
Survival of tumor and normal cells upon targeting
with electron-emitting radionuclides

Didier Rajon
Department of Neurosurgery, University of Florida, Gainesville, Florida 32611

Wesley E. Bolch
Department of Biomedical Engineering, University of Florida, Gainesville, Florida 32611

Roger W. Howella)

Department of Radiology, Division of Radiation Research, UMDNJ-New Jersey Medical School Cancer Center,
Newark, New Jersey 07103

(Received 13 July 2012; revised 8 November 2012; accepted for publication 9 November 2012;
published 26 December 2012)

Purpose: Previous studies have shown that the mean absorbed dose to a tissue element may not
be a suitable quantity for correlating with the biological response of cells in that tissue element. Cell
survival can depend strongly on the distribution of radioactivity at the cellular and multicellular levels.
Furthermore, when cellular absorbed doses are examined, the cross-dose from neighbor cells can be
less radiotoxic than the self-dose component. To better understand how the nonuniformity of activity
among cells can affect the dose response, a computer model of a 3D tissue culture was previously
constructed and showed that activity distribution among cells is significantly more relevant than the
mean absorbed dose for low-energy-electron emitters. The present work greatly expands upon those
findings.
Methods: In the present study, we used this same computer model but restricted the number of labeled
cells to a fraction of the whole cell population (50%, 10%, and 1%, respectively). The labeled cells
were randomly distributed among the whole cell population.
Results: While the activity distribution is an important factor in determining the tissue response for
low-energy-electron emitters, the fraction of labeled cells has an even more pronounced effect on sur-
vival response. For all electron energies studied, reducing the percentage of cells labeled significantly
increases the surviving fraction of the whole population.
Conclusions: This study provides abundant information on killing tumor and normal cells under
some conditions relevant to targeted radionuclide therapy of isolated tumor cells and micrometastases.
The percentage of cells labeled, activity distribution among the labeled cells, and electron energy
play key roles in determining their response. Most importantly, and not previously demonstrated,
lognormal activity distributions can have a profound impact on the response of the tumor cells even
when the radionuclide emits high-energy electrons. © 2013 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4769409]
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I. INTRODUCTION

Considerable progress has been made in correlating biologi-
cal outcome with many of the variables that dictate the over-
all biological response of tissues that contain radioactivity.1

Among these variables are radiosensitivity of the tissue, distri-
bution of radioactivity at the macroscopic,2, 3 multicellular,4–8

cellular, and subcellular levels,5, 9 relative biological effec-
tiveness (RBE) of the radiations emitted (e.g., alpha, beta,
Auger electrons),10 kinetics of uptake and clearance of the
radionuclide, dose rate,11 repair mechanisms, and bystander
effect.12–15 However, recent studies show that there remains
much to be learned about correlation of biological effects
with nonuniform dose distributions that result from nonuni-
form distribution of radioactivity at the cellular and subcel-
lular levels.8, 16–20 Even when the distribution of labeled cells
appears to be uniform at the macroscopic level but is nonuni-

form at the multicellular level, the mean absorbed dose to a
tissue element may not be a suitable predictor of biological
effect.18, 19

In previous work, paired theoretical and experimental mul-
ticellular dose-response models were created to improve our
understanding of, and modeling capabilities for, nonuniform
distributions of radioactivity.8, 21, 22 Three-dimensional (3D)
models of cell clusters have been developed for experimental
as well as theoretical studies.8, 22 More recently, considerable
effort has been devoted towards developing a 3D tissue cul-
ture model that more closely simulates human tissue in vivo.
This 3D tissue culture model uses human cells grown in a
CytomatrixTM carbon scaffold and has been used to exam-
ine the impact of nonuniform distributions of radioactivity in
both tumor and normal human tissues.23–25 The CytomatrixTM

model resembles naturally occurring cell growth. Taken
together, the properties of the CytomatrixTM scaffold
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make it suitable for verifying multicellular dose-response
models.

There are several parameters that can determine the dose
received by each individual cell in a cluster and its cor-
responding response. First, the cross-dose (resulting from
radioactive decays in neighboring cells) is largely depen-
dent on the geometrical location of the cell relative to its
neighbors.26, 27 For instance, in cancellous bone, the presence
of bone trabeculae acts as a shield for all cells sitting next
to a bone surface. Second, the self-dose (resulting from ra-
dioactive decays that occur in the target cell itself) depends
on the activity within that cell. It is typical for a given cell
in a tissue to have more or less activity than the mean value
across the tissue element. It was previously shown that the
distribution of activity among the cells of a tissue is not uni-
form and often follows a lognormal distribution.1, 20 Third,
self- and cross-doses can have different values of RBE both
for beta-particle emitters19 and Auger electron emitters.28–30

Furthermore, the RBE can depend on the percentage of in-
tracellular activity that is incorporated into the DNA in the
cell nucleus.29 This does not, however, appear to be true for
alpha-particle emitters.31

In order to better understand the contribution of a mul-
titude of parameters on the dose response, our research
groups recently developed a computer model that simu-
lated the 3D tissue culture model.32 The computer model
combines a micro-computed tomography (μCT) image of a
CytomatrixTM carbon scaffold with a 6-μm voxel size and
a cluster of 106 cell nuclei randomly positioned throughout
the pores of the carbon matrix. Coupling a Monte Carlo
transport code to the computer model allows one to record
both the self- and the cross-dose for each cell. The self- and
cross-doses are then used to determine the surviving fraction
of the 106 cell assembly.32 Survival curves are constructed
by gradually increasing the number of decays per simulation.
In the previous work, monoenergetic electron sources were
considered and it was assumed that all the cells were labeled
(100% labeled). The dependence of the survival curves on (1)
the electron energy and (2) the distribution of radioactivity
among the cells (i.e., uniform or lognormal distribution)
was studied.32 This earlier study showed that the surviving
fraction depends strongly on both electron energy and activity
distribution. Still, the study did not explore how the response
depended on the percentage of cells that were labeled.
Accordingly, a limited study was subsequently undertaken to
assess whether the combination of lognormal distribution and
percentage of cells labeled had a substantial impact on the
response of cells labeled with a hypothetical 100-keV mo-
noenergetic electron emitter.33 Changes in the response were
observed, thereby warranting a more in-depth exploration of
the interdependence of electron energy, activity distribution,
and cell labeling percentage on determining the dose-
response of three-dimensional cell populations. Accordingly,
our aforementioned computer model32 was used to answer
the following questions. First, are the dose-response trends
seen when all cells are labeled also seen when only a fraction
of the cell population is labeled? This situation can occur
when only a fraction of the targeted population is labeled

or, perhaps more importantly, it also can occur when the
targeted population of cells lies in the midst of a non-targeted
population of normal cells. Second, how does electron energy
affect the dose-responses of these two cell populations as the
relative fractions of each cell population change? Third, and
finally, how does the shape of the cellular activity distribution
influence the dose-responses of the targeted and non-targeted
cells? The studies described below shed considerable light on
these previously unanswered questions over a broad range of
electron energies (10–1000 keV).

II. MATERIALS AND METHODS

II.A. Theoretical model of the 3D CytomatrixTM cell
culture model

The same geometrical model reported earlier was used.32

Briefly, the model is composed of a μCT image of a
CytomatrixTM carbon scaffold within which a field of 106 cell
nuclei is created. Cell nuclei are represented by 8-μm diam-
eter spheres. The cytoplasm is not explicitly modeled; rather,
nuclei are randomly positioned within the pores but are not
allowed within 1 μm of the ligaments of the scaffold. Fur-
thermore, the nuclei are separated from each other by at least
2 μm which corresponds to a minimum cytoplasm thickness
of 1 μm. Because our personal computer cluster cannot sup-
port computations with 108 cells, modeling is limited to 106

nuclei in the central portion of the Cytomatrix and specifically
within a cylinder with a diameter of 1.322 mm and height of
1.252 mm. This arrangement yields a cell packing density of
31% when the cell is assumed to be a sphere with diame-
ter 10-μm (e.g., cytoplasm is a 1 μm thick shell around the
8-μm diameter nucleus).32 If the cytoplasms were assumed
to occupy all space not occupied by the nuclei and ligaments,
the packing density would be 100%. Regardless, the cellu-
lar cytoplasm was not explicitly modeled. The supplementary
material (A)50 contains figures that depict this model.

In our earlier study, extensive dose-response simulations
were conducted for a range of electron energies when 100%
of the cells in the scaffold were labeled.32 A subsequent paper
undertook a preliminary investigation to determine how dose-
response to 100-keV electrons was affected by the percentage
of cells labeled. In the present work, the modeling is extended
to conditions wherein only 50%, 10%, or 1% of the cells were
labeled. For each set, the labeled cells were assigned an ac-
tivity based on four different activity distributions: uniform,
lognormal with a shape parameter σ = 0.6, lognormal with
σ = 1.0, and lognormal with σ = 2.0.32 The labeled cells
were randomly distributed among the whole cell population.

II.B. Calculation of absorbed dose
and surviving fraction

As in our earlier work, the surviving fraction calculation
was a two-step process.32 The first step was assessment of
the radiation absorbed dose to each of the cell nuclei based
upon the EGSnrc Monte-Carlo radiation transport code.34

The same electron energies were considered here (i.e., 10,
30, 100, 300, and 1000 keV) and the energy depositions were
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recorded as self-deposition (energy deposited by an electron
emitted from within the target cell itself) and cross-deposition
(energy deposited by an electron emitted from a cell dif-
ferent than the target). The standard tissue compositions
and transport parameters were kept the same as reported
previously.32 The self-doses (Dself) and cross-doses (Dcross)
to the cell nuclei were then calculated using the tallied self-
and cross-depositions of energy. The absorbed doses were
compartmentalized in this manner because of the differing ra-
diotoxicities that have been observed for self- and cross-dose
when radionuclides are incorporated into nuclear DNA.22

Once the self- and cross-dose were recorded for each
individual cell, the second step was to compute the surviving
fraction of cells. The probability that a given cell survives
can be expressed as32, 33

P = e
− Dself

D37,self e
− Dcross

D37,cross . (1)

where D37,self and D37,cross are the self- and cross-dose re-
quired to achieve 37% survival, respectively. For the current
study, the parameters D37,cross and D37,self were assigned
values of 4.0 Gy and 1.2 Gy, respectively. These values
were experimentally determined for 131I-iododeoxyuridine
incorporated into the DNA of V79 cells maintained in 3D
clusters.22 Additional simulations were carried out with
D37,cross = 4.0 Gy and D37,self = 4.0 Gy for comparison. This
latter case would be more typical when radioactivity is dis-
tributed in the cytoplasm or on the cell surface. As described
earlier,32 the surviving fraction of the cell population was de-
termined as follows. For each cell, a survival probability was
calculated by substituting its self- and cross-dose into Eq. (1).
A random number between 0 and 1 was generated, compared
with the survival probability, and the cell was scored as a
survivor if the random number was smaller than the generated
probability. Otherwise, it was scored as reproductively dead.
This was repeated for each cell and the fraction of survivors
among the population in question (i.e., labeled, unlabeled, or
mixed) represents their surviving fraction.

II.C. Building theoretical survival curves

The calculation briefly described above, and detailed by
Rajon et al.,32 provides the surviving fraction for a specific
simulation and for a particular number of electron histories.
In order to build a complete survival curve, it was necessary
to execute the transport simulation several times, each time
with an increasing number of electron histories to increase the
absorbed dose. For each simulation, a mean dose to the cell
nucleus was calculated and used to plot the surviving frac-
tion. Note that an empirical technique was combined with the
Monte-Carlo process to attain doses as high as 80 Gy. In this
technique, only the low-dose portion of the curve was built di-
rectly with Monte-Carlo simulations. The high-dose portion
of the curve was extrapolated from the last simulation that
reached sufficient statistical power. The number of histories
for the last simulation was determined by increasing histo-
ries until statistical fluctuations in the shape of the survival
curve were negligible. About 1000 × 106, 300 × 106, 300 ×

106, 100 × 106, and 100 × 106 histories are required for con-
vergence of the survival curves for 10-, 30-, 100-, 300-, and
1000-keV electrons, respectively.32

III. RESULTS

In the present work, a total of 60 new simulations were
performed that were composed of five electron energies, four
activity distributions, and 50%, 10%, or 1% of the cell nuclei
were labeled. The current results were combined with earlier
results for 100% labeling32 to investigate the dependence of
the survival curves on the percentage of labeled cells. There-
fore, a total of 80 simulations are compared in this study. The
resulting survival curves facilitate independent analysis of the
behavior of the labeled and unlabeled cells and of the mixed
population.

III.A. Dependence of labeled cell survival
on labeled fraction for uniform distribution

The labeled cells receive both self-dose from radiation
emitted from within themselves and cross-dose from radia-
tion emitted by their neighbors. Figure 1 shows the surviving
fraction of labeled cells as a function of the mean absorbed
dose (self-dose + cross-dose) to the labeled cell nuclei when
the activity is uniformly distributed among the labeled cells.
Note that the simulation is for 106 cells, hence, labeled cell
surviving fractions smaller than 10−5 cannot be detected when
10% of the cells are labeled, and smaller than 10−4 when 1%
of the cells are labeled. At these low surviving fractions, sta-
tistical uncertainties are an issue and no attempt was made
to report results below these values or interpret results near
these values. The survival curves in Fig. 1 are correspond-
ingly truncated. The lack of smoothness in the latter portion
of some curves is simply a sign of statistical uncertainty.

When the radioactivity emits 10-keV electrons (Fig. 1,
top), the fraction of cells that are labeled has no effect on the
surviving fraction of labeled cells. In this case, all survival
curves are exponential with a D37,self = 1.2 Gy. The cross-
dose is insignificant for 10-keV electrons because of their
short range (2.5 μm in water). Accordingly, all cells respond
solely according to the dose-response model for self-dose. As
the electron energy increases (Fig. 1, middle and bottom), all
curves shift towards the dose-response model for cross-dose
(D37,cross = 4.0 Gy). However, for 100% labeling the shift is
fully established by 100 keV, whereas for the 50%, 10%, and
the 1% labeling the shift occurs progressively with electron
energy. At high electron energies of 1000 keV, even though
cross irradiation is substantial, the survival curve for labeled
cells when 1% of the cells are labeled remains fairly close to
the exponential at D37 = 1.2 Gy (Fig. 1, bottom). While the
cross-dose is more uniformly distributed among the cells, the
self-dose is only concentrated in that fraction of cells that are
labeled. In summary, for uniform distribution of the radioac-
tivity among a small fraction of cells (i.e., 1% labeling), the
self-dose received by the labeled cells is the dominant factor
in determining the response of the labeled cells at all electron
energies—the role of cross dose is negligible.
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FIG. 1. Effect of electron energy and fraction of cells labeled on the shape of
the survival curve for the labeled cell population when monoenergetic elec-
tron emitters are uniformly distributed among the labeled cells: (Top) 10 keV.
(Middle) 100 keV. (Bottom) 1000 keV. The surviving fraction of labeled cells
is plotted as a function of mean absorbed dose to the labeled cell nuclei when
different fractions of the entire cell population are labeled: 100%, 50%, 10%,
and 1%. The lower and upper dashed lines represent exponential survival
curves with D37 = D37,self = 1.2 Gy and D37 = D37,cross = 4.0 Gy, respec-
tively. At very low energies (10 keV), where the cross-dose to the nucleus
is negligible, the curve expectantly follows that for D37 = D37,self = 1.2 Gy.
Similarly, at high energies (1000 keV), where the cross-dose dominates, the
curve expectantly follows that for D37 = D37,cross = 4.0 Gy. A complete set
of curves including 10, 30, 100, 300, and 1000 keV is provided in Fig. 1 of
the supplementary material (B) (Ref. 50). For the sake of comparison, the
data for 100% labeling are reproduced from Rajon et al. (Ref. 32).

III.B. Dependence of unlabeled cell survival
on labeled fraction for uniform distribution

Unlabeled cells only receive cross-dose from their
neighbors—by definition, they do not receive self-dose.
Figure 2(a) shows the surviving fraction of unlabeled cells
as a function of the mean cross-dose to the unlabeled cell
nuclei when 30-keV and 100-keV monoenergetic electron
emitters are uniformly distributed among the labeled cells.
The data for 10-keV electrons are not shown here [Fig. 2 of
the supplementary material (B)]50 because there is so little
cross irradiation that the surviving fraction of unlabeled cells
is 100% at all doses and all labeled fractions. In contrast, the
labeled cells are efficiently killed (Fig. 1, top).

The most interesting finding in Fig. 2(a) is that the unla-
beled cell survival curves do not follow the theoretical ex-

ponential curves that correspond to a D37 = 4.0 Gy as one
might expect from pure cross-dose. Apparently, the unlabeled
cells do not all receive the same dose as the mean absorbed
dose. Figure 2(a) clearly shows that, at 30 keV [Fig. 2(a),
top], some unlabeled cells (about 15% at 10%-labeled and
80% at 1%-labeled) receive sublethal doses and tend to sur-
vive even at high mean values of cross-dose. To understand
that particular behavior, we constructed the self- and cross-
dose distributions received by the cells during the Monte-
Carlo simulations. Figure 2(b) shows these distributions for
30-keV electrons, uniform activity distribution, and for all
labeling conditions (1%, 10%, 50%, and 100%). The mean
self- and cross-doses per cell (i.e., labeled + unlabeled) were
0.62 Gy and 0.55 Gy, respectively, at all labeled fractions
and correspond to the absorbed dose delivered by the largest
number of histories that were required in our 30-keV sim-
ulations to minimize statistical fluctuations inherent in the
Monte-Carlo process. For higher mean doses, the individual
doses for each cell were scaled accordingly. Thus, the dose
distributions are the same for all higher mean doses as shown
in Fig. 2(b) except for the scale of the abscissae. The self-
dose distributions [Fig. 2(b), left] only include the labeled
cells. As a consequence, the Gaussian shape of the distribu-
tions is centered at a mean that is inversely proportional to
the labeled fraction. The cross-dose distributions [Fig. 2(b),
right] clearly show that, for small labeled fractions, a large
number of cells receive a very small dose and, therefore, sur-
vive even at high mean doses. This is believed to be due to
the local geometrical environment of each individual cell that
arises as a consequence of random selection of cells that are
labeled (i.e., edge effects). In our computer model, cells are
static: they remain at the same place during the entire simula-
tion. Electrons of 30 keV have a range of 17.5 μm in water.
Compared with the 10-μm diameter of the cells, and when
considering that only 1% of the cells are labeled, there are
many unlabeled cells that are further than 17.5 μm from their
closest labeled neighbor. These cells are never hit by an elec-
tron, no matter how many histories are simulated. As seen
from Fig. 2(a) (bottom), this effect is reduced as the energy
increases because the electron range increases with energy
and reduces the probability for an individual cell to be seated
at an unreachable location. As a consequence, the survival
curves converge towards the theoretical exponential curve as
the electron energy increases. A second consequence is that
the three distinct survival curves seen at 30 keV [Fig. 2(a),
top] converge towards each other as one progresses upward
in energy to 100 keV [Fig. 2(a), bottom]. The convergence
is complete for 300 keV and 1000 keV [Fig. 2 of the sup-
plementary material (B)]50 because the dose becomes more
uniform among the unlabeled cells. This also explains why
the curves for 1000 keV [Fig. 2 of the supplementary ma-
terial (B)]50 tend to retreat to the theoretical cross-dose ex-
ponential curve (D37 = 4.0 Gy). In summary, when elec-
tron emitters are uniformly distributed among a small fraction
of cells (i.e., 1% labeling), some of the unlabeled cells re-
ceive doses below the mean dose. This results in cell survival
curves that increasingly saturate with decreasing electron
energy.
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FIG. 2. (a). Effect of energy and fraction of cells labeled on the shape of the survival curve for the unlabeled cell population when monoenergetic electron
emitters are uniformly distributed among the labeled cells. (Top) 30 keV. (Bottom) 100 keV. The surviving fraction of unlabeled cells is plotted as a function
of mean absorbed dose to the unlabeled cell nuclei. The survival curves are shown for three different labeled fractions: 50%, 10%, and 1% (no unlabeled cells
at 100%). The lower and upper dashed lines represent exponential survival curves with D37 = D37,self = 1.2 Gy and D37 = D37,cross = 4.0 Gy, respectively. A
complete set of curves including 10, 30, 100, 300, and 1000 keV is provided in Fig. 2 of the supplementary material (B) (Ref. 50). (b) Frequency distribution of
self- (Left) and cross-doses (Right) received by cells when a 30 keV monoenergetic electron emitter is distributed uniformly among 100%, 50%, 10%, or 1% of
the cells. The Monte-Carlo simulation that generated this distribution transported 3 × 108 histories for a mean total dose of 1.17 Gy per cell.

III.C. Dependence of mixed cell survival on labeled
fraction for uniform distribution

Survival curves for the mixed population of labeled and
unlabeled cells are shown in Fig. 3. The mean dose on the
abscissa is thus the average dose (cross-dose + self-dose) over
the whole population of cells (labeled and unlabeled). The
survival curves for this mixed population largely recapitulate
those observed for unlabeled cells, so only the 100-keV data
are shown in Fig. 3. Clearly, the percentage of cells labeled
has a marked impact on the shape of the survival curve. Its
impact is diminished at high electron energies and increased
at low electron energies [Fig. 3 of the supplementary material
(B)].50 In the latter case, as expected, the surviving fraction

corresponds to the complement of the labeled fraction when
they are labeled with a radionuclide that emits short-range 10-
keV electrons [Fig. 3 of the supplementary material (B)].50 In
summary, when the activity distribution is uniform among the
labeled cells, the survival curves for the mixed population of
cells follow the same trends seen for the unlabeled cells.

III.D. Dependence of labeled cell survival on labeled
fraction for lognormal distribution

Figure 4 shows how combining lognormal activity distri-
bution with labeled fraction affects the response of the labeled
cells for 1000-keV electrons. It is apparent that a lognormal
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FIG. 3. Effect of fraction of cells labeled on the shape of the survival curve
for the mixed cell population (labeled + unlabeled) when a 100-keV monoen-
ergetic electron emitter is uniformly distributed among the labeled cells. The
surviving fraction of mixed cells is plotted as a function of mean absorbed
dose to all cell nuclei. The survival curves are shown for four different la-
beled fractions: 100%, 50%, 10%, and 1%. The lower and upper dashed lines
represent exponential survival curves with D37 = D37,self = 1.2 Gy and D37

= D37,cross = 4.0 Gy, respectively. A complete set of curves for all combi-
nations of energy and fraction of cells labeled is provided in Fig. 3 of the
supplementary material (B) (Ref. 50). For the sake of comparison, the data
for 100% labeling are reproduced from Rajon et al. (Ref. 32).

distribution of cellular activity among the labeled cells has
little impact on the shape of the survival curves when 100%
of the cells are labeled (Fig. 4, left), a conclusion reached
earlier by Rajon et al.32 This remains true when only 50% of
the cells are labeled (Fig. 4, left middle). In both cases, the
survival curves essentially follow an exponential response
corresponding to D37 = D37,cross = 4.0 Gy. However, lognor-
mal distributions have a marked effect on dose response to
a 1000-keV electron emitter when only 10% (Fig. 4, right
middle) or 1% (Fig. 4, right) of the cells are labeled. It is inter-
esting to note in the 1% case that some of the survival curves
shift to the left of the exponential response corresponding to
D37,self = 1.2 Gy. This is because the surviving fraction of
labeled cells is plotted as a function of the mean absorbed
dose to all cells. This does not occur when plotted as a func-
tion of the mean absorbed dose to the labeled cells. In sum-
mary, the importance of the lognormal distribution on survival
of labeled cells increases as both the electron energy and the
labeled percentage decreases [see Fig. 4 of the supplementary
material (B)].50

FIG. 5. Combined effect of labeled fraction and of activity distribution on
the cell survival-response of unlabeled cells when 10% of the cells are labeled
with 30-keV (Top) and 100-keV (Bottom) monoenergetic electron emitters.
The surviving fraction of mixed cells is plotted as a function of mean ab-
sorbed dose to all cell nuclei. The activity distribution is uniform (σ → 0) or
lognormal with shape parameters of σ = 0.6, 1.0, and 2.0. The dashed lower
and upper lines represent exponential survival curves with D37 = D37,self

= 1.2 Gy and D37 = D37,cross = 4.0 Gy, respectively. A complete set of curves
for all combinations of energy and fraction of cells labeled is provided in Fig.
5 of the supplementary material (B) (Ref. 50).

III.E. Dependence of unlabeled cell survival on
labeled fraction for lognormal distribution

Figure 5 shows how combining lognormal activity dis-
tribution with labeled fraction affects the response of the
unlabeled cells. The general trends are the same for 50%,
10%, and 1% labeling, namely, the activity distribution has a
negligible impact on the shape of the unlabeled cell survival
curves. However, electron energy and percent labeling does
play a significant role in determining the degree of saturation
of the survival curves. These trends are well represented
by the unlabeled cell survival curves for 30- and 100-keV
electron emitters when 10% of the cells are labeled (Fig.
5). Similar curves emerge when the survival of the mixed

FIG. 4. Combined effect of labeled fraction and of activity distribution on the cell survival-response of labeled cells when a 1000-keV monoenergetic electron
emitter is lognormally distributed among the labeled cells. From left to right, the percentage of cells labeled is 100%, 50%, 10%, and 1%. The surviving fraction
of mixed cells is plotted as a function of mean absorbed dose to all cell nuclei. The activity distribution is uniform (σ → 0) or lognormal with shape parameters
of σ = 0.6, 1.0, and 2.0. The dashed lower and upper lines represent exponential survival curves with D37 = D37,self = 1.2 Gy and D37 = D37,cross = 4.0 Gy,
respectively. A complete set of curves for all combinations of energy and fraction of cells labeled is provided in Fig. 4 of the supplementary material (B)
(Ref. 50). For the sake of comparison, the data for 100% labeling are reproduced from Rajon et al. (Ref. 32).
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population of cells is plotted [Fig. 6 of the supplementary
material (B)]50 except for the 100% labeling case which was
published previously.32 In summary, activity distribution has
a negligible impact on the shape of the unlabeled cell survival
curves.

III.F. Dependence on D37,self

The results above correspond to conditions wherein the
self-dose is more lethal per unit dose than the cross-dose
(i.e., D37,self = 1.2 Gy, D37,cross = 4.0 Gy). This reflects
the well-known phenomenon of the dependence of relative
biological effectiveness of Auger electron emitters on their
subcellular distribution.29, 35 This has also been observed
with beta-particle emitters such as 131I.19 These scenarios
are relevant when such radionuclides are intercalated or
incorporated into the DNA in the cell nucleus.35–37 It is also
of interest to determine how the survival curves change when
self- and cross-doses are equally effective (i.e., D37,self = 4.0
Gy, D37,cross = 4.0 Gy). This scenario corresponds to cases
where the radiopharmaceutical localizes in the cytoplasm or
on the cell membrane.28 Notably, the same general trends
emerge for the labeled and unlabeled cells in this case too,
although all of the labeled cell responses converge towards
D37 = 4.0 Gy as the activity distribution becomes more
uniform (σ → 0). These trends are shown in detail in the sup-
plementary material (C) and (D).50 In summary, the value of
D37,self relative to D37,cross plays an increasing role in the
response of the labeled cells as the electron energy decreases.

IV. DISCUSSION

The theoretical survival response of cell populations clus-
tered within a CytomatrixTM carbon scaffold and targeted
with hypothetical monoenergetic electron emitters has been
studied. The effects of electron energy, fraction of labeled
cells, and activity distribution among the labeled cells were
analyzed. In addition, the surviving fraction of labeled cells,
unlabeled cells, and the mixed population of cells were com-
pared. Analysis of these three cell populations extends the
usefulness of these results to a variety of contexts. In the con-
text of targeted radionuclide therapy, the labeled cells can be
considered the target cells and the unlabeled cells considered
as the normal cells. Alternatively, all of the cells can be con-
sidered as target cells but with only some of them labeled. In
this latter scenario, the surviving fraction of the mixed pop-
ulation would be representative of their response. Other sce-
narios can also be envisioned within the extensive range of
labeled percentage and activity distributions studied. There-
fore, the results presented herein can be used broadly to un-
derstand how these variables affect the surviving fractions of
various cell populations.

Malignant cells are continuously shed from primary
tumors and dispersed through vessels to lymph nodes and
organs such as bone marrow.38 Clinical trials have shown
that the level of circulating tumor cells in peripheral blood
can be related to both progression-free survival and to overall
survival.39 Therefore, a key goal for targeted radionuclide

therapy is to sterilize cells that have been shed from the tumor
and are circulating or lodged within normal tissue. Within this
context, one may consider applying the present model to such
a tumor cell population that is dispersed among a population
of normal cells and targeted with a radiopharmaceutical
labeled with a monoenergetic electron emitter. Figures 4 and
5, in particular, provide important insights into how such cell
populations might respond to targeted radionuclide therapy.
Assuming that all malignant cells are labeled, Fig. 4 demon-
strates that the percentage of malignant cells among the entire
population has a major impact on their response when viewed
in the framework of mean dose to the entire population (com-
mensurate with mean voxel dose that can be obtained clini-
cally). This applies to all electron energies [Fig. 4 of the sup-
plementary material (B)].50 The same is true when viewed in
the framework of mean dose to the labeled cells [Fig. 1 of the
supplementary material (D)].50 These figures also highlight
the strong dependence of response on the distribution of ac-
tivity among the labeled cells even when the electron energy
is as high as 1000 keV. The aforementioned conclusions apply
even when the relative biological effectiveness of the self-
dose is decreased (i.e., increase D37,self from 1.2 Gy to 4.0 Gy)
[Fig. 4 of the supplementary material (C), Fig. 2 of the supple-
mentary material (D)].50 It is apparent that lognormal activity
distributions among dispersed malignant cells can introduce
substantial limitations on our capacity to sterilize them with
a single agent.40, 41 In contrast, the response of nontargeted
normal cells to the cross-dose that they receive is not affected
by the nature of the activity distribution among dispersed tar-
geted cells (Fig. 5). However, their response is highly depen-
dent on electron energy [Fig. 5 of the supplementary material
(B)]50 with low energies affording substantial protection of
normal cells due to their reduced capacity to cross-irradiate.

Now consider a tumor cell population consisting of 106

cancer cells that are clustered within spatial dimensions rea-
sonably consistent with the American Joint Committee on
Cancer (AJCC) definition of a micrometastasis (0.2 mm
< diameter < 2.0 mm).42, 43 In this scenario, it may be ap-
propriate to consider the response of the mixed population of
labeled and unlabeled cells. The percentage of tumor cells that
are labeled has a marked impact on the response of the tumor
cell population when electron energies are 100 keV (Fig. 3)
and lower [Fig. 3 of the supplementary material (B)].50 How-
ever, the distribution of activity among the labeled tumor cells
has little impact under these conditions until the electron en-
ergy drops to about 30 keV. However, when tumor cells in
a micrometastasis are loosely packed and interspersed with
nontargeted normal cells (e.g., marrow, lymph tissues), a log-
normal activity distribution among the tumor cells can have a
profound impact on the response, depending on electron en-
ergy and relative percentage of tumor versus normal cells.

Not addressed here is how micrometastasis size and cell
packing density influence the impact of activity distribution
on response of the tumor cell population. There is evidence
that the presence of isolated tumor cells (ITC), defined by the
AJCC as consisting of single or clusters of tumor cells with
diameter < 0.2 mm, in lymph nodes, bone marrow, and other
sites, constitutes a significant risk factor in reducing the life
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expectancy of patients.42, 43 This is particularly prevalent in
the case of sentinel nodes for invasive lobular carcinoma.44

Earlier work has shown that the size of ITCs and micrometas-
tases can have a profound effect on the dosimetry3, 26, 27 and
corresponding response of the population.6, 45 Similarly, cell
packing density can have some effect on the response, par-
ticularly in the case of alpha particles which have ranges in
soft tissue of only several cell diameters.6 In the setting of ra-
dionuclides that emit alpha particles with ranges 25–80 μm
in water, Charlton6 found that changing the packing density
from 40% to 70% reduced the surviving fraction by less than
a factor of 2. One could anticipate similar results for low en-
ergy electrons with comparable ranges, noting that changes of
a factor of 2 are relatively small when considering several logs
of change. Also not considered here is how the surviving frac-
tion depends on the spatial distribution of the labeled cells. In
this work, the labeled cells were randomly distributed among
the whole population of cells. If labeled cells were located in
clumps of cells distributed among the whole population, one
could anticipate differently shaped cell survival curves for the
labeled, unlabeled, and mixed population plots. These are im-
portant areas for further study in the context of nonuniform
distributions of radioactivity given the promise that targeted
radionuclide therapy has for sterilizing ITCs.

Finally, it is important to project how the present model
might be applied to clinical practice. It has been suggested
that shape parameter values for different histologic types of
tumors and different radiopharmaceuticals could be cataloged
based on quantitative autoradiography of tumor specimens
surgically harvested after tracer administrations to a limited
number of patients.46 This information, along with support-
ive quantitative imaging, could be used to prescribe a cocktail
of radiopharmaceuticals41, 47, 48 for a patient’s specific histo-
logic tumor type (i.e., shape parameter value).46 There is also
for potential to use a combination of histology, multiparam-
eter flow cytometry, and multicellular dose-response model-
ing to identify the optimal cocktail of therapeutic agents for
a given patient.32, 41, 48, 49 These and other related approaches
merit further investigation.
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