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ANNUAL LIMITS ON INTAKE AND DERIVED AIR CONCENTRATIONS

FOR THE RADIOIODINES WITH MASS NUMBER FROM

123 TO 135

by
J.R. Johnson

INTRODUCTION

The three compartment model for radioiodine in man previously
described by the authorl) has been used to calculate the thyroid
burden and urinary excretion rates for the radioiodines with mass
numbers 123 to 135 for both chronic and acute inhalation exposure .
patterns. The calculated thyroid burdens are used, in conjunction
with values for reference manz), to calculate Annual Limits on In-
take (ALI) and Derived Air Concentrations (DAC) for occupational
inhalation exposure. Graphs of thyroid burdens and urinary excretion
rates as functions of time for selected radioiodines are included.

A chronic exposure pattern is normally assumed to exist for
persons occupationally exposed to chronic air contamination, even
though the exposure is more likely to be five, eight-hour exposure
periods per week. This assumption leads to mathematical simplicity
compared to the true situation and will give the same results for the
calculated Total Expected Dose (TED) provided the total uptake is
identical. However, the results obtained with this simplifying
procedure can be misleading, as is the case for urinary excretion rates
during chronic exposure to radioiodine. Calculations have been per-
formed for both '2°I and !3°I for the ''chronic-acute" exposure of
five, eight hour days per week and the results compared graphically to
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the chronic situation. This comparison illustrates that large
errors can result in thyroid uptakes calculated from urinary excretion

data unless the exposure pattern is known accurately.

MODEL CALCULATIONS
The three differential equationsl) that describe the model

(see figure 1)

g%(t) = - Og A, AT + 2,000 + X(D) (1)
dIt) = 10e) - (g + AT 2
QO 1) - O + Ag + A J0(E) )

where I(t), T(t) and O(t) are the activities in the inorganic,
thyroidal, and organic compartments respectively and X(t) is the rate
of uptake of activity by the inorganic compartment. The rate con-
stants A, - AS are given in Table 1 and Ar is the radioactive decay

1
constant of the radiociodine being considered.

For the purposes of the model used here, it is assumed that
any intake of radioiodine is transferred immediately to the inorganic
compartment. This assumption can result in a slightly overestimated
value for radioiodine uptake as Riggss), and others 2,4) find that
approximately 95% of the activity is transferred, independent of
whether the route of entry is inhalation or ingestion. It is also
assumed here that the only loss of radioiodine is by urinary excretion.
This assumption will result in a slightly overestimated urinary
excretion rate as some iodine has been reported to be excreted with

feces and perspirationz’s).
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The urinary excretion rate is therefore given by

E (1) = - 3,1(1) - 20(1) 0

and the rate of uptake will equal the rate of intake; that is
X(t) = C(t)B(t) (5)

for inhalation exposure, where C(t} is the air concentration and
B(t) is the breathing rate for reference manz), and X(t) is equal

to the ingestion rate for ingestion exposure.

NMumerical solutions for equations 1) through 3) can be easily
obtained with the computer program FORSIMSJ once X(t) is specified.
FORSIM can also be used to calculate

18250 days
Q= T(t)dt (6)

which is the thyroid activity integrated to 50 years.

The Total Expected Dose to 50 years (TED50)* resulting from
an Annual Intake (AI) of

365
AI =/X(t)dt (7
0
is TED50 = FQ rem**

* This quantity 458 Aometimes called the Commitied Dose Equivalent
and assdigned +he symbol ﬂso, on H50.

*% 1 nem = 0.01 8Sv.
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where Q, calculated from (7) with X(t) put into (1), is in
uCiday and F is the appropriate rem per uCi-day factor given
by Snyder et a16). These factors are reproduced in table 2 for

the radioiodines being considered.

The Annual Limit on Intake {ALI) is that value of AI which
will result in a TED50 of 30 rem (0.3 Sv), the maximum allowable an-
nual thyroid dose to atomic radiation workers7). Note that the ALI
does not depend on the form of the function X(t} but only on the
total annual intake (see Appendix). ALI's for the radiciodines
listed above have been calculated and are given in table 2.

While the form of X(t) does not affect the TED50 it is, of
course, the controlling factor in the growth of activity in the
thyroid and the rate of excretion of radioiodine. Two limiting
cases are often used to calculate limits that can be used for
control purposes. They are acute exposure, where the intake is
assumed to be instantaneous. and chronic exposure, where all
exposures are averaged to give a constant rate of intake. These
cases are treated separately below, and a third situation, that
of "chronic-acute" exposure, is also examined.

(a) Acute Exposure
The results given in table 3 for acute exposure were
obtained with FORSIMS) by setting X(t) = 0 and using I(0)
= IO as a boundary condition, where I0 is the instantaneous

uptake by the inorganic compartment. IO was chosen arbitrarily
to be 2.5 uCi (9.25 x 107 Bq), which is also the AT that results
from chronic exposure to an air concentration of 1 f£Ci/cm®

(37 Bq/m®) that is used below.

* S{ Equivatent: 1 Ci = 5.7 x 100 8q.
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In table 3, colum (a) lists the times at which the
maximum thyroid burden occurs, columns (b) and (c} the

maximum thyroid burden and TED50 respectively for an uptake
of 2.5 uCi (9.25 x 104 Bq), and coluwns (d) and (e) the in-

take and maximum thyroid burden that will result in 1.5 rem
(0.015 Sv) TED50 to the thyroid. 1.5 rem (0.015 Sv) is 1/20
of the annual occupational limit on thyroid dose7) and is often

used as an investigation 1eve18).

Figures (2) and (3) give the urinary excretion rates and
thyroid burdens respectively as functions of time following
an acute exposure resulting in an uptake to the inorganic
fompartment of 2.5 uCi (9.25 x 10 Bq) of 251, 1291 131lf op

33:[.
(b}  Chronic Exposure

The results given in table 4 for chronic exposure were
obtained with FORSIM>) by setting X(t) = constant. This
constant was obtained in the usual mannerg) by calculating
the annual intake for reference manz) breathing air contaminated
at 1.0 fCi/em?® (37 Bq/m®) for five, eight-hour days per week,
fifty weeks per year, and dividing by 364** to obtain the average
daily rate of intake. Reference man breathes at a rate of
107 cm? (10 m®) per 8 hour working day. The AI is therefore

1.0 x 10 x 5 x 50 fCi
2.50 uCi (9.25 x 10% Bq)

Al

¥ An acute uptake of 2.5 uCi of 12°T would be equivalent to an uptake
0f 15.3 mg of Lodine. This Large amount would upset the Lodine bafance
in the subfect and the nate consitants of table 1 could no Longen be
used. Uptakes of 1297 in the hange of uCi's are unlikely. The results
given here for '*°1 can be reduced by a constant factorn for upiakes of
the nange of nCi's, which would not upset the Lodine balance and which
are more nreasonable.

** JCRP Publication 2 uses 7 x 52 = 364 days/year®'.
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and the average daily intake is

2.50 uCi/364 days
6.87 nCi/day (254 By/day)

<
1

1]

In table 4, column (a) lists the time required for the
thyroid to reach 90% of its equilibrium burden, columns (b)
and (c) the equilibrium thyroid burden and dose rate res-

pectively for a constant intake rate of 6.87 nCi/day (254 Bq/day)
and colum (d) the Derived Air Concentration (DAC) that will

result in a dose rate of 30 rem (0.3 Sv) per year to the thyroid

of reference man at equilibrium.

Figures (4) and (5) give the urinary excretion rate
and thyroid burden respectively as functions of time during

chronic exposure to 251, 12°1, 1311 or 1331,

(c) Chronic-Acute Exposure
The results calculated using FORSIMS) for an exposure
pattern of five, eight-hour days per week are compared to
results obtained for chronic exposure for the same weekly

intake in figures 6 through 9.

Figures 6 and 7 give urinary excretion rates for !2°I

and !'33I respectively as functions of time during exposure

and demonstrate that the excretion rate is essentially independent
of the radioactive half-life for this range of half-lives. This
result is due to the short time constant for urinary excretion
from the inorganic compartment. They also demonstrate that

any attempt to evaluate a ''chronic' exposure from urinary
excretion rates is futile unless the source of exposure is

removed.



Figures 8 and 9 give the thyrnid burdens as functions
of time during exposure for '2°I and '*°I respectively. They
demonstrate that the thyroid burdens calculated using the
simplifying assumption for occupational chrenic exposure improves
as thehalf-1ife of the radioiodine increases.

IIT. SUMMARY
Annual Limits on Intake and Derived Air Concentrations have

been calculated Jfor all radioiodines of radiological significance.
The models used as a basis for the calculations are those already
reconmended by the ICRPZ) or which are expected to be recommended
in forthcoming publicationslo). Included in the report are tables
and graphs of thyroid burdens and urinary excretion rates which
shouid prove useful to persons working in the field of radiological

protection.



FIGURE

THREE COMPARTMENT MODEL OF IODINE METABOLISM IN MAN

A4
X(t) I(t) A T(t) A o(t)
_— Inorganic LI Thyroidal -3 *1 Organic
AZ A5
y

Urinary Excretion

TABLE 1

RATE CONSTANTS CALCULATED FROM TABLE 3 OF REFERENCE 3

Route Rate Constant Half-Life
A; in (Da.ys)"l Days
1 0.93 0.74
2 1.92 0.36
3 0.0087 79
4 ’ 0.053 13

5 0.0050 139



TABLE 2

Radioiodine Parameters

Radioactive Effective Half-1ifé& )

Half-1life in Thyroid Tem*
Mass No. (days) (days) uGi«day
123 0.543 0.541 0.0972
124 4.02 3.89 0. 656
125 60. 25 39.91 0.0725
126 13.0 11.7 0.441
128 0.0174 0.0174 1.68%)
129 5.73 x 100 118 0.172
130 0.521 0.519 0.942
131 8.06 7.55 0.524
132 0.0992 0.0991 1.45
133 0.867 0.861 1.10
134 0.0368 0.0368 1.92
135 0.279 0.278 1.12

ALIb)*
(uCi)

1740
25.7
23.1
12.9

32000
3.29
191
16.9

1530
86.4

6820.

383

a)l Time for the thyroid to obtain one-half its maximum burden during

chronie exposure.
b) Annual Limit on Intake.
¢) Caleulated Value (not given in refenence 6}.
* Equivafents:

rem _ -7 Sv

CL = 3.7 x 1010 Bq
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TABLE 3

Acute Exposure to Radioiodine

Mass No. 5255 ﬁgg* ig%* __égij _ﬁgif_
123 0.42 0.335 0.043 87.2 11.7

124 1.00 0.643 2.92 1.28 0.329
125 1.76 0.785 3.25 1.15 0.361
126 1.36 0.738 5.82 0.640 0.189
128 0.03 0.021 0.002 1600 13.5

129 2.11 0.803 22.8 0.164 0.053
130 0.41 0.325 0.392 9.57 1.24
131 1.22 0.708 4.43 0.847 0.24

132 .13 0.103 0.049 76.2 3.12
133 0.54 0.415 0.868 4.32 0.717
134 0.05 0.043 0.011 341 5.80
135 0.28 0.248 0.196 19.1 1.72
{a) Time after an acute exposure at which the maximum thynroid

bunden occurs.

(b) & (c) Maximum thynoid burden (b) and the total expected dose (TED50)
(c) from an intake of 2.5 uCi of radioiodine.

(d) & (e} Intake [d) and maximum thynoid burden (e) that will result in
1.5 nem TED %o the thynrodid.

*Equivabents: nem = 0.01 Sv, Ci = 3.7 x 10' Bq.
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TABLE 4

Chronic Exposure to Radioiodine

Mass No. éggs (E%i* reé?%ear* Sﬁ%

fCi/cam®#
123 1.9 1.21 0.043 698.
124 14 12.2 2.92 10.32
125 140 123 3.25 9.23
126 38 36.2 5.82 5.15
128 0.09 0.004 0.002 13000
129 400 363 22.8 1.32
130 1.9 1.14 0.392 76.5
131 25 23.2 4.43 6.77
132 0.5 0. 093 0.049 612
133 3.3 2.16 0.868 34.6
134 0.2 0.016 0.011 2730
135 1.2 0.480 0.196 153
(a) Time requined forn the thyroid to neach 90% of Lits

equilibrium burden.

{b) & (¢) Thyroid burden (b) and thyroid dose nate (c) at equilibrium
for chronic exposure to 1.0 £Ci/em>.

{d) Air concentration that will nesult in a dose nate of 30 nem/year
at equilibrium.
*Equivalents: fnem = 0.01 Sv, CL = 3.7 x 10'0 Bq.
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FIGURE 2

M:m in a radiociodine

Urinary excretion rate following an acute exposure result &)
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uptake to the inorganic compartment of 2.5 uwCi (9-25 x 10

50.0

20.0

-~ 10.0
<

&) 5.0
£
(VO]
[
g

o 2.0
=
(e}
-

L 1.0
(4
><
i

> 0.5
g
=
o
e }

0.2

0.1

| | |

4 6 8 10
DAYS SINCE EXPOSURE



-13-

FIGURE 3

Thyroid burden following an acute exposure resulting in a radioiodine up-
take to the inorganic compartment of 2.5 uCi (9.25 x 104 Bq).
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FIGURE 4

Uriuary excretion during a chronic exposure to an air concentration of
1.0 fCi/cm® or any exposure giving a constant uptake to the inorganic
compartment of 6.87 nCi/day (254 Bq/d) (see text).
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FIGURE 5

Thyroid burden during a chronic exposure to an air concentration of 1.0
fCi/cm® or any exposure giving a constant uptake to the inorganic
compartment of 6.87 nCi/day (254 Bq/d) (see text).
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URINARY EXCRETION RATE nCi/day)

CHRONIC-ACUTE
s» FXPOSURE PERIODS
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FIGURE 6

Comparison of urinary excretion rates as functions of time during chronic
and chronic-acute exposure to 1.0 fCi/an® (37 Ba/m®) of '2°I in air.
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FIGUE 7

Comparison of urinary excretion rates as functions of tlmgadurlng chronic
and chronic-acute exposure to 1.0 fCi/an® (37 Ba/m®) of '*°I in air.
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FIGURE 8

Comparison of thyroid burdens as functions of time during chronic and
chronic-acute exposure to 1.0 fCi/cm® (37 Ba/m®) of !2°I in air.
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FIGURE 9

Comparison of thyroid burdens as functions of time during chronic and
chronic-acute exposure to 1.0 £Ci/cm® (37 Bq/m®) of '3°I in air.
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APPENDIX

Annual Limit on Intake

The concept of an annual 1limit on intake (ALI) arises from

the following consideration.

If the retention of a radionuci le in an organ can be written
as the sum of exponential terms, then the total expected dose (TED) to
that organ from an exposure to the radionuclide is independent of the
time <equence of the exposure. That is, the TED only depends on .the
aniount of activity taken up by that organ. It does not depend on whether
the exposure was acute, chronic or something in between. This fact is
demonstrated below. Therefore an individual limited to an intake of
activity in one year of a particular radionuclide, such that the TED
from that intake is less than the maximum allowed yearly dose, will
never receive in any year a dose from that radionuclide exceeding the
yearly maximum dose regardless of the mumber of years the individual may

be exposed.

The retention function for the radionuclide in the organ is
R(t) =) a.e Mt (A-1)
i

(a) Acute Exposure
The dose in uCi-days to time T to the organ from an acute

exposure that results in a total intake of IO uCi of the radio-

nuclide at time T=0 is

T
QO = 1, j R(T) dr
0

AT
= IoZai/K-l(l-e 1 )uCi-days (A-2)
i
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(b) Chronic Exposure
The organ burden at time t during a chronic exposure that
results from a constant total intake of Io/tO uCi/day is
t

B(t) = Io/tof R(t-7)dT
0

-A.t
- Io/tozai/xi(l-e 1) A (A-3)

1

The intake from this exposure in t, days is I0 uCi, and the
accusiilated dose to the organ in this time is

to

Q.(0-t) = [ B(t) dt
‘0

=1/t bt - 2a- P (A-4)
0 ozai il o A ©

The dose from to to T is

T
AL (t-t )
Q(t, D) = b, f e i gt
i t

where the bi's are given by equation A-3 with t=t,, i.e.,

Ioai Aito
by =& 1=
o™i

. . A.t
(t -T) = O 116 0% e T {1et© (A-5)
c o - .

hence
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The dose from t=o to t=T is the sum of equation A-4 and

A-5.

At
Q.0-T) = I % a/x [1 - ex_t (e 1 °-1) (A-6)
- 0
1

0<t <T
o

(c) Comparison of Acute and Chronic Exposure
The TED to time T from chronic exposure (equation A-6) is
equal to that from acute exposure (equation A-2) provided that

AT
-A.T i At
1 .18 r0 _
1-e *1- 5 (e ) (A-7)

for all i.

Conditions that will satisfy A-7 are

Ait
i) et % -1=2at
10
that is
>‘ito <<1 (A-8)
ii) Both '>‘iT
e < <1 (A-9)

and
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iii) e T 22— (e!0

Expanding the exponentials in the right-hand side of iii)

in power series gives

[e2]

k ~ K
Z (-AiT) [(l‘to/tl) - 1]
ioi=o k!

Expanding (1-to/T)k and simplifying gives

= k-1 1 1
RS ';H‘iT) [“(T‘Tl: 0T ¢ eoT Cto/T)

1 s TN
T T Gemnr (D
k-1
+ ..., + o (—tO/T) ]
Then if
t/T<<1 A-10
0
-ALT
RHS = e !

Note that for Qa(O-T) = QC(O—T) does not require that any one
of conditions A-8 through A-10 be satisified for all i, only that at
least one of them be satisfied for each 1i.
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The essence of equations A-8 through 10 is that if t, and 1/>\i
is small enough and/or T large enough the TED to time T from chronic
exposure will equal the TED to time T from acute exposure for the
same total uptake. Also, since any exposure pattern can be broken
down into the sum of acute and/or short chronic exposures, the TED
from any exposure pattern only depends on the total uptake and the
retention function, provided that the duration of exposure is short
compared to the time to which the TED is calculated.
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