Defense
D
Threat Reductionn Agency
8725 John J. Kiingman Roadd, MS 6201
Fort Belvoiir, VA 220600-6201

D
DTRA-TR-112-047

Criticcal Review
w of Selecteed Compoonents of R
RIPD
(Rad
diation-In
nduced Perrformancee Decremeent)

DISTR
RIBUTION A: Approveed for public release; disttribution is uunlimited

Decem
mber 2012

DTRA01-003-D-0014
Authored bby:
Terry C. Peellmar
Darren R. O
Oldson

Prepared byy:
Applied Reesearch Assoociates, Inc.
801 N. Quiincy Street
Suite 700
Arlington, VA 22203

THIS PAGE IS INTENTIONALLY LEFT BLANK.

ii

Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed,
and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to Department
of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that
notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT
RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY)

2. REPORT TYPE

04-12-2012

Technical Report

3. DATES COVERED (From – To)

December 2010 – December 2012

4. TITLE AND SUBTITLE

5a. CONTRACT NUMBER

Critical Review of Selected Components of RIPD (Radiation-Induced Performance
Decrement)

5b. GRANT NUMBER

DTRA-01-03-D-0014-0038
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

5d. PROJECT NUMBER

Terry C. Pellmar and Darren R. Oldson
5e. TASK NUMBER
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
AND ADDRESS(ES)

8. PERFORMING ORGANIZATION REPORT
NUMBER

Applied Research Associates, Inc.
801 N. Quincy Street, Ste. 700
Arlington, VA 22203
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSOR/MONITOR’S ACRONYM(S)

Defense Threat Reduction Agency
8725 John J. Kingman Road, MS 6201
Fort Belvoir, VA 22060-6201

DTRA-J9NTSN
11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Distribution A: Approved for public release; distribution is unlimited.
13. SUPPLEMENTARY NOTES
14. ABSTRACT

RIPD (Radiation–Induced Performance Decrement) is a physiologically-based model of acute radiation sickness (ARS). RIPD estimates:
• severity of illness due to prompt or protracted exposures to ionizing radiation for total free-in-air doses between 0.75 Gy and 45 Gy;
• residual performance capability over time for soldiers exposed to ionizing radiation in a military engagement;
• incidence of performance decrement;
• incidence of lethality;
• time to lethality.
The RIPD model applies to whole–body exposures to gamma rays and/or neutrons; dose–rate histories can be complex and the exposure period can
be as long as one week. RIPD estimates severity of illness and performance capability for up to 1000 hours (about 6 weeks) after the start of
exposure.
The prompt exposure models in RIPD were developed during the Defense Nuclear Agency’s Intermediate Dose Program (IDP) to facilitate
consequence assessment and military planning in a nuclear radiation environment. This report (1) summarizes RIPD’s performance decrement
model, and (2) reviews the four kinetic models around which RIPD’s sign/symptom (S/S) severity model structure is built and through which RIPD
extends the IDP’s prompt exposure S/S severity models to protracted radiation exposures. The assumptions, limitations, and mathematical structure
of these four physiologically-based models are discussed.
15. SUBJECT TERMS

Radiation Injury

Modeling

Physiological Modeling

16. SECURITY CLASSIFICATION OF:

17. LIMITATION
OF ABSTRACT

Performance Decrement
18. NUMBER (of
pages)

19a. NAME OF RESPONSIBLE
PERSON

Paul K. Blake, PhD
a. REPORT

b. ABSTRACT

a. THIS PAGE

UNCLASS

UNCLASS

UNCLASS

19b. TELEPHONE NUMBER (include area

UNLIMITED

42

code)

703.767.3433

Standard Form 298 (Rev. 8-98) Prescribed by

iii

ANSI Std. Z39.18

THIS PAGE IS INTENTIONALLY LEFT BLANK.

iv

UNIT CONVERSION TABLE
U.S. customary units to and from international units of measurement*
U.S. Customary Units

Multiply by

International Units

Divide by†
Length/Area/Volume
inch (in)
foot (ft)
mile (mi, international)
micron (μ)
angstrom (Å)
barn (b)
gallon (gal, U.S. liquid)
Mass/Density/Force
pound (lb)
atomic mass unit (AMU)
pound-mass per cubic foot (lb ft–3)
pound-mass-square foot (lb ft2)
pound-force (lbf avoirdupois)
pound-force inch (lbf in)
pound-force per inch (lbf in–1)
Energy/Power
electronvolt (eV)
Erg
kilotons (kT) (TNT equivalent)
British thermal unit (Btu) (thermochemical)
foot-pound-force (ft lbf)
calorie (cal) (thermochemical)
Pressure
kip per square inch (ksi)
atmosphere (atm)
Bar
torr (Torr)
pound-force per square inch (psi)
Angle/Temperature/Time
hour (h)
degree of arc (o)
degree Fahrenheit (oF)
degree Fahrenheit (oF)
Radiation`
curie (Ci) (activity of radionuclides)
roentgen (air exposure)
rad (absorbed dose)
rem (equivalent dose)

2.54
3.048
1.609 344
1
1
1
3.785 412

× 10–2
× 10–1
× 103
× 10–6
× 10–10
× 10–28
× 10–3

meter (m)
meter (m)
meter (m)
meter (m)
meter (m)
meter2 (m2)
meter3 (m3)

4.535 924
1.660 539
1.601 846
4.214 011
4.448 222
1.129 848
1.751 268

× 10–1
× 10–27
× 101
× 10–2

kilogram (kg)
kilogram (kg)
kilogram per cubic meter (kg m–3)
kilogram-square meter (kg m2)
newton (N)
newton-meter (N m)
newton per meter (N m–1)

1.602 177
1
4.184
1.054 350
1.355 818
4.184

× 10–19
× 10–7
× 1012
× 103

6.894 757
1.013 250
1
1.333 224
6.894 757

× 106
× 105
× 105
× 102
× 103

× 10–1
× 102

3.6
× 103
1.745 329
× 10–2
o
[T( F) − 32]/1.8
[T(oF) + 459.67]/1.8
3.7
2.579 760
1
1

*

× 1010
× 10–4
× 10–2
× 10–2

joule (J)
joule (J)
joule (J)
joule (J)
joule (J)
joule (J)
pascal (Pa)
pascal (Pa)
pascal (Pa)
pascal (Pa)
pascal (Pa)
second (s)
radian (rad)
degree Celsius (oC)
kelvin (K)

per second (s–1‡)

–1

coulomb per kilogram (C kg )
joule per kilogram (J kg–1**)
joule per kilogram (J kg–1††)

Specific details regarding the implementation of SI units may be viewed at http://www.bipm.org/en/si/.
Multiply U.S. customary unit by factor to get international unit. Divide international unit by factor to get U.S. customary unit.
‡
The special name for the SI unit of activity of a radionuclide is the becquerel (Bq). (1 Bq = 1 s–1).
**
The special name for the SI unit of absorbed dose is the gray (Gy). (1 Gy = 1 J kg–1).
††
The special name for the SI unit of equivalent and effective dose is the sievert (Sv). (1 Sv = 1 J kg–1).
†

v

THIS PAGE IS INTENTIONALLY LEFT BLANK.

vi

DTRA-TR-12-047: Critical Review of Selected Components of RIPD
(Radiation-Induced Performance Decrement)

TABLE OF CONTENTS
List of Figures ............................................................................................................... viii
List of Tables ............................................................................................................... viii
Executive Summary ........................................................................................................... ix
Section 1. Introduction .......................................................................................................1
1.1 Overview .........................................................................................................1
Section 2. Determining Performance Decrement ............................................................3
2.1 Signs and Symptoms .......................................................................................3
2.2 Symptom Profiles and Symptom Complexies ................................................3
2.3 Performance Prediction ...................................................................................4
Section 3. Description of Physiologically-Based Models................................................6
3.1
MarCell Model ..........................................................................................6
3.1.1
Model Description ....................................................................................6
3.1.1.1 Radiation-Induced Cellular Injury ...........................................................6
3.1.1.2 Probability of Lethality and Calculating the Equivalent Prompt Dose....9
3.1.1.3 Fitting the Parameters ..............................................................................9
3.1.1.4 Calculating Time to Lethality ...................................................................9
3.1.2
Validation and Limitations .....................................................................10
3.2
Fatigability and Weakness Model ...........................................................10
3.2.1
Model Description ..................................................................................11
3.2.1.1 Radiation Effects on Lymphocytes ..........................................................11
3.2.1.2 Cytokine Release .....................................................................................13
3.2.1.3 Severity of Fatigability and Weakness ....................................................14
3.2.1.4 Parameter Estimation .............................................................................15
3.2.2
Validation and Limitations .....................................................................15
3.3
Upper GI Model ......................................................................................16
3.3.1
Model Description ..................................................................................16
3.3.1.1 Emetic Pathway ......................................................................................16
3.3.3.2 Severity of Prodromal Emetic Response .................................................18
3.3.3.3 Parameter Estimation .............................................................................19
3.3.2
Validation and Limitations .....................................................................19
3.4
Gut Injury Model ....................................................................................20
3.4.1
Model Description ..................................................................................21
3.4.1.1 Radiation Effects on Cells of the Gut......................................................21
3.4.1.2 Compartmental Model of the Gut Epithelia............................................23
3.4.1.3 Severity of Lower Gastrointestinal Distress ...........................................25
3.4.1.4 Parameter Estimation .............................................................................26
3.4.2
Validation and Limitations .....................................................................26
Section 4. Summary and Conclusions ...........................................................................27
Section 5. References .....................................................................................................28
Appendix A Acronym List ............................................................................................. A-1
vii

List of Figures
Figure 1. RIPD's performance decrement calculation. ................................................................... 2
Figure 2. Schematic of MarCell ...................................................................................................... 7
Figure 3. Schematic of Lymphopoiesis Model. ............................................................................ 11
Figure 4. Schematic of emetic response in UG distress model..................................................... 17
Figure 5. Schematic of the LPL component of the GIM. ............................................................. 20
Figure 6. Schematic of the cellular components in the GIM. ....................................................... 24

List of Tables
Table 1. Marcell model components. .............................................................................................. 7
Table 2. Parameters for lymphopoiesis model. ............................................................................. 13
Table 3. Parameters for UG model ............................................................................................... 19
Table 4. Variables and parameters for the GIM. .......................................................................... 20

viii

Executive Summary
The purpose of this report is to provide a concise overview of the physiologically based models
in RIPD (Radiation–Induced Performance Decrement), with attention given to the models'
mathematical structure and biological assumptions. This report also discusses the use of these
models as building blocks for developing models of combined injury.
RIPD is a physiologically-based model of acute radiation sickness (ARS). RIPD estimates:
•
•
•
•
•

severity of illness due to prompt or protracted exposures to ionizing radiation for total
free-in-air doses between 0.75 Gy and 45 Gy;
residual performance capability over time for soldiers exposed to ionizing radiation in a
military engagement;
incidence of performance decrement;
incidence of lethality;
time to lethality.

The RIPD model applies to whole–body exposures to gamma rays and/or neutrons; dose–rate
histories can be complex and the exposure period can be as long as one week. RIPD estimates
severity of illness and performance capability for up to 1000 hours (about 6 weeks) after the start
of exposure.
The prompt exposure models in RIPD were developed during the Defense Nuclear Agency’s
Intermediate Dose Program (IDP) to facilitate consequence assessment and military planning in a
nuclear radiation environment. This report (1) summarizes RIPD’s performance decrement
model, and (2) reviews the four kinetic models around which RIPD’s sign/symptom (S/S)
severity model structure is built and through which RIPD extends the IDP’s prompt exposure S/S
severity models to protracted radiation exposures.
RIPD combines physiologically-based and empirical models to predict lethality, time-dependent
severity of signs and symptoms, and resulting performance decrement following exposure to
ionizing radiation. The approach used to determine performance decrement is briefly detailed,
followed by a critical evaluation of the four stand–alone physiological models used by RIPD:





bone marrow (BM) cell kinetics (MarCell)– basis of RIPD’s lethality model and the basis
of RIPD’s extension (to protracted exposures) of the IDP prompt exposure
symptomatology models that reflect bone marrow damage;
lymphocyte kinetics and subsequent cytokine release – basis of RIPD’s extension of the
IDP fatigability and weakness (FW) model;
model of the emetic pathway(s) based on activity of a neuroactive substance – basis of
RIPD’s extension of the IDP prodromal upper gastrointestinal distress (UG) model; and
model of cell loss in the intestinal epithelium – basis of RIPD’s extension of the IDP
lower gastrointestinal distress (LG) model
ix

RIPD is sufficiently versatile to assess anticipated functional incapacitation after exposures to
prompt, protracted, and complex exposure histories. RIPD takes into consideration both the
prompt gamma and the neutron exposures that would be expected after a nuclear detonation.
Since RIPD was designed for specific military personnel tasks in previous decades, updates
reflecting current functions of soldiers and airmen may be warranted. Some of the physiological
components could be updated to reflect recent advances in scientific knowledge. Improvements
to existing physiological components and addition of new physiological models will allow the
program to more accurately assess health risks. New physiologically-based model components
will facilitate the integration of treatment as well as other injuries, such as burns, wounds, and
infection.
RIPD is the DoD’s primary model for prediction of functional impairment after protracted
radiation exposures and will serve as a good platform for expansion into new models of health
effects and combined injury. With these enhancements, RIPD can evolve into a casualty
prediction model that will help military and medical planners predict the incidence of
performance incapacitation and health effects, allowing more accurate estimations of timephased casualties, patient streams, and medical care requirements.

x

Section 1.
Introduction
1.1

Overview

The purpose of this report is to provide a concise overview of the physiologically based models
in RIPD (Radiation–Induced Performance Decrement), with attention given to the models'
mathematical structure and biological assumptions. This report also discusses the use of these
models as building blocks for developing models of combined injury.
RIPD is a physiologically-based model of acute radiation sickness (ARS). RIPD estimates:
•
•
•
•
•

severity of illness due to prompt or protracted exposures to ionizing radiation for total
free-in-air doses between 0.75 Gy and 45 Gy;
residual performance capability over time for soldiers exposed to ionizing radiation in a
military engagement;
incidence of performance decrement;
incidence of lethality;
time to lethality.

The RIPD model applies to whole–body exposures to gamma rays and/or neutrons; dose–rate
histories can be complex and the exposure period can be as long as one week. RIPD estimates
severity of illness and performance capability for up to 1000 hours (about 6 weeks) after the start
of exposure.
RIPD models the performance decrement associated with 23 tasks (generally short–term
activities performed during a military engagement). The performance functions calculated by
RIPD are intended for consequence assessment and military planning in a nuclear radiation
environment.
RIPD’s performance decrement calculation is a two-step process, illustrated in Fig. 1-1.
Development of mapping ① (Baum et al. 1984, Anno et al. 1985, Anno et al. 1989) and
mapping ② (Anno et al. 1984, Anno et al.1994) was initiated during the Defense Nuclear
Agency’s Intermediate Dose Program (IDP). In this early stage of development the domain of
function ① was restricted to prompt exposures (empirical data were available to predict severity
of signs and symptoms (S/S) for acute doses of radiation; data for the symptomatology elicited
by protracted exposures were sparse). Using physiologically-based models, RIPD is able to
predict consequences resulting from complex exposure histories that include prompt, protracted,
and/or fractionated exposures. That is, RIPD extends mapping ① in Fig. 1-1 to include
protracted exposures (Anno et al. 1991, Anno et al. 1996).

1

Figure 1. RIPD's performance decrement calculation.
RIPD uses a quantitative description of the sign/symptom severities of ARS developed by the
IDP in the early 1980s. The IDP methodology divides the major signs and symptoms (S/S) of
ARS into six categories (Young and Auton 1984, Anno et al. 1996): upper gastrointestinal
distress (UG), fatigability and weakness (FW), lower gastrointestinal distress (LG), hypotension
(HY), infection and bleeding (IB), and fluid loss and electrolyte imbalance (FL). Models of the
incidence and severity of these symptoms together with a model of hematopoietic lethality form
the basis of RIPD.
In addition to empirical models for manifest UG distress, FL, IB, and HY, RIPD includes four
physiologically-based models:





bone marrow (BM) cell kinetics (MarCell) – basis of RIPD’s lethality model and the
basis of RIPD’s extension (to protracted exposures) of the IDP prompt exposure
symptomatology models that reflect bone marrow damage;
lymphocyte kinetics and subsequent cytokine release – basis of RIPD’s extension of the
IDP fatigability and weakness (FW) model;
model of the emetic pathway(s) based on activity of a neuroactive substance – basis of
RIPD’s extension of the IDP prodromal UG distress model; and
model of cell loss in the intestinal epithelium – basis of RIPD’s extension of the IDP
lower gastrointestinal distress (LG) model

These physiologically-based models build on a broad base of scientific investigations into the
cellular, physiological, and behavioral effects of radiation in biological systems. The general
approach used by RIPD is to combine animal experiments and any available human data to
model physiological cascades of events initiated by radiation insults. An advantage of modeling
these radiation-induced changes using physiologically-based models is that one can define
physiologically-based isoeffects.1 Given prompt-dose experimental data, these isoeffects can be
used to estimate the effects of protracted exposures. An isoeffect can be used to determine an
equivalent prompt dose, and from a probit analysis of the human dose-response relationship for
acute exposures, biological effects could be predicted for complex exposure paradigms.
The following sections (1) summarize RIPD’s performance decrement model, and (2) review the
four kinetic models around which RIPD’s S/S severity model structure is built and through
which RIPD extends the IDP’s prompt exposure S/S severity models to protracted radiation
exposures.

1

By isoeffect we mean a specific endpoint within the model (e.g., nadir of a cell population) that is predictive of the extent of the
damage (e.g., probability of lethality) and can be determined for any radiation exposure scenario. For example, in the MarCell
model, the nadir of a bone marrow cell population is assumed to be an isoeffect for probability of lethality. Given the cell population
nadir associated with a complex exposure scenario (where lethality could be hard to predict), one can calculate an equivalent
prompt dose with which to predict lethality.

2

Section 2.
Determining Performance Decrement
2.1

Signs and Symptoms

RIPD estimates severity of illness and performance capability for up to 1000 hours (about 6
weeks) after the start of exposure. Prodromal symptoms appear within the first few hours to
days following the start of exposure; these symptoms include nausea, vomiting, anorexia,
diarrhea, fluid loss, electrolyte imbalance, headache, and fatigability and weakness. Manifest
illness occurs a few days to weeks after exposure. During the manifest illness phase, damage to
the hematopoietic system triggers infection, fever, and bleeding; ulceration and damage to the
gastrointestinal system causes fluid loss, electrolyte imbalance, and recurrence of diarrhea with
relatively high doses. To quantify the severity of the signs and symptoms, RIPD uses six S/S
categories:
1.
2.
3.
4.
5.
6.

upper gastrointestinal distress,
lower gastrointestinal distress,
fatigability and weakness,
hypotension,
infection, bleeding, and fever,
fluid loss and electrolyte imbalance.

These six categories were chosen because they were commonly addressed in the literature as
sequelae of radiation injury, the symptomatology in these six categories spanned a large range of
time and radiation dose, and the levels of severity could be described fairly easily (Anno et al.
1985).
2.2

Symptom Profiles and Symptom Complexes

Data on the onset, duration, incidence, and severity of the S/S were obtained primarily from case
studies of the victims of radiation accidents and records of radiation therapy patients (Anno et al.
1989, Baum et al. 1984). The symptomatology reported in numerous sources was grouped into 8
dose ranges over the range of interest (0.75 to 45 Gy free-in-air). For each symptom and dose
range, time-severity response profiles were constructed (Anno et al. 1989, 1996, Baum et al.
1984). When the data from accidents and therapy were inadequate, expert opinion was sought to
fill the gaps (Anno et al. 1989).



The relationship between the time course (onset and duration) of prodromal symptoms
and radiation dose was best-fit with linear regression analysis.
The “incidence” of any particular symptom (at a specified dose level and a defined
severity) is its likelihood of occurrence within the population. A dose-response
relationship for the incidence of each symptom was constructed from maximumlikelihood probit analyses of the empirical data (Anno et al. 1989, Anno et al. 1992, and
in Anno et al. 1996 Appendix A).
3



Severity is an empirical assessment of the consequences of radiation exposure. In RIPD
it is a measure of the effects in a typical, symptomatic individual. For example, if the
incidence at a particular dose is only 50%, severity will reflect the symptoms only seen in
half of the population. Five levels of severity are described for each symptom category-Level 1 being normal and Level 5 indicating the serious effects. The descriptions of each
severity level are brief, concise, and comprehensive, making them amenable for use in a
performance questionnaire.

In addition to the temporal severity profiles for each symptom, profiles for symptom complexes
were also developed (Anno et al. 1985). These were formed by combining the temporal profiles
of the individual symptoms for each dose range. Symptoms that occur at the same time were
grouped as a symptom complex to describe the overarching manifestation of the radiation
syndrome at that time. The complexes are identified by a six-digit code number; each digit in
that code corresponds to one of the six S/S categories. Although over 15,000 combinations are
possible, only 100 symptom complexes pertain to the dose and time ranges of interest here. Of
these, 30 to 40 symptom complexes were selected for inclusion in U.S. Army questionnaires
designed to obtain personnel judgments of task performance under various degrees of
debilitation.
U.S. Army personnel were asked to evaluate the effects of these symptom complexes on
performance (Anno et al. 1996). The questionnaires framed the questions in terms of the change
in time to perform specific tasks with each of the 40 or so symptom complexes. Using time
allowed the results to be handled quantitatively. Performance (P) was expressed as the ratio of
the time required by a healthy person divided by the time required after radiation exposure.
P = to/t
Since t is always greater than or equal to to, P is always between 0 and 1. The input from all
respondents was pooled and the data were analyzed by regression analysis.
Evaluation of the data indicated that UG (nausea and vomiting) and FW were the S/S categories
that had the greatest impact on performance. HY and LG distress (diarrhea) occur primarily at
supralethal doses and IB (infection and bleeding) was a delayed response (Anno et al. 1996).
Based on this input, the overall incidence of performance degradation provided by RIPD was
defined as the greater of the UG and FW incidence values. This number provides a reasonable
indicator of the percentage of an exposed population whose performance will be degraded
(Matheson et al. 1998).
2.3

Performance Prediction

For all questionnaire respondents, the performance for each task for each S/S complex was
determined. The assessments from all respondents were averaged to provide a consensus value
for task performance. Using statistical methods and regression analysis (Anno et al. 1984, Anno
et al.1994), these pooled assessments were used to define the parameters of the logistic function
describing the relationship of performance and symptom severity.

4

Performance is estimated to be:

1
∑

1

where
Xi is the severity level for the ith S/S category
βi is the ith component of the task-specific regression coefficient vector , and
C is a constant term from the regression analysis.
Although RIPD was designed to predict combat effectiveness in a military context (Anno et al.
1984), it is sufficiently versatile to be used in most radiation environments for consequence
assessment. One such application, as described in Hu et al. 2009, is the prediction of
performance consequences in astronauts exposed to radiation from solar particle events.
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Section 3.
Description of Physiologically-Based Models
RIPD includes four separate physiologically-based models that are used as primary drivers. The
mortality model is based on the MarCell model of the hematopoietic syndrome. Fatigability and
weakness predictions are based on a model of lymphocyte kinetics. Prodromal effects of nausea
and vomiting are modeled with an upper gastrointestinal (GI) model and gut injury effects are
estimated using a lower (GI) model. Each of these models is further described in the following
subsections.
3.1

MarCell Model

3.1.1 Model Description
RIPD estimates mortality from hematopoietic syndrome using MarCell (Jones et al. 1991), a
mathematical model that estimates bone marrow injury following radiation exposure. MarCell
was initially developed to predict the hematopoietic response to protracted or fractionated
radiation exposures, based on the observed effects with acute doses.
3.1.1.1

Radiation-Induced Cellular Injury

MarCell includes compartments that represent normal, injured, and killed cells. A set of
differential equations (see the Appendix of Jones et al. 1994) describes the kinetics of cell
killing, cell injury, repair of injured cells, death of injured cells, and repopulation of normal cells.
Figure 3-1 illustrates flow among the model compartments. With time-dependent radiation dose
rate as the input, the model calculates the time-dependent changes in the bone marrow cell
populations. MarCell models cellular proliferation, but does not include cell differentiation or
senescence.
Cell injury and killing occur with exposure to radiation, thereby reducing the normal cell
population. The rates of change of the three cell populations (normal, injured, and killed) are
defined as follows:




rate of change of number of normal cells = - (rate of sublethal injury) - (rate of direct
killing)+ (rate of repair of sublethal injury) + (rate of compensatory repopulation)
rate of change of number of injured cells = - (rate of indirect killing) - (rate of repair of
sublethal injury) + (rate of sublethal injury)
rate of change of number of killed cells = (rate of direct killing) + (rate of indirect killing)

The rates of injury and direct killing are determined by the gamma dose rate Rγ, the total dose
rate RT = Rγ + RBEnRn (where Rn is the neutron dose rate), and the number of normal cells
(injury rate = λNIRγnN and direct killing rate = λNKRTnN, respectively). The rate of indirect
killing is proportional to the total dose rate and the number of injured cells (indirect killing rate =
λIKRTnI).
6

λNNMFNNnN

λINFINnI
λNIRγnN

λNKRTnN

λIKRTnI
Figure 2. Schematic of MarCell
Parameters are defined in Table 1.
The rates of repair and repopulation are defined similarly, though these terms also include ratemodifying factors that simulate “feedback.” In the absence of this feedback, the rate of repair of
sublethal injury is proportional to the number of injured cells; with feedback, the repair rate can
vary by a factor of 1 to 2, depending on the surviving fraction of cells s where s=(nN+nI)/no
(thus, Repair rate = λIN(2-s)nI ). The repopulation rate goes to zero when the surviving fraction
approaches 1, and approaches a maximum of twice its normal value when the surviving fraction
approaches 0. To account for the mitotic delay after radiation exposure, a multiplicative factor
M is also included in the rate of compensatory repopulation: Repopulation rate = λNN M(2-s)(1s)nN. The factor M precludes proliferation when the accumulated dose in gray is greater than the
Table 1. MarCell model components.
Component
nN
nI
λNI
λIN
λNK
λIK
λNN
M
FNN

Description
the number of phenotypically normal cells that can undergo mitosis and are at
risk of sublethal injury
the number of cells that can undergo repair of sublethal injury and can be killed
by indirect processes
rate constant for transition from a normal (N) to an injured (I) state
rate constant for repair from an injured (I) to a normal (N) state
rate constant for transition from a normal (N) to a killed (K) state
rate constant for transition from an injured (I) to a killed (K) state
rate constant for repopulation (proliferation) of normal (N) cells
mitotic delay factor
dynamic factor that modifies the effective proliferation rate depending on extent
of injury
7

Rγ

dynamic factor that modifies the effective repair rate depending on the extent of
injury
gamma dose rate (marrow)

Rn

neutron dose rate (marrow)

FIN

RBEn
RT

relative biological effect (neutron dose rate weighting factor)
= Rγ + RBEnRn , total radiation dose rate (marrow)

time in hours (M=0); after the time since initial exposure (hours) has surpassed the accumulated
dose (Gy), M = 1. Consequently, if the dose rate is less than 1Gy/h, proliferation is not impaired
(M=1). If the dose is 2 Gy over the first hour, proliferation resumes 2 hours after initiation of
exposure.
In summary, MarCell is defined by the differential equations:

where
, Rγ is the gamma dose rate (marrow, Gy/h), and Rn is the neutron
dose rate (marrow, Gy/h).
is the relative biological effectiveness (RBE) for neutron
radiation. Because the RBE varies with each organ system, the value varies with each RIPD
model component. In MarCell,
= 4.25.
The parameters are defined in Table 3-1.
estimates (MLEs) of the rate constants.
2

,

,

2
2

,

,

are maximum likelihood

∈ 1,2

1

The specific cell that constitutes the population critical to hematopoietic lethality is not specified
in the MarCell model. Because data were unavailable to identify this critical population, the rate
constants could not be experimentally determined. Instead, the rate constants were estimated
from animal mortality data.
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3.1.1.2

Probability of Lethality and Calculating the Equivalent Prompt Dose

The MarCell model assumes that the surviving fraction of at least one population of cells
determines the probability of lethality. The minimum surviving fraction (smin, defined below)
includes both normal and injured cells. Any radiation exposure that leads to the same surviving
fraction is assumed to produce the same lethality (i.e., smin is assumed to be an isoeffect for the
probability of lethality). The model further assumes that the dose response curve for mortality
with prompt exposures is adequately described by a probit equation. The two defining constants
of the probit curve, however, may vary with species, exposure conditions, or other factors. For
protracted exposures, anticipated mortality is determined from the lethality of the equivalent
prompt dose (EPD) which elicits the same nadir in the surviving cell fraction. This nadir is
defined as the minimum cell survival smin(t), where
min

∈

,

and to is the time at which exposure begins. Two exposure scenarios (e.g., two different doserate functions) are associated with the same probability of lethality if they lead to the same value
of smin. This model assumption (that smin is an isoeffect for the probability of lethality) allows
one to use experimental prompt–dose lethality data to predict the lethality of an arbitrary
protracted dose. The relationship between cell kinetics and lethality is established with data on
acute exposures; the isoeffect allows determinations with protracted and complex exposures.
3.1.1.3

Fitting the Parameters

MarCell depends on five parameters that represent cellular kinetics and two parameters that
define the relationship between prompt dose and mortality. Coefficients were estimated by
maximum-likelihood methods. There were no unique parameter estimates; that is, the likelihood
function does not indicate a unique best value and various combinations can produce the same
predictions. Without any restrictions, however, it became evident that the family of solutions all
had cell kinetics that reflected a cell population that was inconsistent with stem cells or
progenitor cells and more consistent with stromal cells. Recent studies have validated this
perspective with the finding that bone marrow proliferation is dependent on the viability of
osteoblasts in the bone marrow niche. These recent findings are summarized in an ARA
technical note (Pellmar 2011).
For determinations of lethality, probit curves for lethality from acute radiation exposure were
constructed for a variety of animal models from experimental data (see Jones et al. 1996). For
humans, RIPD uses the probit for radiation lethality from Anno et al. (2003).
3.1.1.4

Calculating Time to Lethality

Although MarCell is based on cell populations in the bone marrow, it is useful for evaluation of
the probability of lethality regardless of the radiation syndrome (e.g., hematopoietic,
gastrointestinal, cardiovascular syndromes) triggering death. Similarly, changes in the same cell
population can be used to calculate the projected time to lethality (tL). In RIPD, estimation of the
mean time to death as a function of radiation dose uses the empirical formula
9

∗

where
∗

min |

(hours)

a1= 878900000, a2= 1986600, α=2.4489, b1= 1923000, b2= 5821.8, β=1.2
and D is the midline tissue equivalent prompt dose (Gy). The time to lethality relationship is
based on data both from radiation accidents (Anno et al. 1989) and from the atomic bomb
detonation at Nagasaki (Levin et al. 1992). A regression analysis was used to determine
parameter values. The parameter t* models the time delay in lethality that occurs with protracted
exposure to radiation.
3.1.2

Validation and Limitations

MarCell is based on data from a wide range of studies in various species exposed to various
radiation qualities at different dose rates. According to the DNA Technical Report from Jones et
al. (1996), rate constants were estimated from the mortality data in 27 experiments from a total
of 18,940 animals with 851 dose response groups. Jones et al. (1996) validated the model by
predicting the LD50 in 38 rodent studies that were not used for determination of the parameters.
Validation studies used a variety of dose rates (from 0.0008-4.74 Gy/min) and fractionation
protocols (from 1.54-7 Gy over hours to 8 weeks). These studies consistently confirmed the
ability of the model to predict lethality using the EPD approach (Jones et al. 1996). The model
was also evaluated with experimental data from non-rodent species under various conditions
(e.g., dose rate and RBE). Consequences of human exposures also fit well with model
predictions (Jones et al. 1994).
MarCell (as originally developed by ORNL) estimates the probability of mortality; it does not
predict symptoms or estimate the populations of circulating hematopoietic cells. However, RIPD
uses MarCell’s EPD and t* (“time of minimum cell count”; see above) to extend to protracted
exposures the IDP prompt exposure symptomatology models that reflect bone marrow damage
(e.g., manifest UG distress, IB, HY). The MarCell model only considers proliferation of a single
critical cell population and does not consider amplification, differentiation or senescence
pathways.
3.2

Fatigability and Weakness Model

Using a model of lymphocyte kinetics, RIPD extends the IDP prompt-dose FW model to
protracted radiation exposures. The underlying hypothesis is that lymphocyte damage results in
the release of a cytokine that is responsible for the observed FW symptoms (Anno et al. 1996).
In RIPD’s FW model, the lymphopoiesis model of Zukhbaya and Smirnova (1991) is used in
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circulation (X3). A mitotic inhibitor, or chalone, provides feedback that modulates the rate of
reproduction of the progenitor cell. The number of cells of each type influences the production
of the chalone. The schematic diagram of the lymphopoiesis model is illustrated in Figure 3-2.
With radiation exposure cells can be damaged (Yi) or heavily damaged (Zi). The Y and Z cells
undergo specific rates of death. The transition from state X to state Y or Z is dependent on
radiation dose rate. The transition of cells from compartment X1 to X2 occurs at rate γ, from
compartment X2 to X3 at rate δ, and cells in compartment X3 undergo natural lymphocyte death
at rate ψ. Many parameters in Smirnova’s model were estimated from experimental data in the
literature. The following equations describe the changes in lymphocytes with radiation
exposure:

1

1,2,3

1

1,2,3

1

1

∑

where
,
, Rγ is the gamma dose rate (midline tissue dose, MLT, Gy/h), and Rn is the
neutron dose rate (MLT, Gy/h). For FW,
=1.
In the absense of radiation exposure (i.e., RT = 0), the nonzero equilibrium point is
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1

/

which implies

.

Table 2. Parameters for lymphopoiesis model.
Parameter

Description

α
γ
δ
ψ
μ
ν
Dk

maximum specific reproduction rate of X1 cells
rate of cell transition from X1 to X2 state
rate of cell migration to peripheral circulation
rate of natural lymphocyte death
rate of death of damaged cells
rate of death of heavily damaged cells
the traditional 37% survival dose parameter for exponential cell survival in
radiobiology; this is the D0 for X1, X2 and X3 cells
the analogous parameter to Dk for lymphocyte interphase death acute dose
represent relative chalone production for Xk, Yk, and Zk cells; Q1=1, V = (ν/μ)U

Dmk
Qk, QkU, QkV

3.2.1.2

Cytokine Release

Cytokines were assumed to be released from damaged (Y2 and Y3) and heavily damaged cells
(Z2 and Z3). The time-dependent levels of cytokines were calculated from the rate of release and
the rate of deactivation. It was recognized that this may be an oversimplification of the biology
but when the model was developed, the data were limited (Anno et al. 1996). The endogenous
cytokine levels are described by the following equations:

where

C(0) =0
/
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1

and

2

are cytokine release and deactivation rate constants, respectively.

3.2.1.3

Severity of Fatigability and Weakness

The biphasic nature of the FW response was described by empirically derived equations for early
and late response as a function of cytokine concentration and radiation dose. Using the extensive
data available for acute doses in radiation therapy patients and nuclear accident victims, an
empirical profile of fatigability and weakness was constructed (Anno et al.1996). FW was
ranked on a 5-point severity scale. A scale was specifically designed for the modeling because
the existing scales designed for individual clinical care were inadequate for modeling (Anno et
al. 1996). The resulting profile described the time and dose dependence of the severity of FW
following acute radiation exposure and was used to fit the cytokine release parameters. The
model of radiation effects on lymphocytes in combination with cytokine release allows the
extension of the prompt-dose FW data to protracted exposures.
The severity in the early phase of fatigability and weakness is modeled by
∗

1

exp

ln2

where
∗

1,
,

1
1

log

and the severity in the later phase of fatigability and weakness is modeled by
1
where

i for

exp

∙ exp

∙

∗

i=3 to 10 are constants and D is the accumulated dose.

The severity of the combined early and late phases of the FW response was defined to be
S(t) = 1 + 4 ( +
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)

if 1 + 4 ( +

) ∈ 1,5 .2

3.2.1.4

Parameter Estimation

In the lymphopoiesis component of the model, the values of many of the constants were derived
from experimental data (Zukhbaya and Smirnova 1991). Values of α, γ, δ, and ψ were based on
normal lymphocytes, in the absence of radiation. Values of Dk, Dmk, μ, and ν were derived
directly from radiobiology experiments. Q1 was set to 1. Q2, Q3, and U were determined by best
fits of the model to experimental data for the dynamic changes in lymphopoiesis after
perturbation of the system. The values of i (for i=1 to 10) in the cytokine release and FW
response models were calculated to best fit the empirical data for fatigability and weakness
(severity response profiles for acute exposures). The constants for hematopoiesis (α, γ, δ, ψ, μ,
and ν) were also allowed to change from the initial estimates based on data. In this process,
many of the rates increased; most notable was the increase in the death rate of the damaged cells.
The changes suggested that, for this purpose, the reproductive rate of X1 cells was maximized.
The biology behind this finding was not known but it was suggested that this model may be
using lymphopoiesis to represent other contributions of the immune system.
3.2.2

Validation and Limitations

The lymphopoiesis model is well documented in Zukhbaya and Smirnova (1991) and in
Smirnova (2010). Original parameters were determined for both rodents and humans from
experimental and clinical studies. The model was found to simulate the cellular changes after
both acute and protracted exposures to ionizing radiation.
Anno et al. (1996) summarize the clinical and accident studies that were used to create the
severity profiles used in the FW model. Reports of fatigability were often subjective, though
some studies measured surrogate endpoints such as capacity for exercise. Many of the studies
did not clearly link symptom severity to dose. However, taken as a whole, the studies provided
information on the time of onset and recovery and suggested a biphasic behavior within a certain
range of doses.
The FW model seems to provide a realistic projection of the symptoms following a variety of
radiation exposures. However, there are some dose rate effects that may not be fully accounted
for. The model was not recommended for dose rates less than 0.074 Gy/h.
Some of the biological assumptions upon which the FW model is based are inconsistent with the
most recent experimental data. The current literature suggests that rather than cytokines being
released from damaged lymphocytes to produce FW, cytokines are released from T cells that
persist after acute exposures. Specific cytokines have been linked with fatigability and weakness
following radiation therapy and other disorders (e.g., Bower et al. 2009, Wang et al. 2010)
though with some conflicting findings (e.g., Geinitz et al. 2001, Ahlberg et al. 2004). Recent
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studies show a likely association between increased T-cell lymphocytes (especially CD4+ and
CD56+ T cells) and fatigue (e.g., Bower et al. 2003, Lorusso et al. 2009). Consistent with a role
for these cells in radiation-induced fatigability is the observation that radiation exposure can
increase some T-cell populations (e.g., Nagayama et al. 2002, Qu et al. 2010).
3.3 Upper GI Model
A model of the emetic pathway enables RIPD to extend the IDP prompt-dose model of
prodromal UG distress to protracted radiation exposures. RIPD’s UG model is based on the
hypothesis that radiation causes the release of a neuroactive substance that is responsible for the
observed UG distress symptoms.
3.3.1 Model Description
3.3.1.1 Emetic Pathway
The UG distress model assumes that radiation acts on a pool of enterochromaffin cells (ECs) in
the gut that synthesize and store a neuroactive substance (NAS, e.g., serotonin (5HT)) that
initiates the emetic response. The reservoir of NAS, C, is assumed to be depleted by the release
of the NAS after radiation exposure. The depletion depends on dose sensitivity (D0) and dose rate
(RT): (RT/D0 )* C. The contents of C are replenished with a rate constant of μ: μ *(C0-C). The
underlying process has not been linked to any known mechanisms but fits with experimental and
clinical observations (see Anno et al. 1991, Anno et al. 1996). These features allow for the
decreasing effectiveness of successive radiation doses (i.e., habituation to the radiation exposure).
Figure 3-3 illustrates the compartments in the model of the emetic response.
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As in other modules, RT = Rγ + RBEn Rn where Rγ is the gamma dose rate (MLT, Gy/h) and Rn is
the neutron dose rate (MLT, Gy/h). RBEn = 1 in RIPD’s UG model.
3.3.3.2

Severity of Prodromal Emetic Response

Time-dose response profiles for acute exposures were constructed from empirical data from
accidents and patient populations (Anno et al.1985). Severity of UG distress (S) is described by
a five level severity scale.
The response of the emetic centers elicits the signs and symptoms of UG distress. The levels of
A are converted to a measure of severity of emesis S. The relationship between S and A was
based on the time-dose response profiles. It is assumed that the severity was half maximal when
A was half maximal. The shape parameter γ determines the steepness of the severity response.
The function used introduces a threshold-type behavior.
1

4 1

exp

ln2 ∗

.

Using the calculated levels of A, prediction of nausea and vomiting with protracted exposures is
possible.
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3.3.3.3

Parameter Estimation

The nine parameters of the equations were optimized for the best fit of the empirical data. They
are not known to have any direct biological correlates. The parameters are listed in Table 3-3.
Table 3. Parameters for UG model
Parameter
α
β
μ
C0
D0
A0.5
γ
η
b
3.3.2

Description
Neuroactive agent release coefficient
Neuroactive agent metabolism/clearing coefficient
Neuroactive agent generation rate
Initial neuroactive agent level in compartment C (synthesis and storage pool)
Characteristic target tissue dose
Half maximum value of A (released neuroactive agent) for severity response
function (S)
Slope constant of S response function
Modeling constant
Modeling constant

Validation and Limitations

This model is largely based on the effects of prompt radiation doses on the symptoms of nausea
and vomiting. Anno et al. (1991) and Anno et al. 1996 review the data available on emetic
mechanisms at the time the model was constructed. A comprehensive review of accident victims
and radiation therapy patients also provided data for the dose- and time- dependent profiles (e.g.,
Anno et al. 1985, Anno et al. 1989).
Because the ferret’s emetic response to radiation is similar to the human response, this animal
model could be used to test the ability of the UG model to predict the emetic response to
protracted and fractionated doses. From data for acute doses (King 1988), severity curves were
constructed for the ferret. Model parameters were fit to the curves for the acute response. The
model was used to make predictions for fractionated exposures. The experimentally determined
emetic response in ferrets exposed to 3 fractions of 2 Gy over 4 hours reasonably agreed with the
predicted outcomes (McClellan et al. 1992).
The emetic pathway model’s mechanistic underpinnings are not as solid as those of the above
lymphopoiesis model. It is consistent with the extensive research on emetic mechanisms but
does not attempt to model the many and complex pathways contributing to the behavior. The
compartments are theoretical and their interrelationships are defined by parameters developed to
fit the empirical data. However, it has been effective in predicting the impact of complex
patterns of radiation exposure and consequently useful in a model of radiation-induced
performance decrement. Little new experimental data has been collected since the creation of
the model to fill in the knowledge gaps that would allow improvements to the mechanistic basis.
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Table 4. Variables
V
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nd parametters for the GIM.
Componeent Descrip
ption
Numbeer of proliferrating cells with
w no lesioons (uninjureed cells)
NA
Numbeer of proliferrating cells with
w one or m
more PL lesiions but no llethal lesionss
NB
(injured
d cells)
Numbeer of proliferrating cells with
w at least one lethal leesion (mitotiically dead ccells)
NC
Numbeer of cells in the transit compartment
c
t
NT
Numbeer of cells in the villus co
ompartment
NV
Mean number
n
of PL
L lesions in Class B cellls
nB
Mean number
n
of L lesions in Class
C
C cells
nC
Mean number
n
of PL
L lesions in a hypotheticcal pool of ccells with a P
Poisson
nPL
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H
M
Q
A
λ
λm
γ
δ
θ
ηAB
ηAC

∈BA
∈BC
ϕN
ϕT
ϕV
a

distribution of PL lesions and for which the number of cells with one or more PL
lesions and no lethal lesion is NB
Homeostasis factor
Mitotic delay factor
Cellular damage
Threshold at which repair of cellular damage is saturated
Instantaneous clonogen division rate
Maximum cell division rate
Normal division rate which balances normal attrition
Acute dose mitotic delay constant
Rate of transition of crypt cells (clonogenic compartment) to transit cells
Rate of production of potentially lethal lesions
Rate of production of lethal lesions
Rate of repair of potentially lethal lesions
Rate of fixation of lethal lesions
Flux of cells – clonogen to transit, equals θ·N
Flux of cells – transit to villus
Flux of cells – villus attrition
Factor to moderate the increase in mitotic rate as NT decreases

3.4.1 Model Description
The GIM assumes that lower gastrointestinal (GI) distress is associated with cell loss in the
intestinal epithelium. Lethality from GI effects occurs within about 5-7 days. Diarrhea occurs at
a lower radiation dose than lethality and has an onset of 3-5 days. The diarrhea occurring within
the first day of exposure is not considered. The 5-day time course is consistent with the time to
minimum cell population of the intestinal epithelium with acute, high radiation doses. The loss
of villi is thought to prevent mucosal absorption of fluid, resulting in hypovolemic shock causing
“gut death.”
3.4.1.1 Radiation Effects on Cells of the Gut
The LPL model considers two types of lesions: lethal (L) and potentially-lethal (PL). A Poisson
distribution is assumed for each type of lesion since they are produced at random by radiation
exposure. The L lesions, with an average number equal to nC per cell, cannot be repaired and
prevent mitosis. PL lesions, with a mean equal to nB per cell, can be repaired by a process with
linear kinetics. Given enough time, all PL lesions would be repaired to healthy cells or
misrepaired to generate L lesions.
Cells are sorted into three classes: NA (Class A cells, uninjured cells); NB cells (Class B cells,
injured cells) with one or more PL lesions but no L lesions; and NC cells (Class C cells,
mitotically dead cells) with at least one L lesion. Class A cells proliferate, but Class C cells do
not. Although mitotically dead, Class C cells remain in the tissue and are assumed to
differentiate into functional cells and to influence homeostasis. The schematic of the LPL model
is shown in Figure 3-4.
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To adapt the LPL model to proliferating tissue, the PAIR model takes into account the statistical
distribution of the lesions among the cells and the impact of mitotic reproduction and mitotic
death on that distribution. The distribution of lesions in the Class B cells is assumed to be a
truncated Poisson distribution in this hypothetical pool, allowing proliferation of Class A cells
without influencing this statistical distribution. The equations describing the distribution of cells
take into consideration the direct effect of radiation exposure, mitotic death, proliferation, repair
of injured cells, misrepair, and mitotic delay.
The rate equations for the Class A, B, and C cells are:

where

describes the proliferation of A cells
is the loss of Class A cells due to radiation injury
is the repair of injured cells (Class B cells)
is the transition of “clonogenic compartment” cells to the “transit compartment”

where

describes the proliferation of Class B cells3
is the influx of radiation injured Class A cells
is the radiation injury of Class B cells (to become Class C cells)
is the repair of injured cells (Class B cells) to become Class A cells
is the misrepair of Class B cells (to become Class C cells)
is the transition of “clonogenic compartment” cells to the “transit compartment”

where

describes the proliferation of Class C cells
is zero except at extremely low total radiation dose and limited radiation injury
∙
0.118
) when it equals λ

3

The description provided in the current document describes the system as mathematically implemented in RIPD. These
equations, however, are not consistent with report TR157 (Anno et al., 1991). In that document, Class B and C cells do not
proliferate. If a Class B cell with at least one unrepaired PL lesion enters mitosis, the cell fails to divide and is reproductively dead.
Proliferation in Class B cells moves them to Class C.
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is the lethal effect of radiation on Class A and B cells
is the misrepair of Class B cells (to become Class C cells)
is the transition of “clonogenic compartment” cells to the “transit compartment”
The mean number of PL lesions in Class B cells is affected by radiation exposure, mitosis of
Class A cells, repair and misrepair of PL lesions. The rate equation for nPL is
1

1

2

1

1

where
describes the changes due to mitosis and radiation exposure,
2

is the effect of misrepair of PL lesions,

is the effect of repair of PL lesions,
and
1

1
1,
0,
3.4.1.2

1

,
0,

0,

0,

1

0,

0

0,

1
0.

Compartmental Model of the Gut Epithelia

The GIM applies PAIR to the hierarchical structure of the intestinal epithelium. The PAIR
model calculates the number of clonogenic cells. The GIM uses this input to track the number of
cells in three linked compartments: the clonogens in the crypts, the transit cells in the crypts, and
the functional cells of the villi. Figure 3-5 illustrates the schematic for the cellular compartments
in the gut.
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0

At equilibrium (N0 = initial number of Class A cells), the number of transit cells is assumed to be
two thirds of the total crypt cells (NT = 2*N0). Experimental data suggest that the number of
functional cells of the villi (NV) can range between 1.7 to 6.7 times N0. Only the clonogenic cells
are treated as radiation sensitive because of their high rate of proliferation. A tissue dose of 15
Gy will kill nearly all clonogens, resulting in denudation of the villi in about 6-7 days in man.
The rate of cell division (λ) depends on a homeostatic factor (H) and a mitotic delay factor (M)
modifying the normal division rate which balances normal attrition (γ).

Homeostatic equilibrium is assumed to be maintained by some communication among
compartments. The model modifies the rate of cell division (compensatory proliferation) with H
based on NT because of proximity. H is maximal when NT =0. Transit cells are not allowed to
exceed the equilibrium value and the growth of the clonogenic compartment is limited to twice
its normal size (using the function f(u)). To account for the delay in rapid proliferation despite
cell depletion, the exponent “a” was introduced, moderating the increase in cell division rate as
NT decreases.
1

1
1,
2
0,

,

0
1

1
2
2

The rate of cell division also depends on M due to the slowing of the rate of cell division by
radiation exposure. M is modeled on the concept of a saturable repair enzyme where activation
of the enzyme reduces the rate of cell cycling.
Damage (Q) is reduced by the actions of the finite pool of repair enzymes. Repair is saturated at
a threshold of A.
1

As in other modules,
is the neutron dose rate (MLT, Gy/h).
3.4.1.3

where Rγ is the gamma dose rate (MLT, Gy/h) and Rn
7 in GIM.

Severity of Lower Gastrointestinal Distress

The severity of lower gastrointestinal distress is estimated to be
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1

4exp

ln2 ∗

tan

π
2
χ

where χ and

were chosen based on prompt dose severity response data.

3.4.1.4

Parameter Estimation

The LPL model reflects the basic radiobiological response of cell populations in general. The
LPL model links directly to the parameters that are used to define cell survival curves.
Consequently, many of the parameters of the GIM were derived from experimental data,
primarily from rodent cells. Where appropriate, values were adjusted for the human response.
Parameters defining the cell numbers in the compartments at equilibrium and the cell loss by
attrition from the villi were selected to fit physiological data and to reproduce the time course of
gut denudation after acute radiation.
3.4.2

Validation and Limitations

The GIM was based on extensive data from rodent models (reviewed by Anno et al. 1991).
Observations of GI death and villi cell populations with acute and protracted doses were used to
test the model. Fluid loss in rodents was also compared to villi populations. The model
predictions showed good correlations with experimental data. Parameters were adjusted for the
characteristics of human gut and its response to radiation. Human symptomatology is based on
the prodromal effects of radiation described in Anno et al. (1989) and Baum et al. (1984).
The GIM provides a mechanistic description of radiation injury to the intestine. From an
analysis of epithelial cell loss in the intestine, it provides a good representation of the severity of
lower GI distress for acute and protracted doses. However, the model does not consider the
vascular changes in the gut that result within a few days of radiation exposures of 5-10 Gy, nor
does it consider the functional changes that have been observed with sub-lethal radiation doses.
Furthermore, the model does not take into consideration the effects of radiation on functional
properties of gut epithelium and it does not consider the changes that occur in gastric motility
that could contribute to diarrhea (see MacNaughton 2000). As efforts move forward to model
combined injury, a major drawback of GIM is the absence of humoral inputs that might modulate
gut injury or secretion of messengers that might impact other organs (e.g., Kiang et al. 2010).
Recent efforts have demonstrated a correlation of decreased citrulline in the circulation with
radiation-induced damage to the gut (Lutgens et al. 2003). The level of citrulline is thought to
reflect the volume of gut epithelium and, consequently, the available clinical data would provide
an approach for validation of the model’s predictions in man.
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Section 4.
Summary and Conclusions
RIPD combines physiologically-based and empirical models to predict performance decrement
and lethality following exposure to ionizing radiation. The model is sufficiently versatile to
assess anticipated functional incapacitation after exposures to prompt, protracted, and complex
exposure histories. RIPD takes into consideration both the gamma and the neutron exposures
that would be expected after a nuclear detonation. It has proven to be an excellent tool with
applications for military as well as space missions.
RIPD was designed for the specific tasks of military personnel in the past decades and may
require updates to reflect the changing functions of soldiers and airmen in the 21st century to
include such tasks as operating complex equipment or computer programs. While the current
version of RIPD has several physiologically-based components, it depends heavily on empirical
relationships. Some of the physiological components would benefit from an update to reflect
recent advances in scientific knowledge. Advances in our understanding of the pathophysiology
of radiation injury may allow the biology to be reflected with greater fidelity in the mathematical
model. Today’s radiation exposure scenarios require assessment of health risks in addition to
performance decrement. Improvements to existing physiological components and addition of
new component models will allow the program to address this need. Furthermore, new
physiologically-based components will facilitate the integration of treatments and of other
injuries (such as burns, wounds, and infection) that are likely to be encountered after a nuclear
event, resulting in a model of combined injury.
RIPD has been, and continues to be, the primary DoD model for prediction of functional
impairment after radiation exposures. While there are several components of the model that
would benefit from updates, it remains a valid tool for this purpose. RIPD will serve as a good
platform for expansion into new models of health effects and combined injury. With these
enhancements, RIPD can evolve into a casualty prediction model that will help military and
medical planners predict the incidence of performance incapacitation and health effects, allowing
more accurate estimations of time-phased casualties, patient streams, and medical care
requirements.
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APPENDIX A. ACRONYM LIST
BM

Bone Marrow

DNA

Deoxyribonucleic Acid

DTRA

Defense Threat Reduction Agency

ECs

Enterochromaffin Cells

ED50

Effective Dose in 50% of the population

EPD

Equivalent Prompt Dose

FL

Fluid Loss and electrolyte imbalance

FW

Fatigability and Weakness

GI

Gastrointestinal

GIM

Gut Injury Model

H

Homeostatic factor

HY

Hypotension

IB

Infection and Bleeding

IDP

Intermediate Dose Program

L

Lethal

LG

Lower Gastrointestinal

LPL

Lethal/Potentially-Lethal

M

Mitotic delay factor

MarCell

Marrow Cell

MLEs

Maximum Likelihood Estimates

MLT

Midline Tissue dose

NAS

Neuroactive Substance

P

Performance

PAIR

Proliferation and Intracellular Repair

PL

Potentially Lethal

Q

Damage

RBE

Relative Biological Effectiveness

RIPD

Radiation-Induced Performance Decrement

S/S

Signs/Symptoms

UG

Upper Gastrointestinal
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