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TRANSFER OF ¥ INTO HUMAN BREAST MILK AND
TRANSFER COEFFICIENTS FOR RADIOLOGICAL DOSE
ASSESSMENTS

Steven L. Simon,* Nicholas Luckyanov,* André Bouville,* Lester VanMiddlesworth,’
and Robert M. Weinstock*

Abstract—Data on transfer of radioiodine into human milk are
rare in the literature. Data from sixteen publications were
reviewed and analyzed to estimate the transfer coefficient
(fum*s having units of d L™'). The data on the radioiodine
concentration in breast milk were analyzed by two methods:
direct numerical integration and integration of a fitted expo-
nential model. In general, the integrated fitted functions were
greater. The fitted functions likely better describe the transfer
into milk since few data sets sampled mothers’ milk near the
time of maximum excretion. The derived transfer coefficient
values seem to represent two populations. The first group was
those individuals who had very low excretions, including those
where thyroid and mammary uptake was impaired by the
administration of stable iodine or iodinated compounds. The
second group included those with much higher excretions. The
second group, termed the ‘normal-excretion” group, had
transfers of iodine to milk that were more than ten-fold higher
than in the “low-excretion” group. The derived milk transfer
coefficient data for the low- and normal-excretion groups
fitted to lognormatl distributions gave geometric means, (geo-
metric standard deviations), of 0.043 d L' (2.1, n = 14) and
037dL1(1.5,n =12), respectively. Estimates of the effective
half-time (time from maximum concentration to half the value)
were determined for the low- and normal-excretion groups
separately. There was evidence that the effective half-time was
longer for the normal- than for the low-excretion group; the
geometric mean (and geometric standard deviation) were 12
(1.7) and 8.5 (2.6) h, respectively, though the difference was not
statistically significant. The geometric mean times to maxi-
mum milk concentration in the low- and normal-excretion
groups were nearly identical, 9.4 (3.1) and 9.0 (1.6) h, respec-
tively. The data show that administration of large doses of
stable iodine (commonly used to block uptake of iodine into the
thyroid) is also an effective means to block radioiodine transfer
into milk. Thus, protecting the mother’s thyroid also protects
the nursing infant. Despite inadequacies of available data
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describing the transfer of radioiodine to human milk within a
healthy population of women, the values of f,,* provided here
are believed to be the best available for use in radiological
assessments. These values are particularly applicable to lac-
tating women having normal diets and availability to stable
iodine, as in the United States.
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INTRODUCTION

A quanTiTATIVE evaluation of the transfer of radioiodine
into human milk has importance for conducting realistic
radiological dose and risk assessments for nursing in-
fants. This particularly applies when radioactive iodine
has been released to the environment, such as from
nuclear reactors or nuclear weapons tests. In many
previously conducted radiological assessments, the dose
to an infant’s thyroid from consumption of radioiodine-
contaminated human milk has either been ignored or
relied on very limited literature data to derive parameter
values for estimating the transfer to the nursing child.
This paper examines published data on the transfer of
radioiodine into human milk, estimates milk transfer
coefficient values, and discusses their application to
estimating the transfer of radioiodine to the nursing
infant. This paper recommends values for use in future
assessments where the transfer of "*'T into human milk is
of concemn.

lodine is an indispensable part of thyroid hormone,
which is required for metabolism, growth, and develop-
ment of all mammals and is normally furnished to
humans during infancy via maternal milk. Hence, accu-
rately assessing radioiodine in human milk is important
because environmentally transferred iodine is biologi-
cally concentrated into the milk and will be further
concentrated into the thyroid gland of a nursing infant.
The thyroid glands of infants, of course, are small and
relatively radiosensitive compared to those of adults
(Ron et al. 1995).

Iodine intake in adults is normally through ingestion
of food products, with the highest concentrations gener-
ally found in seafood, cows’ milk, some plant products,
and iodized salt. There is significant regional variability
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of the iodine content of soil, resulting in variability of
plant concentrations and, hence, dietary availability.
Small amounts of iodine are available in drinking water
and through inhalation, particularly in windy coastal
areas (Mellor 1956).

If radioiodine from nuclear fission is released into
the environment, it is mixed indiscriminately with natu-
rally stable iodine of the diet, air, and water. Under such
conditions, human and animal milk continually select
and concentrate iodine, both stable and radioactive. All
animals ingesting that fresh milk will receive the con-
centrated iodine isotopes.

The normal human body contains about 9 to 10 mg
of iodine with about 85-90% in the thyroid gland (Riggs
1952). The thyroid concentrates more than 100 times the
daily requirement, secreting into the blood about 1%
each day as hormone. The iodide ion is selectively
concentrated from body fluids into the thyroid and other
specific cells (Carrasco 1993) by a powerful biological
selector, the sodium-iodide transporter, also called a
“symporter” (abbreviated as NIS; see Dai et al. 1996;
Smanik et al. 1996; Spitzweig et al. 2000; Tazebay et al.
2000). The symporter is sodium dependent and was first
cloned in the mid 1990°s from thyroid tissue of rats (Dai
et al. 1996) and from human beings (Smanik et al. 1996).

At the termination of pregnancy, a similar iodide
transporter in the mammary gland (abbreviated mgNIS;
see Tazebay et al. 2000) is stimulated, lactation begins,
and iodide is concentrated in the milk produced by the
mother. At the same time, the thyroid of the newborn
infant is stimulated to retain 46-97% of the iodine
ingested (VanMiddlesworth 1954).

The capacity of the mammalian breast to actively
accumulate iodide is a function shared with the thyroid
gland as well as certain other tissues, including the
salivary gland, gastric mucosa, skin, and placenta
(Spitzweg et al. 2000). The transporters in thyroid and
mammary glands are similar but separate pituitary hor-
mones control their operation independently. Both glands
use the electrochemical gradient across the cell mem-
brane to transport two different ions—sodium and io-
dine—in the same direction (Welcsh and Mankoff 2000).
Spitzweg et al. (2000) provide details of the biochemistry
of thyroid iodine transport.

The normal concentration of stable iodine in human
milk was reported by the ICRP (1975) to be 20 ug L ™' to
150 pg L' with a mean of 70 wg L', Similar values
were reported by the Institute of Medicine (IOM 1991),
110 = 40 ug L™', though the mean concentration at some
locations in the United States during the 1980°s was
higher, about 180 mg L™'. Concentrations of iodine in
human milk up to 700 ug L™' have occasionally been
reported (Gushurst et al. 1984). Measurements of iodine
concentration of breast milk in Spain in the early 1990’s
indicated a mean of 100 pg L™°. Those data indicated
that there was no difference in concentrations among
mothers who delivered infants prematurely compared to
those who delivered full-term (Ares et al. 1994).

The daily dietary requirement of iodide in lactating
women is about 30% higher than for the general public
(200 pg d' vs. 150 pg d') AOM 1991) primarily to
satisfy the requirement for milk production (Gorman
1999; NRC 1989). lodine can of course be provided to
the nursing child via infant formula. However, data
published by Ares et al. (1994) indicate that most
commercial formulae do not provide adequate amounts
of iodine and many are far below the recommended
levels. Smyth (1999) has also recognized that problem.

Various biologic and metabolic parameters have
been considered as possibly important to the excretion of
radioiodine via breast milk, one being the milk produc-
tion rate. However, the daily volume of milk produced by
lactating women and ingested by infants averages over a
narrow range, from about 750 to 800 mL d~' (IOM
1991). This volume varies little among women with
different caloric intakes, nutritional status, age, parity,
and anthropometric indices though the volume of milk
secreted declines rapidly if suckling is discontinued.
Thus, it may be that milk production rate within homo
sapiens is not a significant determinant of iodine transfer
to milk.

Since the early-1950’s when "'l became available
for research purposes, investigations have been con-
ducted to quantify the partitioning of iodine in tissues
and secretions of animals and humans (Honour et al.
1952; Brown-Grant 1961). During the years of atmo-
spheric nuclear weapons testing, the concern over public
exposure to radioactive isotopes (primarily cesium,
strontium and iodine) in cows’ milk led to the concept of
the milk transfer coefficient. The origin of the transfer
coefficient can be traced to Ward et al. (1965) and
Johnson et al. (1968) where the transfer of radioactive
cesium into cows’ milk was investigated (also see Ward
and Johnson 1986, 1989). They defined the transfer
coefficient to be the quotient of the equilibrium concen-
tration of the radionuclide in milk and the intake rate
assuming constant daily intake. Later, for the purposes of
developing radiological assessment models, a symbol
was assigned to the milk transfer coefficient for dairy
cows, f,, (or sometimes f, * to delineate the transfer of a
radioactive rather than stable isotope) by Ng et al. (1982).
In this work, we use f,,* to denote the transfer coeffi-
cient that describes excretion into human milk.

The transfer coefficient has been extensively re-
ported for bovine and goat milk, but only three previous
studies were found that estimated the transfer coefficient
for lactating women. In a study of the relationship
between thyroid dose from NTS fallout and thyroid
disease prevalence among Utah residents (UU 1992;
Simon et al. 1990), a median f,,,* value of 0.02 d L™' was
estimated based on data from three publications. Later,
based on data in a single publication, the Hanford Dose
Reconstruction Project derived a uniform probability
distribution to describe the mothers’ milk transfer coef-
ficient with a minimum of 0.07 and maximum of 0.36 d
L' (Snyder et al. 1994). Finally, the National Cancer
Institute in a study of thyroid doses received from NTS
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fallout by representative persons in all counties of the
U.S. (NCI 1997), derived a lognormal uncertainty distri-
bution for f,,,* (called f,,,,* in that work) with a geomet-
ric mean value of 0.12 d L ' and geometric standard
deviation of 2.9. That assessment was based on data in
five publications, which included those used in the two
previous studies. Data from 16 publications were re-
viewed for this work. The remainder of this paper
discusses methods to interpret the literature data into
estimates of the transfer coefficient, summarizes the data,
and reports estimates of the transfer coefficient.

METHODS

Few literature data are available from which a
quantitative determination of the transfer of radioiodine
into the breast milk of healthy women can be determined.
Much of the data are based on observations of women
requiring medical care for conditions encountered post-
partum; only a few were in the early stages of lactation.
Those conditions included thyroid conditions, such as
thyroiditis, Graves’ disease (hyperthyroidism), hypothy-
roidism, carcinoma, as well as other abnormalities in-
cluding hypertension, deep-leg thrombosis, and pulmo-
nary embolism. Some of the data were not applicable to
normal circumstances because women were given large
dosages of stable iodine to block thyroid uptake of
radioactive iodine or given large doses of iodinated
compounds to visualize organ function. Others received
large doses of radioiodine to ablate the thyroid. All of
these treatments likely affect the normal transfer of
iodine to milk.

Models of intake and excretion

In general, the time-dependent concentration in a
well-mixed compartment can be found from a convolu-
tion of the intake rate of the radionuclide (Bq d™") and the
retention function. Numerous authors have discussed that
method which assumes a linear system; see for example,
Peterson (1983) and Skrable et al. (1994). Because breast
milk is not retained in the body, but normally leaves the
body relatively quickly after it is produced, any iodine
transferred to milk is by definition excreted. Hence, the
retention of iodine in milk can be considered equivalent
to its excretion via milk. From this point of view, the
excretion function for radioiodine is denoted by L(¢) and
is equal to the time-dependent fraction of the input
dosage excreted via milk. Under the assumption that the
milk production by the lactating woman is constant from
day to day, the excretion function can be expressed in
units of concentration (i.e., Bq L™' per Bq intake) as is
frequently done in pharmacological studies. The impor-
tance of determining L(t) is because of its relationship to
f..*, as defined under equilibrium conditions.

The convolution of the excretion function is related
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to the radioiodine concentration in human milk, C,,(f),
by

Cinlt) = [I I(T)L(t — T)dr. (D
0

Using egn (1), we consider two simple cases: (1) the
intake rate, (1), is constant over time; and (2) the intake,
1,, is a single spike, characterized by a near instantaneous
input. In either case, it is possible to determine L(f) in
terms of measurable quantities, namely C,,,(f) and /.

Case 1. The intake rate, /, is a constant and has units
of Bq d”'. Hence,

Cpult) = Ift Lt —ndr=1 jl Litdr. (2

) 0

For large 1, the radioiodine milk concentration equili-
brates; the concentration is denoted as C with units of Bq
L~'. Hence,

t
Cm(t) =C = I'J L(7)dT, for large 1. 3)

0

And therefore:

| Oy

= Jom™- 4

1imf L(t)dr = i

—00

0

Eqgn (4) shows that the milk transfer coefficient, f,,*,

under the original definition, is equal to the integral of
L(¢t) for large t.

Case 2. The intake rate is characterized by a spike
input over the interval {0, £], for & > 0 (but very small).
Thus, I(7) can be viewed as follows:

Iy
i) ={ ¢ onl0.€] 5)

0 at other times

where I, is the total intake in units of Bq, and ¢ is the
infinitesimal time for the spike input to be administered.

Using eqn (1) and the definition of the integral as the
limit of a Riemann sum,’ we have

Cum(t) = LL(2). (6)
Therefore,
Chm(t
L(t) = ”I( ), (7)
0

* More formally, C,,(#) = [ I(7) L(t — 7)d7 can be written as
the limit of a Riemann sum, lim,_,, 37_ /(1) L(+ — 7)) AT, where
At =1, — 1,_, = (t — 0)/n, over a partition of [0, ¢]. Now, letting
At get small, note that all terms in the summation vanish, except for
those terms on [0, £]; this sum is [o/eL(t — &)e = I, L(¢), since & can
be made arbitrarily small.
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Since by eqn (4), f,,,,* was shown to be equal to the
integral of L(¢), eqn (7) can be used to determine (or
define) f,,* in the spike input case by integrating both
sides with respect to time:

I3 ! C d
fLﬁM7=f—ﬂ§?i=ﬁm. ®)
0

0

It follows from eqns (4) and (8) that

= 'c d
f L(v)df—%’ff= J DT _ e 9)
0

Iy
0

By these arguments, there is a more general equivalent
expression for the milk transfer coefficient and this allows
deriving a numerical value from data acquired under steady-
state conditions or from a single spike input. Lassey (1980)
reached these same conclusions. The conclusion is impor-
tant because most experimental data are available for the
conditions of Case 2 (a spike input). However, there is
sometimes a need in radiological assessments for a transfer
coefficient for conditions of near constant intake (Case 1),
e.g., for long-lived radionuclides.

By the above analysis, the milk transfer coefficient
can be calculated in any of three equivalent ways,
depending on the data available:

-

h .
Tm (for a constant intake rate)

“ Ch,n(’T)d’T
fhm* = o 10

f L(7)dr (as the general form for either case)
0

(for a spike input)

\
(10)

Therefore, the milk transfer coefficient is the pro-
portionality constant between a constant intake rate, |
(having units of Bq d™"), and the resulting equilibrium milk
concentration C (having units of Bq L"),

Cim = 1 fum*, (11)

or the proportionality constant between a single intake, /
(having units of Bq), and the time-integral of the activity
excreted in milk (expressed on a concentration basis,
having units of Bq d L™"),

J Chm(T)dT = I()fhm*' (12)
0
In ll)oth cases, the milk transfer coefficient has units of d
L.

For most radionuclides excreted from the body, the

excretion function, L(¢), generally decreases exponen-
tially with time and often can be modeled as a summation
of two or more exponential terms, so that

L) = 3 ke,

i=1

In the excretion function shown here, A, is the radioac-
tive decay constant [= In(2) T,, '] and r; is the
biological removal constant for the stable element from
compartment i, where both constants have units of d™".
Using this model of L(¢), f,,,* can be calculated as

S = ft L(r)dt

f

f Eke (hakriigy
=

g i=1

=f > ke *dt
r=0 =1

ki
a

Il
\ZE

(13)

1

TI'

where o; = A, + r.

The data in the literature reviewed for this analysis
varied in terms of its reported units: either as radioiodine
concentration in mother’s milk (Bq L") at times after
intake, or as values of the excretion function L(z) (L™1).
In all cases, however, only excretion following a single
intake was reported.

In this work, the milk concentration data were fit to

a two-term exponential model:
Cim(1) = (aje™" — aze™™) (14)

where C,,,() and a, and a, have units of Bq L™' and
represent concentrations in milk. Normalizing C,,(f) to
the radioiodine dosage (I in units of Bq) gives L(¢):

Cim(t) _(are™" — aze ™)
I I
= (ke ™™ — ke ™). (15)

Following the method of eqn (13) to determine f,,,*, the
time-integral of eqn (15) gives

* k k
Fm* = f (kie ™" = koe )t = [ - —2}.
t=0

L(t) =

oy 2%}
(16)

The time to reach peak concentration following intake
was predicted by taking the derivative of C,,(¢), setting
equal to zero, and solving for 7. This time is denoted as
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t,...- When the concentration as a function of time is

modeled by eqn (14), the time to maximum concentra-
tion, 7,,,,, 15

1n(a2a2/a|a|)
bnax =
(0 — @)

When the intake data reported in the literature was
for an isotope of iodine other than "'I, the estimate of
f..* was corrected to the half-life of "'I by decay
correcting each data point before the curve fitting step.
The correction was done by multiplying each data point
by the ratio of exp(—A; A exp(—A, ;A1) or
exp(— A3, A)/exp(— A ,5At), depending on whether '*I
(T,,, = 13.3 h)or ®I(T,,, = 59.4 d) was administered.

A7)

Analysis of data on radioiodine excretion via
human breast milk. Data from sixteen published reports
were analyzed though some papers described the excre-
tton by more than one subject. The data represented 24
individuals plus seven subjects described by a mean
value and another 26 subjects, also described by a mean
value. Table 1 provides an overall summary of the
literature data used for our analysis.

Much of the data were incomplete in that the entire
time-dependence of excretion was not documented. In
particular, investigators often missed sampling milk near
the time of the peak concentration. Hence, two types of
analyses were conducted here. First, reported time-
dependent concentration data were numerically inte-
grated using the trapezoid rule applied to linear functions
between data points to approximate the integral value
needed for eqn (13). In general, it was necessary to assign
a concentration of zero at time zero because that datum
was omitted in the published data. Second, the two-
component exponential model (eqn {4) was fitted to the
reported concentration data using software that imple-
ments an iterative regression technique, and the fitted
function was integrated by the analytical solution shown
in eqn (16).

The mathematical form of the equation to which the
time-dependent concentrations were fit may imply cer-
tain characteristics about the underlying Kkinetics of
iodine in the body; however, no specific pharmacokinetic
model is assumed here. Eqn (14) fit most of the data sets
well (typical R? values were >0.95), though for some
data sets more complex equations might have been used.
The two-term exponential model was most relevant for
iodine administered intravenously. A three-component
model would likely be more applicable to an oral
administration, though the choice of model form would
not have significantly changed the integral value of
activity calculated and reported here.

RESULTS AND DISCUSSION

Data from the publications reviewed (see Table 1)
were fit to model egns (14) or (15). Because C,,(¢) must
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be zero at t = 0, it follows that a, must equal a,. Hence,
the model of eqn (14) can be reduced to

— —agt — oot
Chm(t) =ae " — ae

ao(e*all _ e*uzl)
— ao(l _ e—(az—m)r)e—m/
= ap(l — e e, (18)

The model form of eqn (18) is identical to that used
b1y Vandecasteele et al. (2000) who studied the transfer of
"1 cows’ milk following single injections of radioiodine.
This model, as noted by Vandecasteele, has an attractive
simplicity of interpretation in that (3 represents the
absorption rate and «, represents the excretion rate. A
three-term exponential model analogous to eqn (18) was
used for fitting data from three publications for which
there was too few data points to fit to eqn (14) ade-
quately.

The f,,* values calculated using egn (16), i.e., the
integral of the fitted functions, are presented here as the
preferred estimates. The mean (or median) of the 26 f,,,*
values in Table 1 calculated from fitting eqn (14) (see
column labeled “Integral of fitted function”) were larger
by about 40% (12% for median) than values calculated
directly by numerical integration (Table 1, column la-
beled “Integral of data”). The fitted equations should be
more representative of the true excretion functions since
some of the data sets did not contain measurements at all
times. Fig. 1 is an example which demonstrates why the
value of the integrated fitted function is sometimes larger
than numerical integration by the trapezoid rule.

The empirical cumulative probability distribution
for all 26 of the estimated f,,* values suggests two
distinct populations: a very low-excretion group, and a
group with significantly higher excretion (Fig. 2), termed
the normal-excretion group. The data allowed 14 esti-
mates of f,,* for the low-excretion group and 12 esti-
mates to characterize the normal-excretion group.

Because of the noted differences in the transfer
coefficient between the two groups, further analyses
were done on each group separately. Table 2 provides
summary statistics of the f,,,* estimates. Four estimates
of central tendency are given for each group: the mean,
the median, the geometric mean, and a weighted average.
The weighted average was calculated using the normal-
ized reciprocals of the variance of each case as a
weighting factor. For each subject, the variance was
estimated from a propagation of errors of the coefficients
fitted to eqn (14).

The low-excretion group included three f,,,* values
for individuals who first received large doses of stable
iodine to block thyroid uptake of the administered
radionuclide. Of those three f,,* estimates, two were
based on excretion data from single subjects; the third
was based on the mean excretion for a group of seven
lactating women. The group given stable iodine to block
thyroid uptake exhibited low excretion of the radionu-
clide into milk—in agreement with recent literature that
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Fig. 1. Comparison of milk excretion data (Karjalainen et al. 1971,
connected by dashed line) and fitted two-term exponential function
(solid line).
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Fig. 2. Empirical cumulative distribution of f,,* values for "'l

transfer into human milk showing possible division into two
populations.

indicates that blocking uptake into the thyroid gland by
administration of stable iodine also results in blocking
iodine uptake into the milk of the mammalian breast (Dai
etal. 1996). In some of the cases, large doses of iodinated
compounds were administered; these compounds slowly
became deiodinated and continually overwhelmed (not
necessarily blocked) the mammary gland symporter.
The remaining eleven estimates of f,,* in the
low-excretion group were based on data for ten individ-
uals and a mean value for 25 others. None of those 35
individuals received blocking doses of stable iodine.
Finding a single condition to explain the low excretion
for these latter subjects is difficult. A common medical
condition affecting this group was renal dystunction.
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However, there is no obvious association between renal
dysfunction and low transfer of iodine to milk. It is more
likely that the chemical form of the administered radio-
iodine explains the low iodine transfer.

A number of chemical forms of radioactive iodin-
ated compounds were administered to the subjects whose
data were reviewed in this paper (Table 1). The forms of
iodine that were of the simplest chemical nature (e.g.,
carrier-free and sodium-iodide) were found only in the
normal-transfer group. Other forms of iodine including
meta-iodobenzylguanadine (MIBG), hippuran, ortho-
jodohippuric acid (OIH), and fibrinogen were found
exclusively in the low-transfer group. This suggests the
chemical form of the administered radioactive iodine
plays a role in the total amount and possibly the quantity
of the radionuclide that is excreted via breast milk.
Presumably, a longer time is required for the breakdown
of some forms. Arguably, iodine in the complex chemi-
cal forms will be eliminated more effectively by urinary
and fecal excretion, thus leading to a reduced transfer of
jodide to breast milk via the symporter. Radioiodine that
is ingested from environmental releases, generally of
ionic or simple organic forms (such as methyl iodide),
would result in excretion similar to the normal-transfer
group.

It should be noted here that in a strict sense,
saturation of the mgNIS by large intakes of stable iodine,
leading to blocking or impairment of the symporter,
results in a form of non-linear kinetic behavior. Such
circumstances would invalidate the underlying linear
system assumptions that lead to eqn (14). In such cases,
predicted values of C,,,(¢) from f,,* would be in error.
However, the data of primary interest are from the
“normal-excretion” group where the transfer to milk is
under conditions such that linearity assumptions are
reasonable.

The low-excretion data closely fit a lognormal
distribution (R*> = 0.95) as shown in Fig. 3. There was
some difference between the sample median (0.054 d
L") and the geometric mean (0.043 d L™') of the fitted
lognormal distribution (Table 2). The excretion data,
derived from the normal-excretion group, were much
closer to a true lognormal distribution than was the
low-excretion group, and were less varied as well. As
shown in Table 2, the median (0.36 d L™") was nearly
identical to the fitted geometric mean (0.37 d LY. The
fitted GSD of the distribution of f,,* values for the
normal-excretion group was 1.4 compared to 2.1 for the
low-excretion group.

The range of estimates of the transfer coefficient,
fon ¥, within the normal-transfer group, may be a function
of each woman’s routine intake of dietary iodine—a
quantity not known to the original investigators. Ver-
miglio et al. (1992) investigated the iodine concentration
capacity of the mammary gland in an endemic goiter
region in Sicily and showed that concentrations of iodine
in milk from mothers living in an iodine sufficient region
were about 30% greater than from mothers living in an
iodine deficient region. However, the difference was not
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Table 2. Summary statistics of estimates of f,,.*, 7

max

and effective half-time from integral of fitted equations.

Low-excretion group

Normal-excretion group

Effective Effective
Srn® b half-time Srm® -, half-time
(dL™ (h) (h) (dL™) (h) (h)
Minimum 0.0078 1.9 1.8 Minimum 0.25 4.8 5.1
Maximum 0.15 52 45 Maximum 0.89 23 32
No. data points 14 14 14 No. data points 12 12 12
Mean 0.060 16 13 Mean 0.40 10 14
Median 0.054 8.7 6.6 Median 0.36 8.2 11
Std deviation 0.040 17 13 Std deviation 0.18 6.1 8.4
Std error 0.011 4.6 35 Std error 0.052 1.8 2.4
GM* 0.043 9.4 8.5 GM 0.37 9.0 12
GSD" 2.1 3.1 2.6 GSD 1.4 1.6 1.7
Weighted average 0.057 2.7 7.3 Weighted average 0.33 5.6 7.7
Std deviation of 0.021 1.6 0.70 Std deviation of 0.041 0.59 0.36

weighted average

weighted average

* Fitted geometric mean (data fitted to a lognormal distribution).

® Fitted geometric standard deviation (data fitted to a lognormal distribution).
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Fig. 3. Empirical cumulative distributions of f,,,* values for "'l
transfer into human breast milk after separation of data into groups
of “low-excretion” and “normal-excretion.”

statistically significant, possibly due to the small sample
of only 11 women. Other data from those authors
indicated that the percentage transfer of iodine into milk
decreased with increasing daily iodine intake, suggesting
the existence of a compensation mechanism to maintain
relatively constant concentrations of iodine in their milk.
Experiments with dairy cattle (Vandecasteele et al. 2000)
and goats (Crout 2000), however, have shown that
dietary levels of stable iodine can significantly affect the
overall transfer of "*'I to milk. For both types of animals,
modest increases (<<10X) in dietary intakes of stable
iodine led to increases in transfer of radioiodine to milk;
however, large increases (20 to 100X) in stable iodine
intakes led to decreases in the transfer of radioiodine to
milk.

Either the medians or the weighted average values
of Table 2 could serve as the best central estimates for

fum®s .. and the effective half-time. In general, the
weighted average would be the preferred value because
such an average minimizes the variance. However, for
the data sets used here, the variance of the estimated f,,,,*
from one subject (subject #2 of Nurnberger and Lips-
comb 1952) was much smaller than the others. Conse-
quently, the weighted average (weights being the recip-
rocal of the variances) and the weighted standard
deviation would be almost completely determined by the
goodness of fit of the data for that subject to eqn (14).
Because the variance for each subject was determined by
propagating the errors of the coefficients of the regres-
sion model, the variances for a single subject would not
reflect the variation among subjects—but rather the
precision of that particular estimate. A similar situation
exists for the estimates of z,,,. and effective half-time.
For these reasons, the median or geometric mean value
and their associated variance are good candidates for
routine use rather than the weighted average and
weighted standard deviation. Given that the data for f,,, *,
t...» and effective half-time each closely fit a lognormal
distribution (Figs. 3, 4, and 5), we recommend use of the
fitted geometric means and geometric standard devia-
tions (Table 2).

When the model of eqgn (14) applies, the concentra-
tion at times f > t,,, is essentially governed by «;
hence, the effective half-time following the time of peak
concentration is approximately equal to in(2) a,”". Esti-
mates of the effective half-time were obtained for each of
the 26 subjects (Table 1). Consideration was given to the
possibility that the low-excretion group would have
associated effective half-times that were different than
those of the normal-excretion group. The data suggested
that effective half-time for the two groups were moder-
ately different; the sample median values were 6.6 and
11.1 h for the low- and normal-excretion groups, respec-
tively. Though there was some evidence that the normal-
excretion group had longer effective half-times, the
difference was not statistically significant. Similarly, the
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Fig. 4. Empirical cumulative distributions of calculated effective
half-time (h) for *'I in human breast milk (following time of peak
concentration).
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Fig. 5. Empirical cumulative distributions of calculated time (h) to
maximum concentration of *'I in human breast milk.

variation within each of the two groups appeared differ-
ent (GSD of 2.6 for low-excretion group compared to 1.7
for normal-excretion group), though the difference was
also not statistically different (p > 0.05) as determined
by the squared ranks test for equal variances (a non-
parametric replacement for the F-test, see Conover
1980). Cumulative probability distributions of the effec-
tive half-time estimates for the low- and normal-
excretion groups are shown in Fig. 4. The values of
effective half-time (Tables 1 and 2) compare closely with
values reported by Mountford and Coakley (1989b) who
summarized various parameters related to the excretion
of radioisotopes in breast milk.
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The times to maximum concentration, t,,., Wwere
estimated for each of the 26 subjects (Table 1) and
summary statistics are presented for the two groups
(Table 2 and Fig. 5). Consideration was given to the
possibility that the low-excretion group would have
associated 1,,,, values that were greater than those of the
normal-excretion group. Such a phenomenon seems
plausible since the deiodination of the more complex
chemical forms of iodine might require longer times.
However, the median ¢, for the low- and normal-
excretion groups were almost identical, 8.7 and 8.2 h,
respectively. The mean values appeared different, 16.4
and 10 h, respectively, though neither the medians nor
means were significantly different. The variation of the
tmax vValues within each of the two groups was signifi-
cantly different (GSD of 3.1 and 1.6 for the low- and
normal-excretion groups, respectively) (p < 0.05) as
determined by the squared ranks test for equal variances.
Apparently, the variety of chemical forms of iodine
administered to the subjects, as well as differences in
individual metabolism, led to substantial differences for
the time to reach maximum milk concentration. That was
particularly the case for the low-excretion group.

The finding that the effective half-times did not
differ significantly between the low- and normal-
excretion groups, appears to reflect the fact that the
iodide, once assimilated into the breast milk, is excreted
in an amount that is independent of its original chemical
form. The indications that ¢, differed between the low-
and normal-excretion groups, even though the difference
was not statistically significant, is consistent with the
notion that the more complex forms require longer to
metabolize before transfer into milk is possible.

CONCLUSION

We have presented a more generalized definition of
the milk transfer coefficient by showing that regardless
of whether intake is acute or constant, the milk transfer
coefficient can be determined as the infinite time integral
of L(t), the time-dependent fraction of the input dosage
excreted per liter of milk.

The presented geometric mean value of f,,,* for the
normal-excretion group, about 0.37 d L™' (Table 2), is
recommended for use in most radiological assessments
of environmental releases of 'L It is our view that the
group termed “normal-excretion” best represents women
in the general public, in particular, in the United States or
countries with similar diets and similar availability to
stable iodine. The geometric standard deviation (GSD) of
1.4, while not a large variation, is a reflection of the
different excretions by the women in the group. The
variations presumably are a result of individual differ-
ences in metabolism, the chemical form of the adminis-
tered radioiodine, the health status of each subject, and
each woman’s routine intake of dietary (stabie) iodine.
The GSD value can be used in a probabilistic dose
assessment framework so that the distribution of the
transfer coefficient is propagated with other variables
into a distribution of possible doses to the milk drinker.
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The principal explanation for the observed differ-
ences between the low- and normal-excretion groups is
whether a blocking dose of stable iodine or complex
chemical forms of radioiodine were administered. Dos-
ages of stable iodine sufficient to block thyroid uptake
also block or impair transfer into the mammary gland
ostensibly by the sodium-symporter. Values of f, *
derived from the low-excretion group, with a sample
median of about 0.054 d L ™" and a fitted geometric mean
of 0.043 d L ', are recommended for use only when the
subjects have continuously ingested very high iodide
diets, when thyroid blocking doses of stable iodine or
when unusual or complex chemical forms of radioiodine
were administered.

The effective half-time of ~12 h and the time to
maximum -milk concentration of about ~9 h (both
estimates from the normal-excretion group) are relevant
for radiological assessments to the general public follow-
ing an acute exposure. It is not possible to definitively
state that these parameters were not influenced by med-
ical conditions of the women studied. However, given
the variety of medical conditions of the women under
study, the transfer coefficient values are probably not
overly biased towards any particular condition.

It is worth emphasizing that dosages of stable iodine
administered to the mother for purposes of blocking
uptake into the thyroid also protect the nursing infant.
This mode of protection occurs as result of two related
phenomena. First, saturation of the iodine symporter for
the woman’s breast occurs as a result of the thyroid
blocking dosage; thus, transfer of radioactive iodine into
the breast milk is inhibited. This action reduces, though
does not eliminate, transfer of radioactive iodine to the
nursing infant. In addition, the stable iodine that is
transferred to the breast milk provides a blocking dosage
to the infant’s thyroid (Veall and Smith 1980), thus
reducing the uptake of radioactive iodine by the infant.

Although it has been recognized for decades that
radioiodine ingested by lactating women is readily trans-
ferred to breast milk, additional high quality data are stil}
needed to properly and accurately characterize the po-
tential excretion of *'I into breast milk for women in the
U.S. and in other countries.
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