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ABSTRACT

A non-linear system of differential equations that models the bone marrow
cellular kinetics associated with radiation injury, molecular repair, and
compensatory cell proliferation has been extensively documented. Recently, that
model has been implemented as MarCell, a user-friendly MS-DOS computer program
that allows users with little knowledge of the original model to evaluate complex
radiation exposure scenarios. The software allows modeling with the following
radiations: tritium beta, 100 kVp X, 250 kVp X, 22 MV X, "Co, 137Cs, 2 MeV
electrons, triga neutrons, D-T neutrons, and 3 blends of mixed-field fission
radiations. The possible cell lineages are strem, stroma, and leukemia/lymphoma,
and the available species include mouse, rat, dog, sheep, swine, burro, and man.
An attractive mathematical feature is that any protracted protocol can be
expressed as an equivalent prompt dose for either the source used or for a
reference such as 250 kVp X rays or *°Co. Output from MarCell includes: risk of
30-day mortality, risk of cancer and leukemia based either on cytopenia or
compensatory cell proliferation, cell survival plots as a function of time or
dose, and 4-week recovery kinetics following treatment. In this article, the
program's applicability and ease of use are demonstrated by evaluating a medical
total body irradiation protocol and a nuclear fallout scenario.

INTRODUCTION

Jones et al. introduced a bone marrow radiation cell kinetics model with
great potential for application in the fields of health physics, radiation
research, and medicine (1,2,3,4). However, until recently, only the model
developers have been able to apply it because of the complex array of biological
and physical assignments needed for evaluation of a particular radiation exposure
protocol. The purpose of this article is to illustrate the use of MarCell
("MARrow CELL Kinetics") software for MS-DOS, a "user-friendly" computer
implementation of that mathematical model that allows almost anyone with an
elementary knowledge of radiation physics and/or medical procedures to apply the
model. A "hands-on" demonstration of the software will be given by guiding the
user through evaluation of a medical total body irradiation protocol and a
nuclear fallout scenario. A brief overview of the software is given in the
Appendix.

SAMPLE APPLICATION: PLANNING OF TOTAL BODY IRRADIATION FOR MEDICAL THERAPY

Since the late 1950's total body irradiation (TBI) has been used as a
preparative regimen for allogenic bone marrow transplantation in order to
accomplish the following objectives: (a) host immunosuppression to prevent
rejection of donor stem cells (b) eradication of leukemia cells and (c) ablation
of host bone marrow in order to create space for stem cell grafts (5). While
ablating the host marrow, it is important to spare the stromal cells because

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned righu. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



marked damage to stromal cells may lead to graft failure (6). In addition, the
TBI protocol must not be overly toxic to normal tissues. Initial TBI protocols
consisted of a single dose of radiation (typically 10 Gy) delivered at relatively
high dose rates (0.07-0.10 Gy/min). In the late 1970's, normal tissues were
found to be sensitive to dose fractionation, and fractionated dose TBI schedules
(e.g. 12 Gy delivered in 6 fractions, 2 fractions per day) were introduced to
reduce toxicity to normal tissues. Despite its lower normal tissue toxicity,
fractionated TBI has been found, in some cases, to be less effective at
eradicating host leukemic cells. The controversy over the optimal TBI regimen
for allogenic bone marrow transplantation continues today (7). MarCell software
is particularly useful in the design and comparison of various TBI schedules and
may be helpful in finding the optimal TBI regimen(s).

For purpose of illustration, consider a fractionated TBI schedule of 12 Gy
of Co-60 delivered in 6 fractions, 2 fractions per day (one at 9. a.m. and the
other at 2 p.m.) at a dose rate of 7 cGy/min. To start with, option 2 ("cell
kinetics calculations with 4 week recovery") was selected from the main menu in
Figure 1A. From the menu in Figure IF, option 1 was selected ("1 or more cell
types of your choice"). After entering 3 for the number of cell types to be
considered, man was selected from the species menu in Figure ID. Next, Cobalt 60
(choice 4) was selected from the radiation menu (Figure IB), and the dose
information was entered in the following screen: (Note: underlining indicates
numbers that were input by the user, while italics indicates information that was
output by the program.)

number of radiation doses (maximum of 500) > £

marrow dose 1 (in cGy) > 200
marrow dose rate for dose 1 (in cGy/minute) > 2
time needed for dose 1: 28 minute(s), 38 second(s)

time in minutes between dose 1 and dose 2 > 300
marrow dose 2 (in cGy) > 200
marrow dose rate for dose 2 (in cGy/minute) > 1_
time needed for dose 2: 28 minutes(s), 38 second(s)

time in minutes between dose 2 and dose 3 > 1140
marrow dose 3 (in cGy) > 200
marrow dose rate for dose 3 (in cGy/minute) > 1_
time needed for dose 3 : 28 minute(s), 38 second(s)

time in minutes between dose 3 and dose 4 > 300
marrow dose 4 (in cGy) > 200
marrow dose rate for dose 4 (in cGy/minute) > 1
time needed for dose 4: 28 minute(s), 38 second(s)

time in minutes between dose 4 and dose 5 > 1140
marrow dose 5 (in cGy) > 200
marrow dose rate for dose 5 (in cGy/minute) > 2
time needed for dose 5: 28 minute(s), 38 second(s)

time in minutes between dose 5 and dose 6 > 300
marrow dose 6 (in cGy) > 200
marrow dose rate for dose 6 (in cGy/minute) > 1_
time needed for dose 6: 28 minute (s), 38 second(s)

From the cell type menu in Figure IE, stromal cells (choice 1), hematopoietic
stem cells (choice 2), and leukemia/lymphoma cells (choice 3) were chosen for the
first, second, and third cell types, respectively. From the leukemia/lymphoma
cell menu (Figure 1C), choice 3 (M3 leukemia/lymphoma cells) was selected to
specify the relative radiosensitivity of the leukemia/lymphoma cells. MarCell
can compute the proliferation rate of leukemia/lymphoma cells based on cellular
doubling time or doubling time of the cancer. For the M3 leukemia/lymphoma
cells, we chose to specify the proliferation rate by entering a cellular doubling
time of 2 days. Figure 2 shows the cell survival as a function of time, and
Table 1 contains the numerical results.



SAMPLE APPLICATION: EVALUATION OF RISK PROM EXPOSURE TO NUCLEAR FALLOUT RADIATION

Radiation fallout is characterized by an exponentially decreasing dose
rate. For practical purposes, the rate can be described as T "1-a where "T" is the
age of the fallout in hours. (8). Thus, the variable dose rate effect and the
extremely complex behavior of compensatory marrow cell kinetics serves to
demonstrate the great practicality of the MarCell code. For purpose of
illustration, consider a hypothetical exposure schedule in which troops are
required to work unprotected in a fallout environment for 3 hours per day over 3
days. The variable dose rates and fractionations of exposure leave this problem
lacking a modeling algorithm or a parallel practical experience to serve as a
basis for decision-making. With MarCell, the evaluation was made as follows.
Option 5 ("nuclear fallout calculations with 4 week recovery) was selected from
the main menu (Figure 1A). Next, man was selected from the species menu (Figure
ID), stem and stroma cells were selected from the cell types menu {Figure IF),
and Cobalt 60 was selected from the radiation menu. (For nuclear fallout
calculations, MarCell limits the radiation choices to Cobalt 60 and Cesium 137.)
The fallout dose information was entered in the following screen: (Note:
underlining indicates numbers that were input by the user, while italics
indicates information that was output by the program.)

Fallout Information:

number of exposure periods > 3_

time (hours) after explosion that exposure

period 1 begins (minimum = 0.000001 h) > X

dose rate (cGy/min.) at the beginning of period 1 > 2H

exposure time (hours) for period 1 > 2.
time (hours) between exposure periods 1 and 2 > 21.
exposure time (hours) for period 2 > 3_

time (hours) between exposure periods 2 and 3 > 21.
exposure time (hours) for period 3 > 3_

Figure 3 shows the cell survival as a function of time while Table 2 contains the
numerical results.

CONCLUSION

MarCell provides an easy way to model bone marrow radiation cell kinetics
and has great potential for applicability wherever biological effects of
radiation are of concern. We are encouraged by the large amount of interest that
has been shown by the medical community, radiation risk personnel, and radiation
researchers and hope to extend the software to other computing platforms.

APPENDIX: SOFTWARE OVERVIEW

The current version of MarCell runs on IBM-compatible computers with a
80286 chip or higher. The program's main functions are shown in the main menu in
Figure 1. For custom dose protocols, the program asks for the number of dose
fractions, the dose (cGy) and dose rate (cGy/min.) for each fraction, and the
time (h) between each dose fraction. For fallout radiation protocols, dose rate
decay is approximated by T"1-2 where T is the time in hours after the unit time
reference used for fallout dose rate decay (8), and users must enter the number
of fallout radiation exposure periods, the arrival time (h), the initial dose
rate (cGy/min.) for the first period, the duration (h) of each exposure period,
and the time (h) between exposure periods. For both fallout radiation protocols
and custom radiation protocols, the user is given the option to extend the cell
survival calculations by 4 weeks in order to model post-exposure recovery- When
option 3 ("cell kinetics calculations from a dose info, file") is chosen from the
main menu (Figure 1), all dose information is taken from an ASCII file, allowing



MarCell to be used in conjunction with separate programs, such as radiation
transport codes.

Cell kinetics calculations can be performed for the species listed in the
species menu (Figure 3). iThe available radiation types are shown in the
radiation menu (Figure 4); however, for nuclear fallout calculations, the
radiation choices are limited to Cobalt 60 and Cesium 137. The cell type choices
are stromal cells, hematopoietic stem cells, and leukemia/lymphoma cells.
Currently, 4 leukemia/lymphoma cell types are available (Ml, M2, M3, M4), where
the relative radiosensitivities are: stroma < M4 < M3 < M2 < stem < Ml. Based on
the choices for species, radiation, and cell type, the appropriate cellular rate
constants are used. If "other" is selected for species, radiation, or cell type,
custom values for the 5 cellular rate constants can be entered, allowing for
modelling of other cells such as lymphocytes or crypt cells of the intestine if
rate constants are known.

Output is in the form of automatically-scaling semilog plots of cell
survival as a function of time or dose (Gy). When time is used for the x-axis,
the most appropriate time units (min., h, days) are automatically selected. In
addition to plotting cell survival, the program displays probability of
radiation-induced mortality for the following post-exposure treatments: no
medical treatment, antibiotic treatment with irradiated blood elements, and
marrow transplantation with its attendant core usually including antibiotics and
irradiated blood elements. Lifetime risk of all cancers and lifetime risk of
leukemia based on either cytopenia (blood cell depletion) or repopulation are
also displayed. Additionally, stromal DREF/RBE's (dose rate effectiveness
factor/relative biological equivalent) based on cytopenia and repopulation are
given, and equivalent prompt doses with respect to Cobalt 60 and 250 kVp x-rays
are displayed for each selected cell type. Plots of cell survival as a function
of dose or time can be printed out, and all calculation sessions can be saved to
disk for later use.
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TABLE 1: Calculation results for a fractionated TBI protocol of
6 fractions of 2 Gy each, 2 fractions per day (9 a.m.
and 2 p.m.) for 3 days, at a dose rate of 7 cGy/Min

Treatment After Radiation Exposure
no treatment
antibiotic and blood cell prophylaxis
marrow transplant (radiation risk)

Cell Type
Stroma
Stem
M3

250 kVp x-ray EPO
559.922
647.490
478.014

Probability of
1.00
0.88
0.09

Cobalt 60 EPD
757.332
876.007
645.355

Death

Note: Stem DREF/RBE factors and risk of cancer could not be
computed because the risk coefficients were invalid due to
excessive cell killing.

Stromal DREF/RBE's (Co-60 ref.):
based on cytopenia = 0.63111
based on repopulation = 0.92369

TABLE 2: Calculation results for nuclear fallout exposure of 3
hrs. per day over 3 days. (Cobalt 60 radiation)

Treatment After Radiation Exposure
no treatment
antibiotic and blood cell prophylaxis
marrow transplant (radiation risk)

Cell Type
Stem
Stroma

250 kVp x-ray EPD
345.709
348.473

Stromal DREF/RBE's (Co-60 ref.):
based on cytopenia = 0.70377
based on repopulation = 0.70703

Cytopenia (stem, Co-60 ref.):
Lifetime risk of all cancers = 0.36807
Lifetime risk of leukemia = 0.04677

Repopulation (stem, Co-60 ref.):
Lifetime risk of all cancers = 0.36807
Lifetime risk of leukemia = 0.05184

DREF/RBE Factors (stem, Co-60 ref.):
Cytopenia = 0.69843
Repopulation = 0.77413
Treatment Dose = 669.672
Dose based on cytopenia = 467.716
Effective Dose based on repopulation

Probability of Death
0.99
0.23
0.01

Cobalt 60 EPD
467.716
471.298

= 518.411



(A) Main Menu (D) Species

1. cell kinetics calculations.
2. cell kinetics calculations with 4 week recovery.
3. cell kinetics calculations from a dose info, file
4. nuclear fallout calculations.
5. nuclear fallout calculations with 4 week recovery.
6. retrieve a set of calculations from disk.
7. view information about this program.
8. exit.

Choose an Option 1

1. Mouse
2. Rat
3. Dog
4. Sheep
5. Swine
6. Burro
7. Man
8. Other (enter constants manually]

^ ^ ^ H Choose an Option

Radiation Types
1. Tritium beta
2. 100 kVp x-rays
3. 250 kVp x-rays
4. Cobalt 60
5. Cesium 137
6. 2 MeV electrons
7. 22 MV x-rays
8. Neutron Fission
9. Neutron Fusion

10. Neutron:Gamma (1:1)
11. Neutron:Gamma (5:1)
12. NeutromGamma (30:11
13. Other (enter rate constants manually)

Choose an Option

Cell Type
1. Stromal Cells
2. Hematopoietic Stem Cells
3. Leukemia/Lymphoma Cells
4. Other (use custom rate constants)

Choose an Option

Number of Cell Types

1. 1 or more ceil types of your choice.
2. 2 cell types: stem and stroma.

Choose an Option

(C) Cell Type: Leukemia/Lymphoma
1. M l leukemia/lymphoma cells
2. M2 leukemia/lymphoma cells.
3. M3 leukemia/lymphoma cells.
4. M4 leukemia/lymphoma cells.

(most radiosensitive)

(least radiosensitive)

Choose an Option

Figure 1: MarCell menus.
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Figure 2i Cell survival for a TBI protocol of 6 fractions of 2 Gy
each, 2 fractions per day (9 a.m. and 2 p.m.) for 3 days,
at a dose rate of 7 cGy/min.
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Figure 3t Cell survival for nuclear fallout exposure of 3 hours
per day over 4 days.


