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Abstract

Purpose—The biological response of tissue exposed to radiations emitted by internal

radioactivity is often correlated with the mean absorbed dose to a tissue element. However,

experimental studies show that even when the mean 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. The present

work develops theoretical models to simulate these observations.

Materials and methods—Two theoretical models were created to simulate experimental three-

dimensional cell culture models with homogeneous and inhomogeneous tissue environments. The

cells were assigned activities according to lognormal distributions of an alpha particle emitter or a

monoenergetic electron emitter. Absorbed doses to the cell nuclei were assessed with point-kernel

geometric-factor and Electron Gamma Shower version nrc (EGSnrc) Monte Carlo radiation

transport simulations, respectively. The self- and cross-dose to individual cell nuclei were

calculated and a Monte Carlo method was used to determine their fate. Survival curves were

produced after tallying the live and dead cells.

Results—Both percent cells labeled and breadth of lognormal distribution affected the dose

distribution at the cellular level, which in turn, influenced the shape of the cell survival curves.

Conclusions—Multicellular Monte Carlo dosimetry-models offer improved capacity to predict

response to radiopharmaceuticals compared to approaches based on mean absorbed dose to the

tissue.
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Introduction

Prediction of radiation risks in diagnostic nuclear medicine and tumor response in

therapeutic nuclear medicine rely largely on calculation of absorbed dose. Foreseeing this

need, a general formalism was developed by the Medical Internal Radiation Dose (MIRD)

Committee of the Society of Nuclear Medicine to calculate absorbed doses from tissue

incorporated radioactivity (Loevinger and Berman 1968). The Committee recognized that

internal dosimetry is complicated by the heterogeneous composition of the human body and

that Monte Carlo techniques offered a powerful new approach to circumvent these

complications (Brownell et al. 1968, Snyder et al. 1975). In fact, early efforts by members of

the MIRD Committee were amongst the first uses of Monte Carlo techniques for radiation

dosimetry (Ellett et al. 1964, 1965). Conventional organ absorbed dose estimates assume

that radioactivity is distributed uniformly throughout the organ and the mean absorbed dose

to the organ is calculated (Snyder et al. 1975). However, there have been dramatic

improvements in MIRD dosimetry models that reflect the substructure of organs as well as

tissue elements within them (Bolch et al. 1999, Bouchet et al. 1999, 2003). These and other

models rely on improved nuclear medicine imaging capabilities that facilitate determination

of activity within the voxels that represent tissue elements with volumes of about 0.2–1 cm3

(Rajon et al. 2000, de Carlan et al. 2003, Guy et al. 2003, Ljungberg et al. 2003, McKay

2003, Stabin 2003, Sgouros et al. 2004). However, even these improved approaches assume

that all cells within the tissue element receive essentially the same absorbed dose. The tissue

element may be comprised of a variety of cells having very different radiosensitivities

(Oakberg 1971), and sometimes, depending on the radiopharmaceutical, very different

degrees of incorporation of radioactivity (Makrigiorgos et al. 1990a, 1990b, Jönsson et al.

1992). Accordingly, the absorbed dose delivered to the various cells in the tissue element

may differ markedly, as well as the corresponding biological response of the cells (National

Council on Radiation Protection and Measurements [NCRP] 1979, Wessels and Griffith

1986, Humm and Cobb 1990, Humm et al. 1993, Feinendegen et al. 1994). Therefore, a

combination of dosimetry at the voxel, multicellular, and cellular levels will be required to

predict response to nonuniform distributions of radioactivity. Toward this end, cellular

dosimetry tools have been published as a MIRD monograph (Goddu et al. 1997).

Multicellular dosimetry is a growing field of study that has recently led to improvements in

our capacity to predict the biological effects of non-uniform distributions of radioactivity

that are inherent in radiopharmaceutical delivery (Goddu et al. 1994, Charlton 2000,

Kvinnsland et al. 2001, Howell and Bishayee 2002, Malaroda et al. 2003, 2005, Neti and

Howell 2003, 2004, 2006, Neti and Howell 2007, 2008, Howell and Neti 2005, Spaic et al.

2005, Howell et al. 2006, Kalogianni et al. 2007, Pinto and Howell 2007, Uusijarvi et al.

2008, Cai et al. 2010). A semi-empirical approach, that considers the mean cellular self-dose

(Dself), the mean cellular cross-dose (Dcross), and the fraction of cells labeled f, has been

used to predict cell killing in multicellular clusters wherein 1%, 10%, or 100% of the cells

were labeled with the beta-particle emitter 131I (Howell and Neti 2005) or the alpha-particle

emitter 210Po (Neti and Howell 2007). While its predictive capacity was good for 131I down

to about 1% survival, it was unable to match the saturation of the experimental survival

curve that was observed at higher doses. Furthermore, the semi-empirical approach had very
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limited capacity to predict cell killing that was observed experimentally in multicellular

clusters containing 210Po (Neti and Howell 2007). Thus, there is a need to further develop

experimentally validated dosimetry and biological response models.

The present work describes new theoretical Monte Carlo approaches to multicellular

dosimetry and biological response modeling for soft tissue environments and

inhomogeneous tissue environments such as trabecular bone. These approaches, which are

designed around our experimental multicellular cluster (Neti and Howell 2003, 2004, 2007)

and Cytomatrix™ (Cell Sciences PTE, Singapore) models (Pinto et al. 2006, 2010, Pinto and

Howell 2007), take account of lognormal distributions of radioactivity. They account for

some of the key variables in these three-dimensional (3D) experimental models which

showed that cell survival dose-response curves depend on differences in percentage of

labeled cells, differences in relative biological effectiveness (RBE) between cellular self-

and cross-dose, and activity distribution among the labeled cells.

Materials and methods

Multicellular cluster model

The experimental conditions for our well-established multicellular cluster model are

published (Bishayee et al. 2001, Howell and Bishayee 2002, Neti and Howell 2003, 2004,

Neti and Howell 2007). Briefly, the cluster consists of 4 × 106 Chinese hamster V79 cells,

labeled with radioactivity, and tightly packed into a pellet at the bottom of a 400 μl

microcentrifuge tube. Cell clusters, containing various quantities of radioactivity, were

maintained in these tubes at 10.5°C for a period of 72 h to accumulate decays. The clusters

were then dismantled, serial dilutions of the cells were seeded into culture dishes for the

colony forming assay. After incubating the culture dishes for one week at 37°C, 5% CO2

and 95% air, the colonies were washed, fixed, stained, and scored. The surviving fraction of

initially seeded cells compared to controls was calculated and plotted as a function of mean

activity per cell <a>. Calculation of the radiation absorbed doses received by individual cells

in the cluster requires spatial dimensions of the cells and the multicellular cluster, mass of

the cluster, and how the activity is distributed among the cells.

Experimental measurement of cell dimensions—Measurement of the dimensions of

the cell and cell nucleus of V79 cells in multicellular clusters were determined using two

methods. First, confocal microscopy was used to measure the diameters in situ. Cells were

labeled with Molecular Probes® Vybrant™ carboxyfluorescein diacetate succinimidyl ester

(CFDA SE) cell tracer kit (Invitrogen, Carlsbad, CA, USA) and clusters were assembled

with the dyed cells according to our published procedures (Bishayee et al. 2001). The

clusters were maintained at 10.5°C for 72 h and then delicately teased from the tube to

minimize disruption of the cluster. The cluster was placed on a slide and immediately placed

into a Zeiss (Carl Zeiss, Thornwood, NJ, USA) Laser Scan Microscope LSM 410 invert with

ArKr laser (488/568/647 nm). Slices (2-μm thick) were acquired by exciting at 488 nm and

passage of the resulting CFDA SE fluorescence through a 515–545 band pass filter. A 3D

rendering of the cluster geometry was obtained. The Zeiss software package was used to

measure diameters of the cell and cell nucleus of about 50 cells. The mean diameters and
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standard deviations of the cell and cell nucleus were 11 ± 1 and 8 ± 1 μm, respectively.

Additional measurements were made by disassociating the cluster in culture medium and

measuring cell diameters with a Nikon (Melville, NY, USA) Labophot II upright

microscope equipped with a calibrated eyepiece reticule. These measurements resulted in

diameters of 13 ± 2 and 8 ± 1, for the cell and cell nucleus, respectively. Given the

limitations of each approach, the averages of the diameters from the two methods were used,

being 12 and 8 μm, respectively.

Geometry of the experimental multicellular cluster model—Previous

measurements yielded a cluster mass of 7.9 ± 0.1 mg (Neti and Howell 2003); using this

mass, the cell size measurements above, and assuming that cells are unit density spheres, the

cell packing density can be calculated to be about 0.5. This roughly corresponds to the

packing density of a cubic lattice (0.5234; Conway and Sloane 1999) which is considerably

looser than our earlier computational models that assumed hexagonal close-packed

geometry with a packing density of 0.74 (Sastry et al. 1985, Goddu et al. 1994).

Theoretical multicellular cluster model—A Fortran 90 program, operating on a Sun

Solaris (Oracle, Redwood Shores, CA, USA) platform, was written to theoretically model

the multicellular cluster consisting of V79 cells labeled with 210Po-citrate. The cell and cell

nucleus were represented as concentric spheres of unit density matter with diameters of 12

and 8 μm, respectively. The cells were packed as a cubic lattice within a cone (height = 3.74

mm, diameter = 3.74 mm) that represented the pellet assembled in the 400 μl

microcentrifuge tube. When the center of every cell was required to lie within the cone, a

total of 3,934,536 cells could be packed. Cells were each assigned an initial activity a (mBq)

according to a log-normal distribution:

(1)

where <a> is the experimentally measured initial mean activity per cell and σ is the

lognormal shape parameter (Neti and Howell 2006, 2008). The NAG (Numerical

Algorithms Group, Oxford, UK) Fortran Library was used to implement the lognormal

distribution in a manner that ensured the highest statistical standards. Cellular activity was

assumed to be localized in the cytoplasm. Cells containing any amount of activity were

considered source cells.

Calculation of the absorbed dose to each of the nearly 4 million cells requires a very large

amount of time for a computer’s central processing unit (CPU). Accordingly, the absorbed

dose to a select number of target cells was calculated. The number of target cells sampled

corresponded to the number of cells that are plated during a typical clonogenic survival

assay of our experimental multicellular clusters (Neti and Howell 2007). For example,

200,000 cells are seeded when the cell survival fraction is anticipated to be roughly between

0.001 and 0.01. Thus, N cells were randomly selected from the cluster and the cellular self-

dose  and cross-dose  was calculated individually for each target cell k.
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(2)

(3)

(4)

where N = 200,000. When source and target cell coincide, the self-dose to the kth target cell

per unit cumulated activity in the kth target cell  was taken from the MIRD Cellular S

Values monograph (Goddu et al. 1997). For cross-doses, the absorbed dose to the kth target

cell per unit cumulated activity in the ith source cell  was calculated using the point-

kernel geometric-factor approach described by Goddu et al. (1994), except that stopping

powers for alpha particles were obtained from Report 49 of the International Commission on

Radiation Units and Measurements (ICRU 1993). These same cross-dose S values can be

obtained at: http://njms.rutgers.edu/departments/division_radiation/multi_dosimetry.cfm. In

all cases, the cell nucleus was taken as the target region. In keeping with our experimental

multicellular cluster data for 210Po-citrate, the residence time τ for the cellular activity is

94.5 h (Neti and Howell 2007). This residence time includes contributions from intracellular

decays that occur during the uptake period, the 72 h maintenance period at 10.5°C, and the

colony-forming period. The cumulated activity (number of disintegrations) in the ith source

cell is given by ãi = ai τ.

Monte Carlo modeling of cell survival—The probability for the kth target cell to

survive, Pk′ was assumed to depend on the self- and cross-doses received. The survival

probability for labeled and unlabeled cells was assumed to be given by

(5)

(6)

The values of D37,self and D37,cross are defined as the self- and cross-doses required to

achieve 37% survival, respectively. These were both assigned a value of 0.64 Gy which

corresponds to the experimental dose required to achieve 37% survival (D37) when 100% of

the cells were labeled with 210Po-citrate, an emitter of 5.3 MeV alpha-particles (Neti and

Howell 2007). The assumption of D37,self = D37,cross derives from our previous studies

which showed equivalent RBE values for intranuclearly and cytoplasmically localized alpha

emitters (Azure et al. 1994). A Monte Carlo method was used to determine whether a given

target cell suffered radiation-induced cell death (Rajon et al. 2011). For each target cell, a

random number (RAND) was generated between zero and unity. If RAND > Pk the target

cell was considered dead; otherwise, it was scored as a survivor. This process was carried
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out for each target cell and the surviving fraction of target cells was calculated as: SF =

(number of survivors) ÷ (number of target cells).

Cytomatrix™ model

A second 3D multicellular dosimetry model was created to represent our Cytomatrix™

experimental radiobiology model (Pinto et al. 2006, 2010, Pinto and Howell 2007). This

model was composed of an inhomogeneous mixture of materials that represented the

Cytomatrix™ carbon scaffold, cell nuclei randomly distributed in the pores of the scaffold,

and medium that fills the remaining space. As in the multicellular cluster model described

above, the relative activity in each cell was assigned according to a lognormal probability

distribution (Equation 1). However, in this case, the Electron Gamma Shower version nrc

(EGSnrc) Monte Carlo radiation transport code (Kawrakow 2000) was used to assess both

the self- and the cross-dose for each target cell nucleus. Details of this theoretical model are

published elsewhere (Rajon et al. 2011).

Geometry of the experimental Cytomatrix™ model—The geometry of the

experimental Cytomatrix™ model was obtained by image processing of microscopic

computed tomography (μCT) images as previously described (Rajon et al. 2011). Figure 1 is

a 3D rendering of μCT-images of the Cytomatrix™, a disk with diameter 8.5-mm and

thickness 2-mm. Image analysis gave an average pore diameter ~0.7 mm, ligament diameter

~50–100 μm, and ligaments occupy 4.1% of the total volume.

Geometry of the theoretical Cytomatrix™ model—The compositions of the

components of the model were assumed to be carbon graphite with 2.0-g/cm3 density for the

ligaments, cell nuclei as defined by ICRU (ICRU 1989), and liquid water for the remaining

volume (Rajon et al. 2011). The cytoplasm was not considered a source or target region to

reduce CPU time. Cell nuclei were represented by 8-μm diameter spheres and the cytoplasm

was not explicitly modeled. The nuclei were positioned randomly in the Cytomatrix™ with

restrictions: (i) not allowed within 1 μm of the ligaments, and (ii) nuclei were separated from

each other by at least 2 μm. These restrictions allowed 1.5 × 108 nuclei to fit in the scaffold,

however, our current PC cluster could not support computations with 108 cells so this study

was limited to 106 cells within a cylinder having a 1.322-mm diameter and 1.252-mm height

(Rajon et al. 2011).

Radiation transport within the theoretical Cytomatrix™ model—Assessment of

radiation absorbed doses to the cell nuclei within the cylindrical region within the

Cytomatrix™ was performed using the EGSnrc Monte-Carlo radiation-transport code

(Kawrakow 2000). In these preliminary calculations, source radiations consisted of 100 keV

monoenergetic electrons that were isotropically emitted from the source cells. Photons

produced during the electron transport were transported by EGSnrc. Rayleigh scattering was

modeled explicitly and a 1-keV cut-off energy was used for photons and electrons.

Monte Carlo modeling of cell survival—The surviving fraction of radiolabeled cells in

the theoretical Cytomatrix™ model was calculated in the same manner described above for

the multicellular cluster model (Equations 5 and 6). However, multicellular cluster
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experiments have shown that the self-dose delivered by DNA-incorporated 131I-

iododeoxyuridine (131IdU, a β-particle emitter) is considerably more radiotoxic than its

cross-dose (Neti and Howell 2004). Therefore, for the monoenergetic electrons considered

here, the parameters D37,cross and D37,self were assigned experimentally determined values

of 4.0 and 1.2 Gy, respectively (Neti and Howell 2004). The surviving fraction of the cell

population was determined using Equations 5 and 6, and the random number generation

approach described above.

Results

Multicellular cluster model

Figure 2 shows the theoretical response of V79 cells when labeled with 210Po-citrate and

maintained in a 3D multicellular cluster for 72 h. Results are plotted as a function of the

mean activity per labeled cell (<a>), a variable that is tractable and that can be determined

experimentally. In this preliminary work, results are not plotted as a function of absorbed

dose to emphasize that each cell receives a unique absorbed dose that is constituted from

energy depositions by alpha particles emitted by decays within the same cell and decays that

occur within the surrounding source cells. Figure 2A shows that, when only 10% of the cells

in the cluster are labeled with 210Po-citrate, a poor fit to the experimental data arises when

all of the labeled cells are assumed to contain the same activity (i.e., σ = 0.01). However,

this fit is somewhat better than when the total cluster activity is equally divided among all

the cells. A very good fit to the experimental data for 10% labeling is apparent when the

activity is lognormally distributed among the labeled cells and 1.5 <σ< 2.5. This is

contrasted by the very poor fit to the experimental data for 1% labeling regardless of the

activity distribution (Figure 2B).

Cytomatrix™ model

The dependence of the shape of the survival curves on the percentage of cells labeled is

shown in Figures 3A–C for uniform and lognormal distributions of activity among the

labeled cells. The two dashed straight lines in all panels of Figure 3 represent survival curve

limits that result when every cell receives the same dose in the form of only self-dose, or

only cross-dose, respectively. These reference curves have no shoulder that is typical of low

linear-energy-transfer (LET) radiations because this characteristic was not observed in

experiments with 131IdU when clonogenic survival was used as the biological endpoint (Neti

and Howell 2004). More complex dose response models may be needed for other radiations,

endpoints, and tissue environments where repair processes may be more robust

(O’Donoghue and Wheldon 1989, O’Donoghue 1990, Howell et al. 1994).

Discussion

The theoretical multicellular model described here combines the complexity of a lognormal

activity distribution (Kvinnsland et al. 2001, Neti and Howell 2006), the simplicity of a

geometric factor-based dosimetry approach, and a Monte Carlo survival analysis. This

approach calculates the self- and cross-doses to each individual target cell that are used in

turn to calculate survival probability as input for Monte Carlo survival analysis. Unlike our
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earlier effort that used mean self- and cross-doses (Neti and Howell 2007), this new

approach was able to recapitulate the saturation observed in the experimental survival curves

obtained when 10% of the cells were labeled with 210Po-citrate (Figure 2A). Of note,

however, is that the lognormal shape parameter of 1.5 <σ< 2.5 that was required to

recapitulate the curves represents a considerably broader distribution than the

experimentally determined values of σ = 0.4–1 for 210Po-citrate (Neti and Howell 2006,

2008, Akudugu et al. 2011). The reason for this discrepancy is not clear at this time.

In contrast to the good fit obtained for 10% labeling, the experimentally observed dose

response for the case where 1% of the cells were labeled with 210Po-citrate (Neti and Howell

2007) shows a greater degree of cell killing than expected based on our Monte Carlo

multicellular dosimetry approach (Figure 2B). It is possible that the reason may be tied to

the cytoplasmic subcellular distribution that was modeled in these calculations. The

experimental distribution was 72% in the cytoplasm and 28% in the nucleus (Howell et al.

1990). Using a theoretical model similar to that presented here, it has been shown that the

extra ‘reach’ afforded by cytoplasmically localized alpha particle emitters can result in

increased tumor control probability compared to that for intranuclear localization (Uusijarvi

et al. 2008). This suggests that the theoretical curves in Figure 2B would shift downward

somewhat to follow more closely the experimental data. It is also possible that the difference

between theory and experiment may be evidence of an alpha-particle radiation-induced

bystander-effect similar to that observed in vivo (Brooks et al. 1983). While bystander

effects may offer an explanation in the case of 1% labeling, it would not appear to explain

the model’s need for a larger-than-expected σ for the case of 10% labeling. Another

possibility is that our use of a cone to approximate the shape of the cluster may have a

significant impact on the distribution of doses received by the cell population. Additional

measurements with a calibrated eyepiece reticule mounted on a dissecting microscope

indicate that the cluster can be described as a paraboloid capped with a cylindrical wedge.

The paraboloid is 3.2 mm high with a top diameter of 3.2 mm. The cylindrical wedge is 0.8

mm high. Future investigations will examine whether the cluster geometry has a significant

impact on the shape of the survival curve. Other possibilities for the differences between

theory and experiment may be related to variations in shape and sizes of cells in the

population (Nettleton and Lawson 1996, Charlton 2000, Kvinnsland et al. 2001, Malaroda et

al. 2005, Uusijarvi et al. 2008). Finally, considering that only about two complete alpha-

particle traversals of the nucleus are usually required for cell inactivation, the stochastic

nature of alpha-particle irradiation by incorporated radionuclides may also be playing a role

in the shape of the survival curves for cells labeled with 210Po. The present model, which

uses S values for determination of absorbed dose, does not address these aspects which lie

within the purview of microdosimetry (Charlton 2000, Roeske et al. 2008, Sgouros et al.

2010).

The theoretical multicellular cluster model provides new insights into the effects of

nonuniform distributions of radioactivity in a homogeneous tissue environment. Our

experimental and theoretical Cytomatrix™ models offer a new window to study the impact

of both nonuniform activity distributions and inhomogeneous tissue environments on the

biological effects of incorporated radionuclides. The theoretical model uses Monte Carlo
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techniques for both radiation transport and radiation-induced cell killing. Figure 3 shows

that increasing the breadth of lognormal distributions of electron or beta-particle emitters

can have a substantial effect on the shape of the survival curve, even when 100% of the cells

are labeled. This effect is exacerbated when only a fraction of the cells are labeled with

radioactivity (e.g., 10% or 1% labeled). These data in Figure 3 are for 100 keV electrons.

Not shown in Figure 3 is how electron energy affects the dose-response curves. However,

our previous efforts for 100% labeling conditions clearly show that survival curves

corresponding to irradiation with low energy electrons (10 and 30 keV) showed a high

degree of saturation, whereas little saturation was obtained for high energy electrons (i.e.,

300 and 1000 keV) (Rajon et al. 2011). It is anticipated that reducing the percentage of

labeled cells to 10% or 1% will increase the level of saturation. Studies are presently

underway to quantify the effect of these and other variables on dose-response curves.
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Figure 1.
Images of a Cytomatrix™ carbon scaffold. (A) Three-dimensional rendering of a μCT image

of the Cytomatrix™ carbon scaffold. (B) Magnification of a 2 × 2 × 1 mm3 portion of the

scaffold. (C) Light microscope image of human MDA breast cancer cells suspended in

Matrigel™ and then cultured in a Cytomatrix™. (D) Magnified view of human MDA breast

cancer cells within a Cytomatrix™.
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Figure 2.
Surviving fraction of V79 cells in multicellular clusters containing 4 × 106 cells as a

function of mean activity per labeled cell. Response curves are shown when 10% (Panel A)

or 1% (Panel B) of the cells were labeled with 210Po-citrate. Theoretical survival curves are

represented by the solid curves where the lognormal shape parameter was varied from σ =

0.01 to σ = 3.0, representing the span from a uniform distribution to a broad lognormal

distribution. These theoretical curves are overlaid on published experimental cluster data

that were obtained when 10% (△) or 1% (○) of the cells were labeled (Neti and Howell

2007). Each set of symbols represent the collective data for three independent experiments

(Neti and Howell 2007). Error bars (SEM) for the experimental values are of the order of the

dimensions of the symbols representing the data points. The straight bold-solid lines

represent the response when the activity was assumed to be uniformly distributed throughout

the cone.
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Figure 3.
Surviving fraction as a function of mean absorbed dose to the cell nucleus, obtained with the

theoretical Cytomatrix™ model wherein cells are labeled with a hypothetical radionuclide

that emits 100 keV electrons. Dependence of survival curve on percentage of cells labeled

(100%, 10%, or 1%). Three different activity distributions among the labeled cells are

considered: (A) uniform, (B) lognormal with σ = 1.0, and (C) lognormal with = 2.0. The red

and blue dashed lines represent exponential survival curves with D37 = D37,self = 1.2 Gy and

D37 = D37,cross = 4.0 Gy, respectively.
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