o Wy

BNWL-2110

NRC-1
REDIQ — A Computer Program
for Estimating Health Effects
from Inhalation and Ingestion
of Radionuclides
]
December 1976
Prepared for the
Nuclear Regulatory Commission
=]
E
qu. =
s Bafielle g

Pacific Northwest Laboratories



NOTICE

This report was prepared as an account of work sponsored by the United States Government. Neither the
United States nor the United States Nuclear Regulatory Commission, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not infringe privately owned rights.

PACIFIC NORTHWEST LABORATORY
operated by
BATTELLE
for the .
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION
Under Contract £Y-76-C-06-1830

Printed in the United States of America
Available from
National Technical information Service
U.S. Department of Commerce
3285 Port Royal Road
Springfield, Virginia 22151
Price: Printed Copy $—_*; Microfiche $3.00

NTIS
*Pages Selling Price
007-025 $4.50
026-050 $5.00
051-075 $5.50
076-100 36.00
101-125 $6.50
126-150 $7.00
15%-373 $7.75
176-200 $3.50
201-225 38.75
226-250 $9.00
251-275 $10.00
275-300 $10.25

ERDA-RL RICHLAND, Wa

"



BNWL-2110
NRC-1

ERRATA
DECEMBER 1977

The following corrections should be made.
Page A.9: The last line for equation (12) should be

c; AT T LT
e hx : e -8 ST 1 E (12)
i n j n

Pages D.38 and D.39: The organ data library presented in Appendix D
contains outdated fw values for uranium. The values should be:(z)
for total body, 1 x 10°2; for kidneys, 1.1 x 1075

1.1 x 1073,

; and for bone,
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SUMMARY

The computer program REDIQ calculates the risk equivalence of dosage
from internally deposited radionuclides to dosage from external whole-body
irradiation. The calculation gives an estimate of the microcurie intake
per nuclide that would result in a risk equivalent to receiving 1 rem of
external whole-body irradiation. The program allows for internal deposition
resulting from either inhalation of radioactive aerosols or ingestion of con-
taminated food. The inhalation portion of REDIQ was taken from the computer
program DACRIN,(]) which uses the models of the respiratory tract adopted
by the Task Group on Lung Dynamics.(z) REDIQ also uses a simple exponential
model for retention by an organ of interest, and the gastrointestinal tract
model of the International Commission on Radiological Protection (ICRP).(3)

For each nuclide specified, the program first calculates the radiation
dose per microcurie intake by inhalation or ingestion to any of 23 organs
and tissues. A maximum of 10 organs may be specified for any one case. The
values for dose per microcurie intake are then coupled with relative risk
values for each organ being considered, to arrive at the estimated intake
equivalent to 1 rem of external whole-body irradiation.
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REDIQ - A COMPUTER PROGRAM FOR ESTIMATING HEALTH EFFECTS FROM
INHALATION AND INGESTION OF RADIONUCLIDES

INTRODUCTION

People are continually exposed to radiation from many sources (e.g.,
cosmic radiation, x-ray machines, television sets and radionuclides in the
environment) that results in receipt of an external dose. Internal expo-
sure, resulting in dose receipt by individual organs within the body, occurs
when radionuclides are assimilated through respiration of air and ingestion
of food and water. The purpose of this report is to describe a computer
program for estimating the radionuclide intake that produces an internal
exposure equivalent to 1 rem of whole-body external exposure.

The "intake equivalent" is expressed as the microcuries total intake
of a given nuclide, via inhalation or ingestion (not both), that produce a
risk equivalent to that from 1 rem of external whole-body irradiation. "Risk"
means the danger that a particular effect, such as death from cancer, may occur.
The intake equivalent is established using risk factors to weight the dose
for each organ, and equating the total risk to the external whole-body expo-
sure risk. The computer program REDIQ was developed to calculate the values
for organ dose per microcuries of intake, and to use these values to esti-
mate the equivalent intake amounts.

The program makes no assumptions about the values to be used for risk
factors; these must be supplied by the user. The Advisory Committee on Bio-
logical Effects of Ionizing Radiation(a) (the BEIR Committee) has reported
its best estimates of the cancer death risk for the U.S. population from
exposure to jonizing radiation.(4) Use of this information is discussed in

Appendix G as part of the sample problem.

(a) Of the National Academy of Sciences--National Research Council.



MATHEMATICAL MODELS AND METHODS

The mathematical models used by REDIQ are those of the computer program
DACRIN(]) plus the ingestion pathway model presented in ICRP Publication 2.(3)
These models are used to determine the dose to specific organs per microcurie
intake via inhalation or ingestion. A detailed discussion of each model is
given in Appendix A. The normalized organ dose values are used to determine
the equivalent intake values for each nuclide of interest, using the method
that is described below following a general discussion of the inhalation and
ingestion models.

INHALATION PATHWAY

The model of the respiratory tract adopted by the Task Group on Lung
Dynamics forms the general basis for the mathematical models deve]oped to cal-
culate the dose from the inhalation of radionuc]ides.(]) In the Task Group's
model, the respiratory tract is divided into three regions, the nasopharyngeal
(NP), the tracheobronchial (TB), and the pulmonary (P), as shown in Figure 1.
Deposition is assumed to vary with the aerodynamic properties of the aerosol
distribution for each inhaled radionuclide, and is described by the three
parameters D3, D4, and D5. These parameters repre;ent the fraction of the

inhaled material, QI’ initially deposited in each of the three regions.

The NP, TB and P regions of deposition are further subdivided into two
or more subcompartments. Each subcompartment represents the fraction of a
compartment's initial radionuclide content that is subject to a particular
clearance process. This fraction is represented by fj, where j indicates
the clearance pathway. For example, the quantity of material in the TB
region that is cleared by process (c) is represented by the product fCD4QI.
For each clearance process in the three translocation or aerosol solubility
groups, the values of fj and Tj (the clearance half-time) are those suggested
by the ICRP(S) (see Appendix A, Table A-1). Values of the deposition frac-
tions D3, D4, and D5 have been published in graphic form(z) as a function of
activity median aerodynamic diameter (AMAD).
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FIGURE 1. Schematic Diagram of the Task Group Lung Model



Routines to generate these values directly from the AMAD have been
included in the code and yield essentially the same values as those presented
by the Task Group.

REDIQ expands the Task Group lung model to include calculation of organ
doses, using the lung model to describe entry of radioactive materials into
the body. Radionuclides are assumed to be transported via the blood, moving
from the respiratory tract, the lymphatic system, and the gastrointestinal (GI)
tract to other organs and tissues where significant accumulations of inhaled
radionuclides occur. This translocation from the respiratory tract and lym-
phatic system to the blood has been described in some detail by the Task Group.
Of the material clearing from the respiratory tract through the GI tract, a
constant fraction, f], is assumed to be taken up by the blood. The portion
moving to the nth organ or tissue is assumed to be a constant fraction, fé, of
the amount that enters the blood stream at any time t. Once in the nth organ,
the radioactive material is assumed to clear the organ (and the body) at a con-
stant rate, A .

n
at any time following acute or chronic exposures. A schematic representation

This expanded model can thus be used to determine organ doses

of the REDIQ metabolic model described above is shown in Figure 2.
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FIGURE 2. Schematic Diagram of the REDIQ Metabolic Model
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Material entering the GI tract from the respiratory system can cause
portions of the GI tract to be exposed to radiation. The ICRP GI tract
mode](3) is used to describe movement of material within the tract's compart-
ments. A diagram of this model is given in Figure 3. Material from the
respiratory tract enters the G.I. tract through the stomach (S), which is
assumed to be uniformly irradiated for a mean residence time of 1 hour. Absorp-
tion of material into the blood is assumed to occur from the small intestine
(SI) only. Using an exponential absorption model, the rate constant is defined
so that a fraction f] is absorbed during passage through the SI. Values of f]

are those recommended by the ICRP.(3)

The dose contribution to the pulmonary portion of the lung includes radia-
tions from daughter nuclides formed there. The daughter contributions are com-
puted indirectly using weighted values of the effective energy emitted by the
daughter nuclides in the chain. Weighted values were calculated for each of the
decay chains tabulated by the ICRP(3’6) for residence half-times of 1 day,

50 days and 500 days. These values are included in the organ data library
discussed in Appendix D.
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FIGURE 3. Schematic Diagram of the GI System Model



INGESTION PATHWAY

The ICRP GI tract model described above is also the basis for the
ingestion pathway model used by REDIQ. Material is assumed to enter the
body via ingestion to the stomach (arrow DI in Figure 2). Transfer to other
organs is assumed to occur through absorption of material from the small
intestine.

EQUIVALENT INTAKE

The calculation of equivalent intake values depends on a careful deter-
mination of relative risk values. A1l risk values must be related to the
same biological effect, for example, death from cancer. Values are deter-
mined for the risk from 1 rem of whole-body irradiation, plus the risk per
rem for each organ to which a nuclide contributes a significant dose. Risk
values are expressed as events per rem. The equivalent intake is then cal-
culated as the ratio of the whole-body exposure risk to the sum of the
products of organ dose times the organ risk factor. The equivalent intake
is expressed as microcuries per rem of whole-body exposure. Details of the
calculation are given in Appendix A.
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DESCRIPTION OF MATHEMATICAL MODELS

This appendix describes mathematical models used to calculate inhalation
and ingestion doses and the risk equivalence values. Equations are presented
for both acute and chronic uptake modes.

INHALATION DOSE MODEL

The mathematical model for calculating the dose to an organ of interest
via inhalation, using the ICRP Task Group Lung Model (TGLM),(]’Z) is described
here. In the TGLM, the respiratory tract is divided into three regions, the
nasopharyngeal (NP), the tracheobronchial (TB), and the pulmonary (P). The
schematic representation of this model is shown in Figure 1 of the main text.
Deposition of inhaled nuclides is assumed to vary with the aerodynamic pro-
perties of the aerosol distribtuion for each nuciide, and is described by the
three parameters D3, D4, and D5. These parameters represent the fraction of
the inhaled material QI initially deposited in the NP, TB, and P regions,
respectively. Each of the three regions of deposition is further subdivided
into two or more subcompartments, each representing the fraction of material
initially in a compartment that is subject to a certain clearance process.
This fraction is represented by fj, where j indicates the clearance pathway.
For example, the quantity of material in the TB region cleared by process
(c) is represented by the product fCD4QI. Material from pulmonary compart-
ment (h) clears through the lymphatic system (LM).

Table A—1(2) shows the values of fj and the clearance half-times Tj for
each clearance process in the three translocation classes of aerosols. The
three translocation classes indicate the extent to which material is retained
in the respiratory compartments: for days (D), weeks (W), or years (Y).
Values of the deposition fractions D3, D4, and D5 as a function of activity
median aerodynamic diameter (AMAD) have been published in the form of a

graph.(])

Radionuclides are assumed to be transported via the blood, moving from
the respiratory tract, lymphatic systems, and GI tract to other organs and

Al



TABLE A-1. Values of the Clearance Parameters
for the Task Group Lung Model

TRANSLOCATION CLASS

COMPARTMENT D W Y
() (b) (c) , , ) _
J T f5 50 f5 Ty 1
NP a 0.01 0.5 0.01 0.1 0.01 0.01
0.01 0 0.40 0.9 0.4 0.99
TB C 0.01 0.95 0.01 0.5 0.01 0.01
d 0.2 0.05 0.2 0.5 0.2 0.99
P e 0.5 0.8 50 0.15 500 0.05
f n.a. n.a. 1 0.4 1 0.4
g n.a. n.a 50 0.4 500 0.4
h 0.5 0.2 50 0.05 500 0.15
LM i 0.5 1 50 1 1000 0.9

(a) Metabolic pathways from lung.

(b) Half-time (in days) for removal from compartment via pathway j.
(c) Fraction removed from compartment via pathway J.

tissues where significant accumulations of inhaled radionuclides occur. This
translocation from the respiratory tract and lymphatic system to the blood
has been described in considerable detail.(]) O0f the material clearing from
the respiratory tract through the GI tract, a constant fraction is assumed

to be taken up by the blood. Uptake by the nth organ or tissue is assumed

to be a constant fraction of the amount entering the blood stream at any

time. Once in the nth organ, the activity is assumed to clear the organ and
the body at a constant rate.

A.2



Notation for the equations found in this section is as follows:

D (T]) ® is the dose in rem received by the nth organ or tis-

1n
sue by time T] during continuous uptake of radioactive

material.

DZn(TZ) ® is the dose in rem received by the nth organ or tissue
by time T2 following the termination of continuous uptake

of radioactive material.

Q]n(T1) ® is the quantity of radioactive material in uCi present in the
nth organ or tissue as a function of time during continuous
uptake of radioactive material.

an(Tz) ®* is the quantity of radioactive material in uCi present in the

nth organ or tissue following the termination of continuous
uptake of radioactive material.

En e is the effective absorbed energy per disintegration in
MeV - rem .
Ts ~rag Tor the nth organ or tissue.

Mn e 1is the mass in grams of the nth organ or tissue over which the
dose is to be averaged.

A? ® 1is the biological removal rate constant per sec for the jth
subcompartment of the respiratory tract.

A e 1is the radiological decay constant of the nuclide of interest,
per sec,

Aj ® 1is the total removal rate constant per sec for the jth sub-
compartment of the respiratory tract. Note: Aj = A? + .

AE ®* is the biological removal rate constant per sec for the nth

' organ or tissue.

A ® s the total effective removal rate constant per sec for the
nth organ or tissue. Note: Ay = Aﬁ + .

f2 e s the fraction of material in the blood that reaches the

organ of interest.

A.3



f1 e is the fraction of material in the GI tract that reaches the
blood.

f e 1is the fraction of material ingested that reaches the organ of
interest.

P ® s the rate at which the radioactive material is inhaled, in
uCi/sec,

f. e is the fraction of the material in a deposition region (NP, TB,
P), that clears by the jth pathway.

Dk e 1is the fraction of the inhaled material deposited in the kth
compartment of the respiratory tract.

k
k
k

3 for the nasopharyngeal (NP) compartment.

4 for the tracheobronchial (TB) compartment.

5 for the pulmonary (P) and lymph (LM) compartments.
T] ® s the total uptake time, in sec.
T2 e is the time interval following termination of uptake, in sec.

The development of equations to describe the lung clearance model is
divided into two parts: the first deals with organ burdens and doses in
the time interval during which the inhalation of radionuclides takes place;
and the second considers the contiguous time interval following the cessa-
tion of radionuclide intake.

Intake Period

For the intake stage, the quantity of radionuclide in the eight sub-
compartments (j) of the three compartments (k) of the respiratory tract is
computed by the equation

1 - e_>‘jt
O (B) = £ Ty (1)

The equations for the removable quantity in the pulmonary lymph nodes
are complicated: the rate of radionuclide transfer into the lymph system

A.4



(Ah) may be either equal or unequal to the rate of transfer out of the system
(Ai), depending on the solubility class of the radionuclide. Thus, two
equations are needed to compute the quantity of radionuclide in the Tymph
compartment. For the case i, # Aj» i.e., Class Y solubility in the current

version of the model,

b
@) = TP | - e Mt ethit - e ()
)\h )\_i )\h - A

Qi

and for the case Ah = Ai, i.e., Class D and W in the current version of the

model,

b
rAf.f P D -x.t
QLMi(t) _"h 1A: 05 { (1 e it) te—xit} (3)
i

Using the preceding equations, the equations describing the quantity of
radionuclide in the nth organ as a function of time during uptake can be

derived by

9 -x t -at -xst
- ' Q-en) (en--¢e"j")
Q, (t) =P, ;gi foCs [ -~ o) } + L (4)

where
L ® is the contribution to the organ burden from material passing
through the lymphatic system,
and

Ca = 2afa D3/%,

oo oo

Cb = A D3f]/xb
_.b
C - ACfC D4/KC
C, = \Pf, D,f /2
d d'd “4"1/%d
_ b
Ce = Xefe DS/Xe

e
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AP Dgfy/2

b
= Af D_f,/A
*q'q U5 1/ g

(]
1

The lymph pathway contributions to the nth organ burden for the two

situations are calculated as follows:

oo Ta ety et - et
L= foly ’X} [ - e o in)1

n 1

] (e-Ant - e'Aitlr je'xnt - e_Aht)
1) { — - for A 7 A

B EE Oy =) Oy = 2,)
(5a)
xt At
L. fIC 1 (1 - e'Ant) ) je-xnt . e-Ait) ) e 'n - BA1 - A )t + 1} e i
LN M (g = ) O = 2 )2
i n

for x = (5b)

where
b.b
c - AikhfithS
h A

The calculation of the dose to organs burdened by the radionuclide is

based on the following:

-4 t
5.92 x 10 En u[
D]n(t) = Mn Q]n (T)dT (6)
0

where the constant is a combination of the conversion factors

4 [dis/sec -6 [ergs -2 rads\ _ -4
3.7 x 10 (—> 1.6 x 10 <Mev> 10 (erg/g) 5.92 x 10

uCi
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The dose to the pulmonary lung at the end of inhalation intake of a
radionuclide is determined by

5.92 x 10‘45p h 5
Dip(Ty) = — PoDs z (1= A (7)
p . J
j=e
where
Mp ® is the mass of the lung in grams
and o1
-l il
J .
J

For the nth organ or tissue, the dose is computed for A # A by

"1 g
EPf T. - A AA
_ -4 noe2 1 n n-"J
D, (T;) = 5.92 x 10 . Z c, [ , -<A. h )]

or for Ay = A by

4 E P fs
- -4 n 0
D, (Ty) = 5.92 x 10

g
2 Z ( An_An-Ai
)\j-Xn

j=a

A7



where

noo -l
n )
n

noo1-eih
1 A
1

Aol ehh

and Cj and Ch are as previously defined.

Post-Intake Period

For the time following cessation of radionucliide inhalation, the
equations used to calculate the respiratory tract burden become

Q5(Tp) = Qq5(Ty)e"2 (10)

where sz(Tz) e is the burden in the respiratory tract subcompartment at
a time T, following the termination of inhalation uptake
Q1j(T1) e is the burden in the respiratory tract subcompartment at

the end of inhalation uptake for a time T].

th

The burden in the n™" organ at time T, can be described for A, # A; by

e iTo e-AnTg)

- AT ''b (e i
Qp(To) = 0y (Ty)e "ni2 + a0 Qg (Ty) [CREmw
(S c.
+ f, Z T J)\ (enT2 - e™XiT2)
- j  ’'n

N Ch (e-AnTZ - e'kitg) ) (e-AnTZ - e'AhTZ)
) (= ) Oy -2,

(1)
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or for My T A by

T AT
_ AT ' b (e ti'2 - e"'n'2)
0 (Ty) = Qp(Tyde "ni2 + £,050y 4 (Ty) 0 =)
. C. ) )
+ f, ft: Tﬁf—%—i—j' (e M2~ e AjTZ)
j:a J n
' h %e"KnTz - [(A ST, - 1] e'A1T2£ (12)
As = A i n’ 2
1 n -
where

I
Ca - AaQ1a(T1)
C. = 2P, (T-)F

b = ApQyp(TIFy

v b
Cc - ACQ]C(T])
C, = 220, (T,)f

d = 2aQqlTf

b b
Ce - AeQ1e(T1)
Cp = 220, (T )F

£ = AQe(T)f,
¢ = 0q, (1,)f

g = Mqh1gtT)fy

' bb
Ch = FirpiQyp(Ty)

The pulmonary lung dose from inhalation of a radionuclide for a time T]
followed by no additional radioactive intake for a time T2 is determined by

D D. (T -4 EBEQEQ h
= + .
b 1p( 1) *5.92x10 T E fjAij (13)
p j=e

A.9



where
g o 1-ehit

A
J j

and D]p(T]) and Aj are as defined by Equation (7).

The effective dose to the nth

organ as a result of inhalation uptake for
a time T] followed by no additional radioactive intake for a time T2 is

determined by

b -
E . Ar Goys(T9)
= -4 n ‘ i CIMiY .
Dn = D1n(T1) + 5,92 x 10 Mn ? Q]n(Tl)Bn + f2 [ (Xn - Aj) (Bi - Bn)
t G Oy - &) oyt g T ) (B, - B5) (14)
where 3 - 1 - e'XnTZ
n A,
g o 1 -etn's
h A
g - 1 =Ml
i A
;
1 -A.TZ
BJ = __-_.i_L_
J

Also, for A # A
D]n(T]) is determined by Equation (8)

Q]n(Tl) is determined by Equations (4, 5a)

C

~ h
o7 Oy -390
7 = B~ By
AT



and for Ay = Ai

D (T]) is determined by Equation (9)

Tn

Qy,(T;) is determined by Equations (4, 5b)

0o -

[ep)
n
>
t
>
>

-2
1'

~N
|

_ -aLT
A [1 - (A1.T2 + 1) e i 2}

The code provides for calculation of the dose to the pulmonary Tlung
as a result of both primary deposition (that occurring directly on the
Tung surfaces during inhalation) and secondary deposition (that occurring
as a result of solubilization and redeposition in the lung tissue itself).
For the second case, the pulmonary lung is treated like any other organ.

Weighted values of the effective energy, Eis of daughter radionuclides
are calculated using the ICRP equations(3) for three biological clearance
half-times of 1 day, 50 days and 500 days. The effective energy of the i
daughter is determined by

e; = Z F.[E(RBE)n]i
:

th

where
i r
e ( -u)
. i T 1 - e "n
N sl B in 3
i - i
1 -e7° n=1 T - T
1 ()
p#n



and
F. e is the ratio of the number of disintegrations of daughter atoms
to the number of disintegrations of parent atoms in the lung

over a time t

Ao ® 1is the effective decay constant of the parent (the subscript
zero refers to the parent)

A, ® 1is the effective decay constant of the 1th

th

daughter in the lung

T. o is the effective half life of the i~ daughter in the lung

T° e is the radioactive half 1ife of the it"

daughter
t e s the time over which the dose is to be calculated

E e is the total energy absorbed in the organ per disintegration of
the radionuclide

RBE ® s the relative biological effectiveness of the radiation

n e is the relative damage factor for radionuclides deposited in
the bone.

G.I. TRACT MODEL

The ICRP GI tract mode1(3) is used to describe movement of material
within the GI tract compartments, with input to the GI model described
by the lung model (see Figure 1 of main text). A diagram of the GI tract
model is given in Figure 3 of the main text. Material from the respiratory
tract enters the GI tract through the stomach, which is assumed to be
uniformly irradiated for a mean residence time of 1 hour. Absorption into
the blood is assumed to occur from the small intestine (SI) only. An
exponential absorption model is used, with the rate constant defined so that
a fraction f] is absorbed during passage through the SI. Values of f] are
those recommended by the ICRP. 3

To determine the amount of a radionuclide reaching the Gl tract, it
is necessary to know the radionuclide concentration in each compartment of
the lung (b, d, f and g in text Figure 1) as a function of time. For the uptake
period, this concentration is given by Equation (1).
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The rate of material entering the GI tract from the respiratory system

(in uCi/sec) is calculated from Equation (15) as

hglt) = Z

J = b,d,f,g

b (t)
'3 Y

The total amount of radionuclide entering the GI tract during the

uptake period is

-~

1 xp .D.
Qg ~ f qg(thdt = Py Z L

0

J = b,d,f,g

Where T] ®* is the uptake period in sec.

Equation (16) can be reduced to

Qg = P E C;

where




The amount of a radionuclide (in uCi) in each lung compartment during
the second period (i.e., from the time uptake stops to the dose time) is
given by Equation (10)

.(T])e'kjt

Q2 (t) = Q]J

J
The rate at which a nuclide enters the GI tract during the second

period (in uCi/sec) is then

- :E : b N A

j = b,d,f,g

and the total amount (in uCi) for the second period is

2 C. AT LT
Qg = 4y (t)dt = P_ Z = (1 e J 1) (1 _e J 2) (17)
]

0 J = b,d,f,g

The total amount of radionuclide entering the GI tract from the start

of uptake to the dose time is
Q% = Qg * Qg

This amount can give a radiation dose to each of the four GI tract
compartments: stomach (S}, small intestine (SI), upper large intestine (ULI)
and lower large intestine (LLI). The dose is a function of residence time
and absorption into the blood stream. According to the ICRP GI tract
model (text Figure 3), absorption occurs only in the small intestine. Data
for this model are given in Table A.2.

TABLE A.2. GI Tract Data

GI Tract Residence Time for Material Mass of
Compartment Time, Hours to Reach Compartment, Hours Contents, Grams

S 1 -- 250
SI 4 1 1100
ULI 8 5 135
LLI 18 13 150



Stomach Dose

Materijal leaving the lung goes first to the stomach, where it is
assumed to remain for a mean time of 1 hr before passing to the small
intestine. The dose to the stomach is

=AT
ESQG <] - e r S)
D = 2.96 x 1074 e T (18)

where

ES ® is the effective energy per disintegration for the radionuclide
in the stomach, in MeV/dis

Mg ®* is the mass of the contents of the stomach, in grams
LI is the mean residence time in the stomach, in sec
QG e 1is the total input to the GI system, in uCi

and

2.96 x 10-4 = (1/2) x 3.7 x 10% (9151599> 1.6 x 1076 (§£%§> 10-2 _rads

uCi erg/g

The factor (1/2) is included because the dose to the walls of the GI
system is about one-half the dose to its contents.

Small Intestine

O0f the material entering the SI, a fraction f] is absorbed into the
blood. The amount of material leaving the SI is then 1 - f]. If the material
entering the blood is assumed to be absorbed at constant rate (Aa), the
following expression holds:

TSI

1 - f] =e

This can be solved for Aa using the equation

]
AL = n (19)
a  Tgr 1 - f]



where

Ay ® is the absorption rate constant per sec for a given element

Tg] * 1is the residence time in the SI, in sec.

Equation (19) requires f, to be less than unity. Where f, for an element
has been listed as unity in ICRP Publication 2, it is set to 0.95. This is
consistent with the ICRP assumption in calculating the dose to the ULI and
LLI that at least 5% of all elements passing through the G.I. system reach
the Targe intestines.

The dose to the SI is calculated as

E -\t TASITSI
Dg; = 2.96 x 1074 (2L <e A L Qg (20)
Ms1 AT
where
ASI - Aa * Ar
and
Aot ®* 1is the effective removal constant per sec for the nuclide in
the small intestine
ESI ®* js the effective energy per disintegration for the radio-
nuclide in the SI, in MeV/dis
Mgy ® s the mass of the contents of the SI, in grams
“ApTg ° is the decay of QG in passing through the stomach
e

Upper Large Intestine

The material leaving the SI enters the upper large intestine. The
amount of material is QG reduced by decay in passing through the S and SI
and by absorption in the SI. The material is assumed to flow linearly
through the ULI so that the dose is given by

EyLr

MyL1

“A T T
_ -4 Y‘( S + SI>



where
TULI e js the mean residence time in the ULI, in sec
MLy ° is the mass of contents of the ULI, in grams

EULI * js the effective energy per disintegration for the radionuclide
in the ULI, in MeV/dis.

Lower Large Intestine

The equation for dose to the LLI is similar to the ULI dose equation
except that decay during passage through the ULI is included.

“Afte + 7 + 1 E
_ -4 r(S SI ULI> LLI
DLLI 2.96 x 10 LI @ g

(1 - ) (22)

where
TR is the mean residence time in the LLI, in sec
mLLI e is the mass of contents of the LLI, in grams

ELLI e is the effective energy for the radionuclide in the LLI, in
MeV/dis.

The above equations for ULI and LLI calculate the dose at the entrance to the
compartment as recommended by the ICRP.(3)

REDIQ INGESTION MODEL

Ingestion doses are calculated in two steps: first, the dose to the
GI tract is calculated using the four compartment model shown in text
Figure 3; and second, the organ dose is calculated from the fraction of the
ingested radioactivity reaching the organs through the blood.

GI Tract Dose

Since the time for transfer of material through the GI tract is short
compared to the dose times for most radionuclides, all of the ingested
activity (QG) is assumed to enter the stomach at time zero. The equations
for dose to the GI tract compartments are those defined in Equations 18-22.
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Organ Dose
Equations are given below for both acute and chronic ingestion.

Acute Ingestion

For a single ingestion of radionuclides, the radionuclide quantity
reaching an organ at any time t is given by the equation
—kjt
Q=0q,fe (23)

where

and

fw ® is the fraction of the ingested material reaching the organ of
interest

QO ® is the total radioactivity ingested during the uptake period,
in pCi.
The total dose to an organ at any time T2 after a single ingestion is
the time integral of this quantity as follows:

5.92 : 1074 10'4 E, 2 ot
D - /th - Qofw[ e itat (24)
0
so that
C5.92 x 107 En O fu 1 - eyt
D = ; (25)
n Xj

Chronic Ingestion

For chronic ingestion of radionuclides, the ingestion rate is defined
as

PO = T— (26)



Computation of the quantity of radionuclides present in the organ of
interest during continuous ingestion is given by the following equation:

fp - oAt
0 (t) = X2 (X_ ) (27)
J

The dose to any organ during the ingestion period is calculated from
the integral of Equation (27).

. 4 E N 'Ajt\
o - 5.92x10 “ﬁz(t)dt=5'92“° ano/(1-e L ¢t (28)

In M 1 M W
n 0 n 0 J

or

-4 E fP -AqT
- J'
n wo T] 1 e (29)
AJ'

_5.92 x 10

D
Tn Mnxj

The quantity of radionuclide found in any organ at a time after the
ingestion period is found by correcting the expression in Equation (10) for
physical and biological decay. This quantity is expressed as

Qz(tz) = Q] (t])e_xjtz (30)
or

-ALT
f P (1 -e 1) ,
0,(t,) = M e7Mi%2 (31)
J

The expression is based on the assumption that at time t, = 0, QZ(O) =
Q](T]). The dose then is the time integral of this activity given by the
following equation:

T

4 E 2
_5.92 x 10 n .
D, = 5 /Qz(tz)dt (32)

n
0




or

T
2
-4 £ fP ) .
2n Mn A
J 0
The solution of this integral is
-4 E fP ;T
.592x10 " "n ‘wo AT\ (1 - e77372
Do = N ¥ ( -e ) ( y > (34)

The total dose to any organ is given by the sum of D]n [Equation (29)]
and D, [Equation (34)]. The total dose Dy, is found by the equation

592 x 107 En TP [ 1 el

2 . .
n Mn AJ 1 xJ

-AiT
1 - e N2
+ (1 - e-h'ﬁ) Ty (35)

=Dy, +D

Tn In

RISK EQUIVALENCE CALCULATION

The organ dose commitments described above are used by REDiQ to
estimate the intake in microcuries, via inhalation or ingestion, that yields
the same health risk as 1 rem of whole-body external exposure. The resulting
values are referred to as "intake equivalents" (I_). The intake equivalent

e
is calculated as
_ Rug
e S o
2 ol
n
where
1 ®* is the intake equivalent that yields the same health risk as 1 rem

of whole-body dose, in uCi/rem
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W ° is the whole-body health risk factor, in events/rem
R ® is the health risk factor for organ n, in events/rem
Dn ® s the dose to organ n per uCi intake, in rem/uCi.

A1l risk factors must be based on the same health effect, for example,
death from cancer.
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COMPUTER CODE

The models described in Appendix A have been incorporated into a cou-
puter code programmed for a CDC CYBER Computer. The modules of this program
are described below. A listing of the program is given in Appendix E.

MAIN

MAIN is the main program and calls the other routines as needed to
perform the calculations requested by the user. The data Tibrary reading
subroutines are called by the main program, and all other .input data are
read in this program. Required input data is explained in detail in
Appendix F. As an example, if the aerosol AMAD is supplied, the routine
to generate the deposition fractions is called. The ORDOSE subroutine is
then called to calculate the doses per uCi uptake for each nuclide and organ
chosen, and the equivalent intake values.

ORDOSE

Subroutine ORDOSE controls the routines that generate the necessary
values for organ dose calculation (in rem/pCi uptake). The individual
nuclide contributions to the organ dose values are printed in this routine.
ORDOSE also determines output page format according to the number of organs
chosen at execution time (up to a maximum of 10). Where no data exist for
a nuclide-organ combination, the output page shows a blank rather than a
zero. ORDOSE uses the rem per uCi values to calculate the equivalent risk
values.

DEP

Subroutine DEP 1is used to calculate the deposition fraction for each
compartment (D3, D, and D5) when the AMAD is supplied as input. The error
function is integrated numerically over appropriate 1imits to produce the
necessary fractions.
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SIMPS

Function SIMPS performs the numerical integration of the error function

using Simpson's rule.

ERFXP
2
Function ERFXP is the error function e * that is integrated by SIMPS.

UNIT

Subroutine UNIT converts input time in seconds to more convenient units,
depending on the magnitude of the value supplied. The appropriate units,
i.e., minutes, hours, days, etc., are also returned for use in the printed
output.

ORDOT1

Function ORDOT1 calculates the dose to an organ for the time T] during
which inhalation of radioactivity occurs at a continuous rate.

ORDQT2

Function ORDOTZ2 calculates the dose to an organ during a time T2
following the termination of inhalation of radioactivity at a continuous
rate. The equations used take into account any continuing movement of
material from the respiratory compartments and the lymph to the organ during
this period.

QLUNTI

Function QLUNT1 calculates the radioactivity in each Tung subcompartment
following continuous inhalation for a time T].

QLMITI

Function QLMITI1 calculates the removable quantity of a nuclide present
in the pulmonary Tymph following continuous uptake for a time T].
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QNT1

Function QNT1 calculates the quantity of a nuclide present in an organ
following continuous uptake for a time T1.

The results from the preceding three routines are used in calculating
the dose that follows cessation of inhalation uptake.

LIBB

Subroutine LIBK reads the radiological data library (see Appendix D)
and converts some values to other units.

LIBK

Subroutine LIBK reads the radiological data library and converts some
values to other units.

GIDOT

Function GIDOT controls calculation of doses to the GI tract compart-
ments over the time periods for uptake and dose (periods T1 and T2 in
Appendix A). GIDOT uses functions QUINT1 and QUINT2 (described below); the
use of GIDOT is similar to that of ORDOT1 and ORDOTZ.

QUINTI

Fucntion QUINTT calculates the time integral of material entering the

GI system over the uptake period T].

QUINTZ

Function QUINT2 calculates the time integral of material entering the
GI system over the second time period, T2, following cessation of uptake.

IGOR]

Function IGOR1 calculates the dose to an organ for the time T] during
which ingestion of radioactivity occurs at a continuous rate.

B.3



IGOR2

Function IGOR2 calculates the dose to an organ during time T2 following
ingestion of radioactivity at a continuous rate. The equations used account
for physical decay and biological removal from the organ.
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CODE FLOW DIAGRAM

A general outline of the code operation is given in this appendix. The
relationship between the main program and the subroutines used by the code
is shown in Figure C-1. The code flow diagrams (Figures C-2 and C-3) cover
in some detail the logic in both the main program and subroutine ORDOSE.
Code flow diagrams for the auxilliary routines are not shown; however, their
functions are included in blocks at the appropriate places within the flow
diagrams given.

MAIN

) (o) [ (o] (o]

SIMPS QLUNT1
ERFXP QUMIT]

QNT1

(=
w
m

ORDOT1

ORDOT2

GIDOT

‘ QUINT1 ‘ BUINT? l

IGOR1

1GOR2

00 [

FIGURE C-1. Program Module Linkage



PROGRAM
MATN

INITIALIZE
VARIABLES
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y
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OF NHUCLIDE DATA

!

CALL LIBB

TO READ LIBRARY

OF BIOLOGICAL
DATA

v

INITIALIZE INPUT
ERROR COUNT AND
NUCLIDE MASS
ARRAY

}

FIGURE C-2(a). Main Program Flow Diagram
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FROM CARDS

PRINT NUCLIDE
[DENTIFICATION

ARE

NUCLIDES PRINT
IDENTIFIABLE INIDENTIFIED
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EXAMINE NUCLIDE
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v

EXAMINE NUCLIDES
INPUT FOR ACTIVATION
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UPTAKE
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1
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OTHER UNITS

'

FIGURE C-2(b). Main Program Flow Diagram
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FIGURE C-2(c). Main Program Flow Diagram
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FIGURE C-3(a). Subroutine ORDOSE Flow Diagram
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DATA LIBRARIES

Two data libraries are used by the code:
1. Radionuclide data library
2. Organ data library

The organization and purpose of the data libraries are described
below. Each library's data structure has been arranged so that additions
or changes can be made with a minimum of effort.

Radionuclide Data Library

This library contains a master list of nuclide identification symbols
and physical half lives. Nuclides supplied on input cards are compared
to the master identification Tist.

The first card of the isotope library contains the number of
fission products in the library, with I3 format used in the first three
columns. The Tibrary has one card for each fission product, arranged
in ascending atomic number order within an ascending atomic mass sequence.
Currently, the library contains data on 331 fission products.

The card following that for the last fission product contains the
number of activation products, using I3 format in the first three columns.
A card follows for each of the 162 activation product nuclides currently
in the Tibrary.

Each card for nuclide data has the following structure:

Column Format Variable

1-3 I3 Atomic mass number

4-5 12 Atomic number

6-8 A3 Nuclide symbol, with isomeric states

indicated by an asterisk (j.e., KR*),
left justified.

9 I Integer to indicate isomeric state:
1 - isomeric state
2 - ground state

10-18 E9.2 Physical half 1ife in days
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A listing of the radionuclide data library is given in Figure D-1, page
D.4.

ORGAN DATA LIBRARY

This Tibrary contains most of the data required by ORDOSE to calculate
the effective dose to an organ. Data in the library are based on recommen-
dations of the IcRp.(1+2+3)

The first card contains the total number of data cards in the Tlibrary,
using I4 format in the first four columns. The present limit on the data
base is 2400 cards, and 2176 entries are currently in the library. One
card is given for each radionuclide-organ combination. Entries are arranged
in ascending organ number, within an ascending atomic mass sequence, within
an ascending atomic number order.

The structure of each data card is indicated below. A listing of the
organ data library is given in Figure D-2, page D.7.
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COLUMN
1-3
4-6

7

8-9
10-1
12-19
20-27

28-35

36-43

44-51

52-59

60-65

66-71

FORMAT

I3
I3
I
A2
12
E8.3
E8.3

E8.3

E8.3

£8.3

E6.2

E6.2

VARIABLE

Atomic number
Atomic mass number
Isotope type: blank - ground state
1 - isomeric state

Element name
Organ code number
Physical half life, in days
Biological ha]? 1ife in the organ or
tissue, in days

*Fraction of material taken into the
body by ingestion tnat is retained in
the organ (fw in the initial ICRP Tung
mode1)

**Fraction of material taken into the body by

inhalation that arrives in the organ (fa
in the initial ICRP lung model)

Fraction of the nuclide in the blood

that reaches the organ (fé)

Effective absorbed energy per disintegra-
tion of the radionuclide and daughters in
the organ (E, in MeV). For the lung,
this is for a 1-day half-residence

time

Weighted value of the effective absorbed
energy per disintegration of the radio-
nuclide and its daughters in the Tung

for a 50-day half-residence time

Same as previous field except for a 500-
day half-residence time

* Used for extracting f], the fraction of the ingested nuclide that
reaches the blood.
** Not used by code.
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FIGURE D-1. Radionucliide Data Library
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FIGURE D-2. Organ Data Library
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PROGRAM LISTING

A FORTRAN Tisting of the entire REDIQ program is shown in Figure E-1.
The order of the modules is given below.

MAIN
LIBB
LIBK
DEP
ERFXP
SIMPS
ORDOSE
ORDOT1
ORDOT2
QNTT
QLUNTT
QLMITI
UNIT
QUINTY
QUINT2
GIDOT
T0RG]T
I0RG2

E.1



FIGURE E-1. FORTRAN Listing of REDIQ
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FINCTTAN NLUNTY IAY2A} 0PT= FIN g.6+420

aNaNelNeRaleleNeNeNal

FUMCTION QLUNT1CT)

THTS FUNCTION CA_CULATES THE QUANTITTY oF A NUCLIDE PRESENT IN
EACH OF tHE LUNG sUB CUMPARTMENTYS FOLLOWING CONTINNOUS INHALATION
AT A NIy RAYE FNDR A TIME 11 UUSING THE NEw ICRP LiJNG MODEL,

"FT" ARE THE RESPIRATQORY TRACT CLEARANCE PATHwWAY FRACTINNS
"N3,0u,Ns" ARE THE LUNG DEPNSITION FACTORS

"OMEJIY 1S (1 = ExP(eaLLaT1)Y)

vapkw aRE THE EFFECTIVE RFEMOyAL CONSTANTS FOR THE LlIING COMPARTHMENTS

10
20

310
100

COMMON NFP,NAC,NTOT,NOFNUC(96),5kIP(96),MASS(620,2y,LAMBDA(620),
+CHATINS,REC(620),mML(620),1CL (620)

FOMMNON MA(CK20),LAMBTO(2400),FWAT(2400),FAIR(2400),F2P(2400),
+I0RNGE2U00Y,ENG(2400,3)

coMMnNn F1ee?0),IBEG(620),TEND(620)

tomunN DoSTIM,03,04,05,DIAM, UPTIME(S),KORG(2S)

COMMON TITLE2(8),TLN,TLH

COMMON IgM(620)

CO“MON 1PAGE,ORGAN(2,10)

COMMON/NAM/ORGNAM(2,25)

REAL LAMBIO,LAMBDA,MASS

INTEFGFR CHAINS,SKIP

LOGICAL FISPRO,ACTPRD

comMaN ACTPRD,FISPRD,KR,KUpT,DQY

COMMON/CoMD /AL AMQO, ALB(OY,ALL(9),C(9),FT(9),NSOL,OMFJIL (D),
1oMEJ2(9), oMENL, OMEN2,T1,T2,VeNTL,VALMTI,vOLUT1(8),nMASS(25)
GO 10 ¢10,10,20,20,%0,30,30,30), I

QLyNT13 Fr(I) » DI « OMEJ1(T)/ZALL(T)

60 0 100

GLyNTI= Fr(l) » DU « OMEJL(IY/ZALL(D)Y

60 10 100

QLyMTt= FTel) * DS » OMEJY(I)/8LL(TY

RETIIRN

END

09/02/76

QLUMTY
QLUNT
GLUNTY
OLUNT
OLUNTY
QLUNT
QLUNT
GLUNT1
QALUNTY
QLUNT1
ALUNTI
COMNB
RED1IQ
COMNBR
COMNB
COMNR
REDIN
REDIQ
8/,23776
COMN
COMN
COMN
COMN
COMN
COMN
CQMO
CoMO
QLUNTY
NLUNTI
QALUMT
OLUNT
OLUNTY
QLUNT
QLUNTY
QLUNT
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FUNCTION NLMITY 73/73 0PT=1 FTN 4,64+0420

s NaNaNeNaNeNele Na el

c

c

FUNFTTION QLMITL(OtiMMY)

THIS FUNCTTNN CALCULATES THE QUANTITY OF NUCLIDE PRESENT IN THE
LYMPH, THAT 18 REMOVARLE, FOLLOWING CONTINUOUS UPTAKE AT A UNIT
RATE FOR & TIME T1 USING THE NEW LUNG MODEL,

"ALL" ARE THE REMOVAL CONSTANTS FOR THE RESPIRATQRY TRACT
"OMEJN" ARE (1 = EXP(=2LL(JY*T1))
*C" ARF THE COEF, FNDR THE RESPIRATORY TRACT CLEARANCE
"Ti" 1§ THE UPTAKE TIME
"NSOL"™ IS THE SOLURBRILTITY INDEX

COMMON NFP,NAC,NTOT,NOFNUC(96),8KIP(96),MA85(620,2)»LAMBDA(620),

JCHAINS,REC(620),ML(620),1CL(620)

COMMON MA(K20),LAMBTIO(2400),FWAT (2400),FATR(2UN0),F2PL2U00),

.10RG(2U00Y,ENG(2400,3)

CoMMON F1(620),IBEG(620), TEND(H20)

COoMMON DOSTIM,ND3,D4,D5,NIAM,UPTIME(S),KORG(25)

COMMON TITLE2(8),TLN,TLH

COMMON TsM(620)

rOMMON TPAGE ,ORGAN(2,10)

COMMON/NAM/ORGNAM(2,25)

REAL L AMBIO,LAMBDA,MASS

INTEGER CHAINS,SKIP

LOGTCAL FISPRD,ACTPRD

COMMON ACTPRD,FISPRD,KR,KIIPT,DOY

COMMON/COMOZALAMO, ALB(9), ALL(9),C(9),FT(9Y,NSOL,0MpI1(9),

1OMEJ2(9) ,0MEN], OMEN2,T1,T2,VANTL,VRLMT1,VOLUT1(8),aMASS(2S)

pUMsDUMMY

FIRSTa OMEJ1(9)/aLL(9)

IF(NSOL.LE,2) G0 TN S0
ALLB,NE,ALLY

NLMITIs CrQ)*(FIRST =(OMEJI(g) = OMEJI(9))/(CALL(BY-ALL(9)))

GO 1O 100
ALLB,FQ,ALLS

50 GLMITys C(9)% (FIRST = Ty « EXP(=ALL(9)*T{))

100 KRETURN

END

09/02/7¢6

QLMITY
DLMITH
QLMITY
ALMITI
GLMITH
QLMITY
QLMITY
GLMITY
QLMITY
GLMITY
DILMITH
COMNR
REDIQ
COMNR
COMNA
CNMNR
REDIO
REDIN
8,23/776
COMN
CoMN
COMN
COMN
COMN
COMN
COMO
CNMo
QLMITY
GLMITS
QLMITH
ALMITY
aLmMIT!
GLMITY
GLMITI
OLMIT]
aLMITY
QLMITY
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KEAL FUNCTION IGOR2(KRN,MORG)

THIS FUNCTIQN CALCULATES THE NORMALIZED DOSE TO TN ORGAN DURING
THE TIME FOLLOWING THE TERMINATION OF INGESTION(T?)Y,

"ALAMO" IS THE EFFECTIVE REMOVAL CONSTANT FOR THE NRGAN

"r2% 1S THE TIME FOLLOWING THE TERMINATION OF INGESTIOM

"OMENL" 1§ (1 « ExP(=4LAMD # T3}

"OMEN2Y 1§ (1 = EXP(eALAMD & T2)

"11" 1§ THE INGESTION TIME

"EWAT" 1S THE FRACTION OF THE TOTAL INGESTED ACTIVITY RETAINED IN A
CRITICAL ORGAN

WENG" Tg THE EFFECTIVE ENERGY FOR THE NUCLIDE IN THF ORGAN

"OMASS" 18 THE ORGAN MASS

COMMON/ZCOMNO/ZALAMO,ALB(OY,ALL(9),CC(9),FT(9),NSOL,OMFJIL1(9),

1OME J2(9) ,OMEN1 , OMEN2,T1,T2,VQNT1,VQLMTL,VALUTI(B),AMASS(2S)
COMMON NFP,NAC,NTOT, NDFNUC(Qb);SK!P(QbJ MAS§S (620, ay.LAHSDA(bZOJ.
+CHAINS, REC(bZO) ML(620),ICL(620)

COMMON MA(620), LAHBIO(ZUOO) FWAT(2400), FAIR(EUOO) F2P(2400),
LJ0RG(2400),ENG(2400,3)

COMMON F1(620),1BEG(620),1END(620)

coMMaN DpSTIM,D3,04,DS,DIAM,UPTIME(S),KORG(25)

COMMON TITLE2(8),TLN,TLH

COMMON 1I§M(620)

COMMON IPAGE,ORGaAN(2,10)

COMMON/NAM/ORGNAM(2,25)

REAL LAMBIO,LAMBDA,MASS

INTEGER CHAINS,SKIP

LOGICAL FISPRD,ACTPRD

COMMON ACTPRD,FISPRD,KR,«lIPT,DOY
16nRr285,92E«UwENG (KRN, NSOL) *FWAT(KRN) / (QMASS (MORG) »ALAMO) *OMEN] 2 (O
{MEN2 /AL AMNY

RETURN

END

FUNETTINMN YGOR2 73773 oPrsy FTN #,b4420 0%9/02/76

8/26/76
1608
160R
1G0R
1GOR
160R
160R
1GOR
160R
IGOR
1GOR
1GOR
1GOR
IGOR
1GOR
COMO
coMo
COMNB
REDIA
COMNR
COMNB
COMNB
REDIG
RENTQ
8/23/76
COMN
COMN
COMN
COMN
CNMN
COMN
1GOR
160R
160R
1GOR
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INPUT PREPARATION

The input data needed for the calculations fall into two general
categories: (1) program control variables, and (2) parameters associated
with the organ dose calculation. Most of the data required by the code are
contained in two data libraries (see Appendix D), thus eliminating much
time-consuming preparation of input.

Program control variables consist of parameters to control the reading
of the data Tibraries, the optional printing of some input and intermediate
data, the relative risk factor for each organ specified, and the type of
dose calculation to be performed (i.e., inhalation or ingestion).

The remainder of this appendix describes in detail the input variables,
their use, and the manner in which they are supplied to the program.

DATA CARD DESCRIPTIONS

CARD 1 - Title Card

COLUMN FORMAT VARTABLE USE

1-72 12A6 TITLE 2 Words entered here are reprinted as a
title on the summary page. Each case
requires a title card or blank card.

CARDS 2 to N - Namelist Data Cards (one or more namelist cards).

The minimum data for each case consist of one title card (Card 1) and
one or more cards using the Namelist format (Cards 2 to N). The first Name-
list card (Card 2) must have a blank in Column 1, $INPUT in Columns 2-7, and
at least one blank following, before entry of data items. Data items are
separated by commas, and the last item must be followed by a $. Each data
item must have one of the three following forms:

1. Variable name = constant, where the variable name may be either

subscripted or not.

F.l



2. Array name = set of constants (separated by commas). The number of
constants must not exceed the number of elements in the array and
they must be in the same order as the array is in storage, i.e., the
first subscript changes most rapidly.

3. Subscripted variable = set of constants (separated by commas). This

form results in the set of constants being placed consecutively in an
array, starting with the element designated by the subscripted
variable.

The Namelist variables retain their values throughout the execution
of the program and need not be respecified unless a change is wished. Name-
list input variables are shown in Table F-1.

When the Namelist variable NEXT has a value of 1 or 2, cards are read
that select nuclides for which calculations are to be performed. The first
of these cards (N+1) gives the number of nuclides to be input, while the
rest (N+2 to M) give the nuclide identification parameters.

CARD N+1 - Number of Radionuclides Card

COLUMN FORMAT VARIABLE USE

1-3 13 NUMBER Controls the number of radionuclides
(maximum: 500) to be read from subse-
quent input cards

CARDS N+2 to M - Radionuclide Cards

COLUMN FORMAT VARIABLE USE

1-3 A3 NAME Names an element selected from the
' Radionuclide Data Library

4-6 13 M Gives the mass number of the selected
radionuclide

7-8 12 ISL Gives solubility class of the nuciide
(1=D, 2=W, 3=Y)

9-20 12X -- Blank space before next radionuclide
entry

The format shown may be repeated 4 times on each card, starﬁing in columns
21, 41, and 61 for additional nuclides.

F.2
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TABLE F-1. Namelist Varijables for Cards 2 to N

VARIABLE ARRAY SIZE USE VALUE UNITS VALUES
PROGRAM CONTROL VARIABLE
NEXT (1) Next case options None 1 to 4
ORGAN DOSE VARIABLES
D3 (1) Fraction of inhaled aerosol None 0 to 1
deposited in nasal passages
D4 (1) Fraction of inhaled aerosol None 0 to 1
deposited in trachea and
bronchia
D5 (1 Fraction of inhaled aerosol None 0 to 1
deposited in pulmonary
region
DIAM (1) Mass median aerodynamic um >0
diameter of inhaled material
UPTIME(I) (5) The length of time during sec >0
which inhalation intake takes
place
DOSTIM ) The Tength of time following sec >0
the termination of inhalation
" intake for which the dose is
to be calculated
ORGANS(1) (10) Selects the organs for which None 1 to 18
the dose is to be calcui1i>d. (integer)
NOTE: Each calculation m.st
use total body as the fi.st
organ, and supply other organs
in increasing index order.
(See Table F-2.)
DOSE MODEL CONTROL VARIABLE
INGEST (1) Bypasses inhalation dose model None 0orl
and calculates ingestion dose.
(Default = 0 = inhalation
mode1)
RELATIVE RISK FACTORS
RL{I) (10) Sets the relative risk factor Events per >0
for each organ specified Rem
(1isted in the same order as
the organs)
RWB (1 Sets the relative risk factor Events per >0
for external whole-body Rem

irradiation
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NAMELIST VARIABLE EXPLANATION

NEXT is a variable controlling the dose calculations. It tells the
program what to do after the Namelist data have been read, and controls
library reading and the input of the radionuciide identification list.
There are 4 options, corresponding to NEXT = 1,2,3,4.

NEXT = 1 Reads in Tibraries and a set of nuclide identification
cards.

NEXT = 2 Reads in a new set of nuclide jdentification cards; Namelist
variables may be changed.

NEXT = 3 Namelist variables may be changed.

NEXT = 4 End of job. No further calculations are done. Provides for

normal exit.

Any of the Namelist variables may be changed when NEXT = 1, 2 or 3. NEXT
must be specified as 1 in the first case so the libraries will be read.

ORGANS

~ Table F-2 shows the list of possible organs used in the REDIQ code, with
their numerical indices.

TABLE F-2. Numerical Index of Organs

INDEX ORGAN INDEX ORGAN
1 Total body 12 Skin
2 Body water 13 Brain
3 Kidneys 14 Muscle
4 Liver 15 Prostate
5 Spleen 16 Thyroid
6 Bone 17 Pancreas
7 Fat 18 Heart
8 Lungs 19 GI tract
9 Adrenals 20 Stomach
10 Testes 21 Small intestine
11 Ovaries 22 Upper Tlarge intestine
23 Lower large intestine

Index 19 causes the sum of doses to the GI compartments to be printed.
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RL, RWB

Values for risk factors must be supplied by the user in the same order
that the organs are specified, with RWB corresponding to whole body external
irradiation. The risk factors must all be related to the same biological
effect. Typical units for risk factors are events per rem. At least one
non-zero value must be given for organs (other than total body) for which
nuclide data is given in the data library.
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SAMPLE PROBLEM

A sample problem is presented here to illustrate use of the computer
program. The inhalation and ingestion intake equivalents are calculated for
seven transuranium nuclides based on relative risk factors for cancer deaths.
The inhalation dose calculation is performed for exposure to aerosols with
activity median aerodynamic diameters (AMAD) of 0.05, 0.1, 1.0 and 5.0 um.
Inhalation of Class W and Class Y compounds is considered. The run consists
of eight cases for inhalation (four particle sizes times two transio-
cation classes) and one case for ingestion. The order of the cases is indi-
cated below. The uptake time for each case is 1 minute (UPTIME(1) = 60).

Case Intake Mode Parameters

1 Inhalation NEXT = 1, DIAM = 0.05,
Translocation Class W

2 Inhalation NEXT = 3, DIAM = 0.1,
Trans]ocation Class W

3 Inhalation NEXT = 3, DIAM = 1.0,
’ Translocation Class W

4 Inhalation NEXT = 3, DIAM = 5.0,
Translocation Class W

5 Inhalation NEXT = 2, DIAM = 0.05,
Translocation Class Y

6 Inhalation NEXT = 3, DIAM = 0.1,
Translocation Class Y

7 Inhalation NEXT = 3, DIAM = 1.0,
Transiocation Class Y
8 Inhalation NEXT = 3, DIAM = 5,0,
Translocation Class Y
9 Ingestion NEXT = 3, INGEST =1
10 End of Run NEXT = 4

The relative risk values used in this sample problem were developed by
Strom and Watson(]) based on data presented in the BEIR Committee report.(z)

G.1



The following was taken from the report by Strom and Watson.

"There are no adequate data for estimating the risk of cancer in
man from inhalation of any of the transuranics. The BEIR Committee
estimates of the risk of excess deaths from cancer in the United
States population from exposure to ionizing radiation are inter-
preted in this report in terms of risk of death per person per

unit dose for several organs of reference. Described in these
terms, the assumption of dose-effect linearity is implied. The
Tinear extrapolation of effects at doses where effects have been
observed to effects at lower doses remains unresolved. The esti-
mates of absolute risk given in Table XIV for those 10 years of

age and over have been used in the estimation of equivalent risks
that might result from whole-body irradiation or from the inhala-
tion of transuranium elements. Risk estimates provided by the

BEIR Committee are not applicable to several organs of reference,
e.g. liver and kidneys. Thus, for these organs risk estimates

have been assumed that seem to be reasonable in light of comparable
values provided in the BEIR Committee's report."

(Table XIV mentioned above is Table 3.2 of Appendix II of the BEIR Committee
report.) The values of risk estimates suggested by Strom and Watson are
given in Table G-1. These values are used in the sample problem for inhala-
tion and ingestion intake (Namelist variable RL). A listing of input cards
is given in Figure G-1. The nuclides considered are 23%Pu, 238py, 23°Pu,
240py, 2%1py, 2%2py and ““!Am. A listing of the output from the sample
problem is given in Figure G-2.

TABLE G-1. Assumed Values Used in Calculating Estimates of Risk

Excess Cancer

Type of Cancer (deaths/108/a/rem)
GI tract including stomach 1.0(a)
Lungs 1.3(a)
Bone 0.2(a)
Kidneys O.S(b)
Liver O.5<b)
A1l other (total body) 2.5(c)

(a) Value from BEIR Committee report.

(b) Estimated equipartition of risks provided in BEIR Committee report
from all cancers other than leukemia, breast, lung, GI tract,
stomach, and bone.

(c) Estimated as sum of Jeukemia and breast cancer risks as provided
in BIER Committee report.
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TRANSI.DCATTQON

rLASS

W

$INPUT NEXT=1,nTaMz 0%, UPTIME(1)=60,,
22+23,RL(1)52,5Fab, 5Feb, SFeb, ,2F=b6,1 3t =b,1 ,Fes ,PuwPRE2,5E.06%

7 1,0
PU 236 2 pil 23g
PU 241 2 PU 24P

TRANSLAOCATTINN

SYNPUT NEXT=23,nlaMz’ (%
TRANMSLDCATINN

SINPUT NExT=3,nTaMzy %
TRANSLOCATTAON

FINPUT MEX¥T=3 nlaMze ¢
TRANSLACAT NN

$INPUT MNEyT=z2,nTaM=z’ 08§

7 1,0
PU 23¢ 3
PU 241 3

P} 23a %
PU 242 1
TRANMSLOCATINON
FINPUT NEXT33,DTaMs’ 1 ¥
TRANSL CCATINN
$INPUT NExT=23,nTaM=zq ¢
TRANSL BCATINN
STNPUT NEXTE3,nTaMzg ¢

SAMPLE PRORLEM FNR INGESTInN OF

SINPUT MEXTZ3,INGFST21S
ENUD OF PUN
$INPUT MegxT=zus$

FIGURE G-1.

CLASS
cL2SS
cLASS

fLASS

CLagsg

G.3

W

A4

n,08 MICRON PARTICLFS
ONGANS(i)=1;3,“;'3'8;19;?0;21'

Pl 2%9 2
AM 241 2
0.1 MICKON

Py 240 2
FARTICLES
1,0 MICRNN PARTICLES
S.n MICRON PARTICLFS

N,08% MICPOMN PANTICLES

P 2%Q 3}
AM oS4l 3
Nel MICRON

PU 240 3

FARTICLES
MICRA

1,0 PARTICLES

85,0 MICRON PARTICLES

RAPDTNUCLINES

Input Card Listing for Sample Problem



FIGURE G-2. Sample Problem Output
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