remaining volume. The cytoplasm was not con-
sidered a source or target region to reduce CPU time. Other
transport parameters were Rayleigh scattering (important at
low photon energy), isotropic electron emission, and 1-keV
cutoff energy for both photons and electrons.

Cell Killing and Calculation of Surviving Fraction
The surviving fraction of radiolabeled cells (SFlabeled) within a

multicellular cluster can be described by Equation 1,

SFlabeled 5 e
2 Dself
D37;self · e

2 Dcross
D37;cross ; Eq. 1

where Dself and Dcross are the self- and cross-doses to the cell
nucleus (24). Similarly, for a given radionuclide, D37,self and D37,cross

are the self- and cross-doses required to achieve 37% survival,
respectively. The need to account for differing radiotoxicities for
self- and cross-doses arises because energy deposited in a cell by a
radionuclide incorporated into its DNA has been shown to be more
radiotoxic than energy deposited by emissions arising from decays
in neighboring cells (24).

Equation 1 can be used to calculate the probability that an
individual cell survives a given radiation insult. For the current
study, the parameters D37,cross and D37,self were assigned values of
4.0 and 1.2 Gy, respectively. These values were experimentally
determined for 131I-iododeoxyuridine incorporated into the DNA
of V79 cells maintained in 3D clusters (21). The surviving fraction
of the cell population was determined as follows. For each cell, a
survival probability was calculated by substituting its self- and
cross-dose into Equation 1. A random number 0 and 1 was com-
puter-generated and compared with the survival probability. If the
random number was smaller than the generated probability, the
cell was scored as a survivor. Otherwise, it was scored as repro-
ductively dead. The fraction of survivors among the 106 cells that
compose a given simulation represents the surviving fraction of
the cell population.

Theoretic Survival Curves
The calculation of the surviving fraction provides only the fraction

for a specific simulation with a specific number of electron histories.
To build a complete survival curve, it was necessary to execute many
simulations, each with an increasing number of histories. To achieve
several logs of kill, simulations consisting of up to 5 · 1010 histories

FIGURE 2. Lognormal distributions of cell activities. All are relative

to unit activity. (A) Probability density functions. (B) Corresponding
cumulative density functions.
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were required to deliver 100 Gy. However, because of the large
number of cells and complex geometric configuration of the nuclei
within the scaffold, a single history can be so CPU-intensive that the
computer cluster cannot run enough histories to deliver 100 Gy within
a reasonable time frame. Furthermore, even when millions of histor-
ies were run, it was often observed that an increase in the number of
histories resulted in an appreciable change in the mean absorbed dose
to a given cell nucleus per decay in the scaffold. However, such large
fluctuations did not necessarily affect the surviving fraction because
of the large number of cells involved. Accordingly, an empiric tech-
nique was used to determine the optimum number of histories. Pre-
liminary simulations with 104, 3 · 104, 105, 3 · 105, and 106 histories
were first performed. The self- and cross-energy depositions in each
cell nucleus were scored for each simulation and used to calculate the
self- and cross-doses to each cell nucleus, and surviving fractions
were determined for each simulation. These 5 surviving fractions
were plotted as a function of their corresponding mean absorbed
doses to the population of nuclei. Additional points on the graph were
obtained by multiplying the self- and cross-doses (at 106 histories) for
each nucleus by a scaling factor and resimulating the surviving
fraction. Thus, a complete survival curve was constructed up to
100 Gy. A new survival curve was then created by adding a sixth
point with 3 · 106 histories and then adding points using factors to
scale up from doses based on 3 · 106 histories. This process was
repeated several times with an increasing maximum number of his-
tories (up to 1,000 · 106) until the new curve was not appreciably
different from the preceding curve.

RESULTS

Number of Track Histories Required for Simulations

Twenty survival curves were built with an increasing
number of histories until the shape of the curve did not
change appreciably. The convergence process for 3 con-
ditions—uniform distribution of a hypothetical radionu-
clide that emits electrons with initial energies of 10, 100,
and 1,000 keV—is shown in Figure 3. On the basis of
Figure 3A, 1,000 · 106 histories are required for conver-
gence of the survival curve for 10-keVelectrons. About 300
· 106 and 100 · 106 histories are needed for the 100- and
1,000-keV electrons (Figs. 3B and 3C), respectively.
Table 1 provides the number of histories required to

achieve convergence for all initial electron energies con-
sidered for a uniform activity distribution. The corre-
sponding mean doses are also given. Because only a
small dose is required to achieve convergence, only the
low-dose region of the converged curves in Figure 3 are
built with simulations that have a sufficient number of

histories to produce the actual dose. In contrast, the high-
dose portion of the curves (.1–5 Gy depending on the
initial particle energy) are obtained by the extrapolated
manner detailed in the previous section. It was also deter-
mined that the distribution did not substantially affect the
number of histories required to reach convergence.

Dependence of Survival Curves on Energy and
Activity Distribution

The dependence of the shape of the survival curves on
electron energy is shown in Figures 4A–4D for uniform and
lognormal distributions of activity among the entire cell pop-
ulation. Similarly, the dependence of curve shape on activity
distribution is shown in Figures 5A–5D for initial electron
energies of 10, 30, 100, and 1,000 keV, respectively. Expo-
nential survival curves corresponding to D375D37,self5 1.2
Gy and D37 5 D37,cross 5 4.0 Gy are also shown. They rep-
resent survival curve limits that result when every cell
receives the same dose in the form of only self-dose or only
cross-dose, respectively. They will be used as references to
interpret further results. In keeping with our experimental
observations for 131I with clonogenic survival as the biologic
endpoint (21), these reference curves have no shoulder that is
typical of low–linear energy transfer radiations. More com-
plex dose–response models may be needed for other radia-
tions, endpoints, and tissue environments in which repair
processes may be more robust (37).

DISCUSSION

The model presented herein is a Monte Carlo approach
that uses multicellular dosimetry to obtain radiation-absorbed

FIGURE 3. Convergence of survival curves

on improvement of statistics through in-

creased number of electron transport his-

tories used in Monte Carlo simulation.
Simulations shown are for uniform distribu-

tion of radioactivity that emits monoener-

getic electrons: 10 (A), 100 (B), and 1,000

keV (C).

TABLE 1
Number of Histories Required to Achieve Convergence of

Survival Curves

Electron

energy (keV)

No. of

histories (·106) Dself (Gy) Dcross (Gy) DN (Gy)*

10 1,000 4.58 0.00 4.58

30 300 0.62 0.56 1.18

100 300 0.21 2.45 2.66

300 100 0.04 1.53 1.57
1,000 100 0.03 0.93 0.96

*Mean absorbed dose to cell nucleus obtained from sum of
self- and cross-doses.
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dose and biologic response of individual cells located in a
geometrically complex and heterogeneous environment. The
complex array of variables that were studied produced a
series of survival curves with a number of implications.

Track Histories

Figure 3 shows that the number of electron track histories
used to create a survival curve can have a sizeable impact on
curve shape. Simulations of 106 10-keV electron histories
result in a survival curve that saturates at 37% regardless
of the mean absorbed dose to the nucleus. This result arises
as a consequence of statistical fluctuations that are inherent
in the simulation. The range of a 10-keV electron in liquid
water is about 2.5 mm, and few of the electrons emitted from
within a cell nucleus can escape to deliver a cross-dose to
neighboring cells. Therefore, cells containing radioactivity
that emits monoenergetic 10-keV electrons receive only
self-dose. Given that there are only 106 cells in our popula-
tion, and only 106 histories are simulated, each cell should
emit an average of 1 electron. When the activity is uniformly
distributed among the cells, selection of the source cell for a
given decay (and corresponding history) follows a binomial
distribution, with each cell having a selection probability of
1026. In this scenario consisting of few histories, 36.8% of
our cells are expected to emit no electron at all and, as a
consequence, receive no self-dose. When the doses to the
cell nuclei based on 106 histories are extrapolated (multiply
each cell nucleus dose by a dose-scaling factor) to build the
high-dose portion of the curve, the same cells remain uni-
rradiated and survive regardless of the mean dose to cell
nucleus. With 3 · 106 trials, the binomial distribution gives
4.98% of the cells with no source, which agrees with our
second curve in Figure 3A. These percentages give confi-
dence in our approach to determining the optimal number of
histories because in the limit of 10-keV electrons, the model

behaves exactly as one would expect from simple probabil-
istic arguments.

Interpretation of the convergence of the survival curves
for the 100- and 1,000-keV electrons (Figs. 3B and 3C) is
more difficult because of the added contribution of cross-
dose. However, even in these cases, at low history numbers,
there are cells that do not receive a dose because their
nucleus is never traversed by a particle. The corresponding
survival curves will saturate regardless of the magnitude of
the mean dose. Thus, determination of the optimal number
of histories is essential.

Dependence of Survival Curves on Energy

There are 2 interesting findings in Figure 4A. First, as the
energy increases, the curves shift from an exponential
response with D37 5 D37,self 5 1.2 Gy toward the exponen-
tial response with D37 5 D37,cross 5 4.0 Gy. This shift
occurs because when 10-keVelectrons are emitted, the cells
do not receive cross-dose and the simulated curve exactly
follows the self-dose exponential curve with the expected
D37 5 1.2 Gy. At 30 keV, with an electron range of 17.5
mm in soft tissue, the cells start to receive a significant
cross-dose and the curve starts to shift toward that for
response due only to cross-dose. At 1,000 keV, the self-dose
is insignificant, compared with the cross-dose, and the sur-
vival curve behaves nearly as the cross-dose exponential
curve with D37 5 4.0 Gy.

The second interesting point in Figure 4A relates to the
shape of the curves. At low energy they follow the straight
line of an exponential model with a D37 corresponding to D37,

self. Because of the short range of the electrons, the geometric
position of the cells has little to do with the amount of dose
they receive. As the energy increases slightly, the local sur-
rounding cells begin to contribute a cross-dose and all cells
continue to receive a dose close to the mean dose. Therefore,

FIGURE 4. Dependence of survival curve

on electron energy for 4 different activity

distributions: uniform (A), lognormal with
s 5 0.6 (B), lognormal with s 5 1.0 (C),

and lognormal with s 5 2.0 (D). Red and

blue dashed lines represent exponential

survival curves with D37 5 D37,self 5 1.2 Gy
and D37 5 D37,cross 5 4.0 Gy, respectively.

930 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 52 • No. 6 • June 2011



calculation of the surviving fraction with Equation 1 yields an
exponential curve. As the energy is increased further, the
cross-dose becomes ever more important. However, the higher
electron stopping power of the carbon ligaments relative to
water provides a shielding effect for those cells that are close
to ligaments. Furthermore, cells near ligaments have fewer
neighbors because of geometric constraints. On average, these
cells receive about half the cross-dose that the more predom-
inant and centrally located cells receive. That is why at 100
keV and 300 keV, the surviving fraction is higher than if all
cells received the same dose as the mean dose. This effect is
apparent in Figure 4A because the surviving fraction starts to
diverge from the straight line at high dose. When the electron
energy increases to 1,000 keV, the electrons easily traverse the
ligaments and no longer provide significant shielding as they
do at intermediate energy. Therefore, at 1,000 keV, the dose
distribution among the cells is again more uniform—except
for those cells that are on the edge of the simulation model.
Thus, at high energy, the survival curve almost reverts to a
straight cross-dose exponential curve (D37 5 4.0 Gy).
The survival curves for 1,000-keVelectrons show a small

degree of upward curvature (Fig. 4), likely due to an edge
effect wherein the cells at the edge of the modeled cylinder
receive, on average, a lower dose than the cells at the center
of the cylinder. In fact, for a uniform distribution of activity
in a sphere, the dose rate at the edge of a sphere is half the
dose rate at the center (2). Edge effects also include the 2-
fold-lower doses received by cells adjacent to ligaments.

Dependence of Survival Curve Shape on
Activity Distribution

Many of the energy-dependent features of the survival
curves found in Figure 4A are also observed in Figures 4B–
4D; however, interpretation of these curves first requires an
understanding of their dependence on the activity distribu-

tion. Figure 5A shows that, for 10-keV electrons, the shape
of the survival curve is highly dependent on activity distri-
bution. The range of 10-keV electrons is shorter than the
dimensions of the cells, and therefore each cell receives
only self-dose (no cross-dose). With a uniform distribution
of activity, each cell receives the same dose, and the surviv-
ing fraction depends solely on the mean dose. Thus, the
survival curve for the short-range 10-keV electrons follows
an exponential response commensurate with D37,self. With a
lognormal distribution, however, a significant fraction of
the cells have low activity, compared with the mean (Fig.
2B). For example, when s equals 2.0, 74% of the cells
contain less than the mean activity and, as a consequence
of being irradiated only by themselves, also receive corre-
spondingly less dose than the mean. Thus, they are more
likely to survive than their neighbors with higher activity.
The cell nuclei that receive a larger dose than the mean are
more likely to die but they represent only 26% of the pop-
ulation and thus do not compensate for the excess survival.
Even when s equals 0.6, only 40% of the cells receive a
higher dose than the mean (Fig. 2B), and they do not bal-
ance the 60% that are more likely to survive. As depicted in
Figure 5A, this effect is substantial.

Though all curves for 10-keV electrons follow the self-
dose exponential curve at low dose (Fig. 5A), they increas-
ingly deviate from this curve as the activity distribution
becomes increasingly nonuniform (i.e., as s increases from
0.6 to 1 to 2). However, as the electron energy is increased,
the effect of the nonuniformity is minimized because the
cross-dose becomes the dominant factor in dictating the
shape of the response curve (Figs. 5B–5D). At intermediate
electron energies (30–100 keV), both the self- and the
cross-doses play important roles in the shape of the curves.
However, at high energies (1,000 keV), the cross-dose is fairly
uniform and, because the self-dose becomes insignificant, the

FIGURE 5. Dependence of survival curve on
activity distribution for 4 different electron ener-

gies: 10 (A), 30 (B), 100 (C), and 1,000 keV (D).

Red and blue dashed lines represent exponen-

tial survival curves with D37 5 D37,self 5 1.2 Gy
and D37 5 D37,cross 5 4.0 Gy, respectively.
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curves do not depend on the activity distribution. In fact, all
4 curves in Figure 5D (1,000 keV) follow the cross-dose
exponential curve (D37,cross), with the exception of a small
deviation caused by the reduced cross-dose along the edges
of the simulated geometry.
This understanding of the dependence of the shape of the

survival curve on activity distribution facilitates explan-
ation of Figures 4B–4D. When the activity distribution is
uniform (Fig. 4A), the surviving fraction increases with
increasing electron energy because of the corresponding
increased contribution of the less radiotoxic cross-dose
(D37,cross 5 4 Gy) relative to the more radiotoxic self-dose
(D37,self 5 1.2 Gy). A small increase in nonuniformity
causes a substantial change in the survival curves for low-
energy electrons (10 and 30 keV) but little change in the
shape of the survival curves corresponding to high-energy
electrons (100, 300, and 1,000 keV). In Figure 4C, which
represents results for a lognormal distribution when s
equals 1.0, the same pattern emerges, but the changes in
curve shapes for low-energy electrons become even more
significant. Finally, dramatic changes in the response to
low-energy electrons are manifested when the shape param-
eter is increased to s equals 2.0 (Fig. 4D). In this case,
notable changes are also observed for 100-keV electrons.
The responses to 300 and 1,000 keV remain unaffected by
the activity distribution because of the long range of these
electrons in water and their high penetrability through the
ligaments of the Cytomatrix scaffold.

CONCLUSION

Monte Carlo simulations within a realistic model of 3D
tissue culture show that the character of the biologic
response (cell survival) of a cell population, labeled with
a monoenergetic electron emitter, depends on the initial
energy of the electron and the nonuniformity of the activity
distribution among the cells. Both the initial electron
energy and the activity distribution, as characterized by
the lognormal shape parameter s, determine the relative
contributions of the self- and cross-doses to the absorbed
dose to the cell nucleus. Earlier studies have shown that,
when the radionuclide is incorporated into the DNA in the
cell nucleus, self-dose can be more lethal than cross-dose.
This disparity is largest for Auger electron emitters. The
interplay between these parameters can profoundly affect
the shape of cell survival curves (Figs. 4 and 5). Changes in
the shape of the survival curve are most significant at low
electron energy, for which self-dose predominates. At high
electron energy, cross-dose dominates and mitigates the
dependence of the curve shape on energy. Therefore, the
mean absorbed dose to the cell population is often not a
reliable parameter for characterizing the biologic response
of a tissue that contains radioactivity—an important con-
clusion considering that this Monte Carlo model can be
readily extended to more complex dosimetry applications
such as human trabecular bone. Last, it is also recognized

that a range of cell sizes and packing densities are possible
and that these can also significantly affect the biologic
response.
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