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1. INTRODUCTION

The computer code GENMQD(l) was developed in 1979 as part of a review of
the data and models used in internal dosimetry calculations. In its original
form GENMOD calculated retention and integrated retention for all
radionuclides for acute and/or chronic inhalation and/or ingestion or
injection exposures. Exceptions to the above were HT, HTO, O14, radioiodine,
and radioisotopes of the alkaline earth elements.

Since that time models have been developed and implemented which describe
these exceptions. A data base of dosimetry factors (2) has been developed and
subroutines which interface GENMOD with these files have been written. These
allow GENMOD to calculate the committed effective dose equivalent (H50) and
the committed organ dose equivalent (D50). A faster and easier to use
ordinary differential equation solver package, ODEPACK (3), has been
Implemented at CRNL. Therefore it was decided to convert GENMOD from the
solver FORSIM (A) to ODEPACK, to include these new models and to generally
make the coding more efficient, easier to understand, and better documented.
This report describes the resultant code, GENMOD (version 3),

2. THE MODELS

2.1. The General Model

The general model includes the ICRP's Task Group on Lung Dynamics' model
(5,6) (Figure 1), Eve's gastro-intestinal model (6,7) (Figure 2) and a
compartment model for uptake and retention by the organs (1,6). The resulting
overall general model is shown in Figure 3.

2.1.1. The Lung Model

The ICRP's lung model has been drawn as shown in Figure 1 to simplify the
writing of the differential equations (DE) describing the retention of
material. Compartments A and B represent the nasal-pharynx region, C, D and
D' represent the tracheo-bronchial region and E to I represent the pulmonary
region. Compartments I and K represent the lymph nodes in the thoracic
region.

The differential equations (DE) for the parent radionuclide in the lung
regions are:

Compartment A to I

dY^t)
= ! (t) . (x. + RRQ) Yt(t) i = 1, 9

dt

Compartment D'

dY,2(t)
= \b Y6(t) + \7 Y7(t) - U 1 2 + RRQ> Y l 2 ( t )

dt
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Compartments J and K

dYX0(t)
A8 Yg(t) - (Xl0 + RR0) Yl0(t)

dt

dY u(t)
- = A9 Y9(t) - RRQ YI (t)
dt

where

RRQ is the radioactive decay constant for the parent

I|(t) is the rate (atoms per day) the parent radionuclide enters
compartment i from outside the system

\± is the rate constant for the parent radionuclide to leave
compartment i

Yj(t) is the amount (atoms) of the parent in compartment i at time t

For an acute exposure. I^(t) is zero and Y^(0) (i = 1 to 9) is the
initial amount deposited at t => 0. In the chronic case, Y^(0) is zero and
I^(t) is the rate of deposition of the parent radionuclide in compartment i.
Table 1 lists the factors from which Y^(0) or I^(t) for acute or chronic
exposures respectively can be calculated.

DE for the daughter radionuclides produced in vivo in the lung regions
are:

Compartments A to I

dYJt(t)
= RRj.! YjJ"l(t) - (ki + RRj) YJ^t) i = 1, 9 j = 1, 2

dt

Compartment D'

I- \7 YJ7(t) -
dt

U 1 2 + RRj) Y-)12(t) j = 1, 2
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Compartments J and K

= RRj.x YJ-^Q + X8 YJ8(t) - U l o + RRj) YJjO(t) j = 1, 2
dt

dYJu(t)
= RRj = 1 YJ-

l
u(t) + X9 YJ9(t) - RRj YJn(t) J = 1, 2

dt

where

refers to the amount of isotope j in compartment i at time t.
The superscript j refers to the parent (j = 0), daughter (j = 1) and
granddaughter (j = 2 ) .

RRj is the radioactive decay constant for isotope j.

2.1.2. The GI Tract Model

The GI tract model (Figure 2) was adopted from Eve (7) and it is also
used by both Adams et al. (8) and ICRP (6). Material arriving in the gut
either directly by ingestion or after clearance from the lung is either
transported through the four compartments of the model or absorbed by body
fluids (into the transfer compartment). Fj is the fraction of material
entering the gut which is absorbed by body fluids.

The DE for the parent are;

Gut

dY13(t)
= IL(t) + I0(t) - (\13 + RR0) Y13(t)

dt

Small In tes t ine (SI)

dY1/4(t)

= F a s X13 Y 1 3( t ) - ( , \ n + X14 + RR0) Y u ( t )

dt

Uppjar Large I n t e s t i n e (ULI)

dY1 5(t)

= \ j / 4 Yj/^t) - (A15 + RRQ)
dt
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Lower Large Intestine (LLI)

* Xl5 ^ 1 5 ^ ' ^X16 + RRQ> '
dt

where

I^(t) total parent radionuclide transferred from lung compartment in an
inhalation case. ^(^ is aero for ingestion v>r injection cases.

lQ(t) amount of the parent radionuclide entering the gut compartment from
outside sources

Fas is the fraction of material leaving the gut region which continues
through the GI tract. If Fi equals 1.0, F is 0.0. For all other
Flt Fag is 1.0.

The DE for the daughters are:

Gut

. . .
= RRj,x YJ"1

1 3(t) + U L ( t ) - (X13 + RRj) YJ13(t) j = 1, 2
dt

Small Intestine

- RRj-1 Y J ' S A U ) + F a s \ n YJ1 3(t) - (Xn + XU + RRj) YJ14(t)
dt

j = 1, 2

Upper Large Intestine

- RRj-i YJ-^gtt) + \ u YJ u(t) - (X15 + RRj) YJ15(t) j = 1, 2
dt

Lowef LarRe Intestine

dYJ16(t)

RRj-! YJ-!
16(t) + \15 YJ15(t) - (X16 + RRj) YJ16(t) j = 1, :

dt

where the superscript j refers to the parent (j = 0 ) , daughter (j = 1) and
granddaughter (j = 2).
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2.1.3. Organ Model

The compartment model (shown in Figure 3) consists of a transfer
compartment which collects material from the lung, GI tract, skin absorption,
wounds, injections, etc. and transfers it to the organs. Each organ consists
of up to four uncoupled compartments, each with its own rate constant for
excretion. In realistic model, the organs would feed material back into the
transfer compartment for subsequent redistribution or excretion. However, the
available parameters for describing organ retention for most elements are not
the fundamental rate constants, but are the measured organ retention function
parameters. These are the solutions to the "fundamental" differential
equations for acute uptake by the transfer compartment. These functions are
of the form:

R(t) = E ai e
i

where a^ and b^ are functions of the fundamental rate constants.

Since, in only a few cases is it possible to calculate the fundamental
rate constants from R(t), one uses a model with a fraction a^ used to
calculate the uptake by the organ from blood and b^ as the rate constant for
excretion. This model may lead to large errors in the calculated blood
concentrations and excretion rates but integrated activity in the organs is
correct. The DE for the parent in the organ model are:

IL(t) + IG(t) + I0(t) - (\17 + RR0) Y17(t)

Transfer Compartments

X17 T k Y17(t) - {\L + RR0) Y^t) i = 18, 33, k = i - 17

), IG(t) and I Q C O are the amounts entering the transfer compartment from
the lung, gut and outside sources, respectively.

is the fraction of the total material leaving the transfer compartment
which moves to compartment i of the organ model.

is the total rate constant for material leaving the transfer compartment.
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The DE for the daughters are:

Transfer Compartments

dYl7(t> . . . .

— ~ " = RRj.j YJ"l
17(t) + lJL(t) + I J Q ^ ) ' <*17

 + R R j )

j » 1. 2

Compartment

„.„,, „ RRj L yJ'^tt) + XT Tk Y
1
17(t) - (\i + RRj) YJ^t)

dt
i = 18. 33
J - 1. 2
k = i - 17

where j refers to the parent (j = 0), daughter (j » 1) and granddaughter (j a
2).

Another assumption, used In the program, is that daughters produced in
vivo can be described by the same parameters as the parent (1,6). While this
assumption is in general not valid, in most cases data does not exist from
which in vivo produced daughter parameters can be estimated. Parameters can
be est (.mated for the daughters not produced in vivo, but these in general go
to different organs than the parent; and even if the parent and daughter went
to the same organ, the parameters describing the retention of the daughter
taken up by the organ rather than produced in the organ are not necessarily
the same.

Excretions from the general model are calculated by:

Urine

UAt) = U,7 (l-SnT_) X17 YJ17(t) + Ik Ut Xk YJk(t) k = 18, 33
i = k - 17
n = 1, 16

Feces

Fj(t) = Fl7 (l-SnTn) \l7 YJ17(t) + Sk F4 Xk YJk(t) + X16 yJ16(t)

where

Uj(t) and Fj(t) are the amounts of material excreted via urine and feces,
respective of isotope j (j =• 0, parent; j = 1, 1st daughter; j = 2,
2nd daughter)

Uj is the fraction of the excteta from compartment i via urine.

F̂  is the fraction of the excreta from compartment i via feces.
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2.2. Alkaline Earth Model

The alkaline earth model as implemented in GENMOD includes the lung and
GI tract model as described in the general model and model 2 as described
previously by Johnson and Myers (9) and the reader is directed to that
publication for a full discussion of it. Simply put, this model addresses the
problem of using power functions to represent the diminution of material in
mineral bone as postulated by the ICRP Task Group's Report on Alkaline Earth
Metabolism in Adult Man (10) and the lack of recycling inherent in most ICRP
metabolic models (6). The model uses extra compartments in mineral bone to
replace the power functions and includes recycling to the transfer
compartment. Figure A shows the alkaline earth model implemented in GENMOD.

The DE used in the model are:

Cancellous (Trabacular) Bone Compartments

dY18(t)
= X18 Y17(t) + \2Q Y19(t) - (X19 + \2\

 + RR0> Y18(t)
dt

dY19(t)
= x19 Y18(t) - (X20 + RR0) Y19(t)

dt

Cortical (Compact) Bone Compartments

dY20(t)
= X22 Y17(t) + \2h Y21(t) -

dt

dY21(t)
= X23 Y20(t) - (X2A + RR0) Y21(t)

dt

Bone Surfaces

dY22(t)
= X26 Y17(t) - U 2 7 + RR0) Y22(t)

dt

Other

dY23(t)
- " - — = X28 Y17(t) -
dt
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The DE for the daughters are;

Caneelloua (Trabacular) Bone Compartments

x l8 lg l7 X2Q YJl9(t)
dt

R^j YJ"l
19(t) + \l9 YJ18(t) - U 2 0 + RRJ

Cortical (Compact) Bone Compartments

dt
h X25 + RRj) YJ20(t)

• RRj-i YJ"l
21(t) + X23 YJ20(t) - (X2A + RR,) YJ21(t)

dt

Bone Surfaces

dYJ22(t)
j 1 22 \26 YJ17(t) - (X27 + RRj) YJ22(t)

dt

Other

dYJ23(t)
RRj-1 YJ-l^tt) + X28 YJ17(t) - (\29 + RRj) YJ23(t)

dt

where RRj is the radioactive decay constant and j • 1,2.

The excretion in the model is defined at time (t) as:

Uj(t) « l)17 ,\17 YJ17(t)

and

Fj(t) = F17 X17 Y^17(t) + X16 YJ16(t)

for urine and faces, respectively.
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2.3. The Iodine Model

The iodine model is an adaption of the model described by Johnson
(11,12). Changes include the replacement of the single lung and stomach
compartment with the ICRP lung model and the GI tract model, elimination of
the fetal compartments and the use of a rate constant to describe urine
excretion from the bladder. The resultant model is shown in Figure 5,

The DE for the lung and GI tract model are described previously. The
parent DE for the iodine model are:

Inorganic Compartment

dY17(t)

I°L(t) + l°Git) + I°0(t) + A19 Y19(t) -
dt

U 1 7 + X21
 + RR0> ^17^)

Thyroid

dY18(t)
= X17 Y17(t) - (X18 + RR0) Y18(t)

dt

Organic

dYl9(t)
-- =* x18 Y18(t) - (x19 + x2Q + RRo) Y19(t)

dt

Bladder

dY20(t)
= X20 U19 Y19(t) + X21

 U17 V ( t ) - (X22
dt

The DE for

Inorganic

dYJ17(t)

dt

the daughters

= RRj.i YJ"1!

" <*17 +

are:

7UJ

*21 H

uL(t) + uG(t) + x19 yJ19(t)

RRj) YJ17(t)
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Thyroid

_.., 3 RR:: . Y J ' ^ g U ) + \j7 YJ^7(t) - (Xjg
dt

=> RR^-i YJ"1io(t) + \ig YJig(t) - (X19 + X20 + RR,) YJ19(t)
dt

Bladder

U19 **\9M + *21 U17j x
d t

- (X22 j

where

IJ^, IJG and IJQ refer to material moving to the inorganic compartment from
lung, gut or outside sources, respectively.

F^ U^ are fractions going to feces or the bladder and are in inverse days.

\| are rate constants for transfer to other compartments or excretion.

2.U. Tellurium-Iodine Model

The tellurium-iodine model (13) is a combination of the general model
(lung, GI tract and organ models) for the parent and the iodine model for the
daughters. The parent uses the full general model with two "organs", Bone
Surfaces and other (whole body), but the daughter uses the iodine model. All
compartments of the lung and GI tract model exist but iodine transfers
directly from each of these compartments into the inorganic pool and hence
through the normal iodine compartments whereas the tellurium transfers into
the transfer compartment and hence through the normal organ model. A
schematic of the model is given in Figure 6. Note in the schematic the solid
line represents the transport of the parent throughout the model whereas the
dashed line is the transport of the iodine daughter.

Equations for the parent are as for the general model described
previously.

Equations for the daughter are:

Inorganic Compartment
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O i \26 Y
1
22(t) - (X24 + X2g + HRj) Y

l
20(t)

dt i=l

Thyroid

dYl
21(t)

dt

Organic

dYl
22(t)

Bladder

dY1
23(t)

X 2 5 Y^iCt) - (X26 + X27 + RRj) Y
L
22(t)

dt

X28 U28 Y 20^) + X17 U27
dt

The excretion equations are:

Parent

U°(t) = U17 X17 Y°17(t) + U 2 2 A22 Y°18(t) + U23 X23 Y°19(t)

F°(t) = F17 X17 Y°17(t) + F22 X22 Y°18(t) + F23 X23 Y°19(t) +

he Y°i6(t)

Daughter

- X29 Y
1
23(t)

- X27 F27 Y
1
22(t) + X28 F28 Y

l
20(t)

Rates are in inverse days with the exception of U^, and F ^ which are the.
fractions for excretion via urine or feces, respectively.
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2.5. The HTO Model

The HTO model is essentially the model described by Johnson (14) with the
addition of a compartment to represent the intake compartment. This model has
two basic components, one characteristic of the retention in body water and
the otb-sr characteristic of the retention in body cells (bound tritium). This
retention will result in the concentration of tritium in urine with time to be
given by the sum of two or more exponentials (15,16) and leads to the model
shown in Figure 7.

The DE for this model are:

Zone of Intake

I0(t) - (\x + RR)
dt

Body Water

dY2(t)
\\ Yj(t) •»• X3 Y3(t) + X5 Y4(t) - (X2 + XA + Xg + RR) Y2(t)

dt

Bound Tritium

dY3(t)
X-, Y2(t) - (X3 + RR) Y3(t)

dt

dYA(t)
= X4 Y2(t) - (Xc + RR) YA(t)

dt

The excretion is given by:

U(t) = Ue \6 Y2(t)

F'(t) = Fe \t Y2(t)

where U(t) is the urine excretion and F'(t) is the total of all other
excretions at time t.
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2,6. The HT Model

The HT model as implemented in GENMOD consists of the HT model developed
by Peterman (17) and the HTO model by Johnson (14). A radioactive decay
constant was included since doses may be calculated over lengthy periods of
time with GENMOD whereas decay was not significant over the short time periods
involved in the Peterman report. Figure 8 shows the HT model as it exists in
GENMOD. The parameter values in this reconstruction of Peterman1s model are
given in Table 3. The DE are:

dYt(t)
= I0(t) + X3 Y-j(t) - (Xx + X-, + RR)

dt

HT in Blood

dY2(t)

= X2
 Y l ( t ) " (X3 + A4 + R R )

dt

The remaining equations are as given for the HTO model.

2.7. The Iron-MIRD Model

The Iron-MIRD model (Figure 9) included in GENMOD is that developed by
the Task Group of the Medical Internal Radiation Dose Committee (MIRD) and
described by Robertson (18) with revisions as described by Johnson and Dunford
(19,20). The model has also been adopted by the addition of the ICRP lung
model and the GI tract model with transfer into the plasma compartment. Since
the model does not include actual organs, an anatomical system is achieved
through the use of "model identification coefficients" (18) which are given in
Table h.

The differential equations used in the MIRD portion of the model are:

Plasma

dY17(t)
--- IL(t) + IG(t) + I0(t) + X21 Y18(t) + X 2 5 Y22(t)
dt

" <X18 + X22 + A2A + X17 + R R )
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Rapidly Equilibrating Tissue

dY18U)
, = Xig Y17(t) + X 2Q Vig(t) + DRBC - (X^Q + X21

dt

Slowly Equilibrating Tissue

dY19(t)

dt

Red Blood Cells

dY-,0(t)
-_r „ Xl^ Y21(t) - DRBC - RR Y20(t)
dt

Red Marrow

dY21(t)
=» X22 Y17(t) - (X03 + RR) Y21(t)

dt

Extracellular Fluid

,_".._ = x Y17(t) - (X25 + RR) Y22(t)
dt

where DRBC is equal to the amount transferred due to catabolism of red blood
cells and subsequent circulation of this iron. This may be calculated as the
average of the amounts which entered the RBC compartment at time = 120 + 5
days after adjustment for radioactive decay. An alternative method of ~
calculation is to use a rate constant times the current amount in the RBC
compartment as the amount transferred back to the rapidly equilibrating tissue
compartment. This method will give reasonably accurate results for the slow
changing compartments, and hence will predict doses reasonably accurately, but
will not predict the correct excretion rate or the amount of iron in the red
blood cell compartment.

3. DOSIMETRY FACTORS

Specific Effective Energies (SEE (j •+ i)) for Reference Man were obtained
from Oak Ridge National Laboratories (ORNL) on magnetic tape. They are
upgraded values described earlier (21) and are used by the 1CRP (1). They
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give the average energy deposited in the target organ (i) per gram of target
organ for each disintegration of a radionuclide in the source organ (j). The
ORNL tape contains data for 793 radionuclides, each having 29 source organs
and 34 target organs and each source/target pairing having up to five factors,
one for each mode of decay (&, y, a, recoil, spontaneous fission). These SEE
factors were converted into SJJ factors (total dose (Sv d"^) rate on target
organ i per Bq in source organ j) and Si factors (total effective dose
(Sv d'*) rate per Bq in source organ j). These individual factors were
extrapolated to a one year old infant (23) and summed to give Sy and S* for
this age group. The resulting set of about 3200 records were then organized
into an indexed sequential data base using Cyber Record Manager (22) routines.

Si factors were calculated by the following equation;

where W^ are the organ weighting factors given in ICRP Publication 26 (24).

They are listed here for completeness.

Organ Weighting Factors

Gonads 0.25

Breast 0.15

Red Bone Marrow 0.12

Lung 0.12

Thyroid 0.03

Bone Surfaces 0.03

Each of the five target organs not listed above
that receive the highest dose per unit activity
in the source organ. 0.06

Whole Body 1.0

Each record is stored in the data base using the following as a key:

Atomic number / Element name / Mass number / Metastable state /
half life / age

Since access to the file can be either sequential or random, retrieval is fast
and easy. A supporting program and documentation was also created (2).

•'.. METABOLIC DATA

The main source of metabolic parameters was ICRP-30 (6) for the general
model. This report gives the fractions of the material leaving the transfer
compartment which is taken up by each of the organs, along with the retention
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half-times in the organs. This data was extracted and arranged into the
metabolic data base "Metadata" for use by the GENMOD program.

5. THE PROGRAM

The program, GENMOD, is a FORTRAN 77 (22) code which consists of routines
to read the user supplied data, the metabolic and Sy data bases and calls to
the Ordinary Differential Equation solving Package (ODEPACK) (3) no perform
the actual integrations. ODEPACK is a package of routines to solve ordinary
differential equations with or without jacobian matrices. A full explanation
of ODEPACK is beyond the scope of this report, but simply put, the user need
only supply the DE's in the form of a subroutine and then call the appropriate
ODEPACK routine.

GENMOD consists of a main routine which controls the sequence of events:
read user parameters, read metabolic data base, read S^j data base, set up
rates, flags and parameters and call ODEPACK routines, and separate
subroutines which define all the equations for each model. The user must
supply parameters which identify the isotope(s), half Ufe(s) and the age of
the subject. Option can be set in order to override default rates and amounts
or to set up special runs such as a chronic-acute case which corresponds to an
exposure at the workplace and no exposure during off-work hours. These
options also control the amount of printout generated by GENMOD. GENMOD will
print retention and integrated retention tables and has options to print: a
D50 summary table, retention and excretion table, a table of Sj* values used,
a table of Derived Investigation Levels (22), a dose rate and an annual dose
table. Another option will compare actual excretion data and the GENMOD
predicted excretion along with the calculated intake and committed doses.
This routine has proved to be very useful for fitting GENMOD to known
contamination cases (e.g. 24). A plot of actual and predicted excretion can
also be produced. Other options create outputs which can be used in other
reports such as the tables of Dose Conversion Factors listed in references 25
and 26.

A User's Guide has been written to allow more general use of the program.

The program has been written in a highly structured, modular format such
that the addition of new models or updating of existing models is a relatively
easy task. Extensive commenting of the program was practised during the
writing of the code.

6. SUMMARY

The computer code GENMOD was developed in 1979 to calculate retention and
integrated retention for selected radionuclides for a variety of exposure
conditions. Since that time parameters have been updated, new models
developed and the dosimetry factors data base created. This report describes
the new and existing models, the dosimetry factors data base and their
implementation in the revised coding of GENMOD.
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Table 1 - Half-lives and Deposition Fractions used in the Lung Model

Region Compartment

Ti

Class
W

Tl F T4 F

NP

TB

LYMPH

a
b

c
d
d1

e
f

g
h
i

j
k

0.01
0.01

0.5
0.5

0.01 0.95
0.2 0.05
Q.2 0.00

0.5
0.0
0.0
0.5
0.0

0.5
0.0

0.8
0.0
0.0
0.2
0.0

0.01
0.4

0.01
0.2
0.2

50.0
1.0
50.0
50.0
0.0

50.0
0.0

0.1
0.9

Q.5
0.5
0.0

0.15
0.40
0.40
0.05
0.00

Q.01
0.4

0.01
0.2
0.2

500.0
1.0
500.0
500.0
500.0

0.01
0.99

0.01
0.99
0.00

0,05
0.40
0.40
0.135
0.015

1000.0 -

Table 2 - Parameters used in the Iodine Model

X3

Adult Infant

0.644
0.00542
0.053
0.005
0.9
1.0
0.0
1.92
7.5

0.642
0.022
0.053
0.005
0.9
1.0
0.0
1.92

72.9
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Table 3 - Parameters used in the HT Model

Adult Infant

A1 -

8

A9
u

7680.0
13.01
60.0
1.851
0.00011
0.002
0.0011
0.02
0.069
0.47
0.0

7611.0
13.01
60.0
1,851
0.00011
0.002
0,0011
0.02
0.167
0. 47
0.0

Table 4 - Identification Coefficients used in MIRD-Iron Model

Compartment Organ
Liver Spleen Red Marrow Heart RBC* Residual

0.08 - 0.79

0.93

0.22

0.08 0.78 -

Plasma

FXF

Rapid Equil.

Slow Equil.

Red Marrow

RBC

0.

0.

-

0.

-

0.

08

03

33

05

0.

0.

-

0.

-

0.

01

01

15

05

0

0

1

0

1

0

.04

.03

.0

.30

.0

.04

* RBC outside of named organs
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Figure I - The Lung Model
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Figure 2 - The Gut Model
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Figure 3 - The General Model
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Figure A - The Alkaline Earth Model
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Figure 5 - The Iodine Model
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Figure 6 - The Tellurium-Iodine Model
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Figure 7 - The HTO Model
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Figure 8 - The HT Model
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Figure 9 - The MIRD-Ircm Model
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