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ABSTRACT

Radiation doses to the epithelial cells of thyroid follicles have been calculated for internal exposure
by radionuclides of iodine and by secondary radiations created as a result of interactions of externally
administered x rays with iodine naturally occurring in the thyroid. Calculations were performed for the
thyroids of subjects ranging from the newborn to the adult male. Results for internal radionuch'des are
reported as the dose rate to follicular-cell nuclei per unit specific activity of the radionuclide in the thyroid as
a whole, i.e., as the specific "S value" as used in the MIRD method for internal dosimetry. Results for x rays
are reported as the response function, i.e., the absorbed dose per unit fluence of primary x rays. Dose rates
are subdivided into internal and external components, the former from radiations emitted within the colloid
volume of any one follicle, and the latter from radiations emitted throughout the thyroid in follicles
surrounding that one follicle.

INTRODUCTION

The radiosensitive cells of the thyroid are the epithelial folh'cular cells which line the many closely
packed follicles containing iodine-rich colloid (1). The follicular cells form shell-like layers, one cell thick,
surrounding the spherically shaped colloid volumes. The colloid volumes are rich in iodine, containing
upwards of 90 percent of the iodine present in the entire body (2). This is a report of calculations of
absorbed dose rates in follicular cells (a) for radioisotopes of iodine present in the colloid volumes of human
subjects, and (b) from secondary electrons and photons produced in the colloid volumes as a result of
interactions of externally administered x rays with iodine na'urally present in the colloid. Results for internal
radionuclides are in the form of the specific "S value" (absorbed dose per unit specific activity), i.e., S value as
used in the MIRD method for internal dosimetry (3) divideu by the thyroid mass. Results for x rays are in
the form of the response function, i.e, the absorbed dose per unit fluence of primary x rays. The thyroid-
anatomy reference model for the calculations is based largely on data for the normal adult thyroid of
Reference Man (2); however, thyroid-follicle dimensions were adjusted to be appropriate for subjects of
various ages.

Reduction factors, defined as absorbed dose rates in targets divided by energy release rales per unit
mass in sources (4), were calculated for follicular-cell nuclei as targets and monoenergetic electron sources



uniformly distributed within the colloid regions of thyroid follicles. These calculations were based on Berger's
scaled point dose kernels derived from electron Monte Carlo transport calculations (5). Reduction factors for
photon sources within the thyroid were obtained from calculations of Cristy and Eckerman (6). Energy
spectra of beta particles and energies and frequencies of all gamma rays, x rays, Auger electrons, and
conversion electrons were calculated using the EDISTR code (7). Spectra and frequencies used in the
calculations were those derived in preparation of the MIRD compendium of radionuclide data and decay
schemes (8). For those isotopes not included in the MIRD compendium, spectra and frequencies were the
same as those used in preparation of ICRP Publication 38 (9).

ANATOMY OF THE THYROID

The thyroid gland is made up of millions of spherical shaped follicles, each of which is lined wish a
single layer of epithelial folh'cular cells encapsulating a gelatin-like colloid. The follicular cells are responsible
for the generation and regulation of thyroid hormone. The colloid serves as an extracellular reservoir of
thyroid hormones and constitutes upwards of 50 percent of the mass in the thyroid of the adult. While the
follicles vary in size, they uniformly fill the thyroid capsule (10,11). The interfollicular stroma encompasses
blood vessels, lymphatic vessels, and nerve fibers (12). Follkular-cell malignancies account for more than 90
percent of all thyroid carcinomas, and irradiation of the folh'cular cells leads to carcinomas of various
classifications. As stated in ICRP Publication 26 (1), ". . . the cells at risk in the thyroid gland appear to be
the epithelial cells of the follicles for which the dose calculations should be made." In most cases, the dose to
these cells is well approximated by the mean dose to the whole gland as assumed by Committee 2 in ICRP
Publication 30 (13).

Figure 1 is a sketch of a cross section of the thyroid, illustrating how any one follicle is surrounded by
many others, with a double layer of follicular cells existing at the boundary. If radiation sources are
contained within the colloid, irradiation of cells of the epithelium in any one follicle arises internally, i.e.,
from the colloid contained in that same follicle, and externally, i.e., from the colloid contained in surrounding
follicles. There are many anatomical features which Dear on dosimetry calculations. They are taken up
individually in succeeding paragraphs.

THYROID MASS AND IODINE CONTENT

There is considerable variation of mass, even among normal adult thyroids. DeGroot et al. (14)
suggest a range of 15 to 20 grams. Fawcett(156) suggests a range of 25 to 40 grams. Halmi (12) suggests that
20 grams is typical, and that same value was selected for Reference Man as being typical of Western
European populations (2). Iodine content of even the normal thyroid varies greatly. The ICRP selected 12
mg as being typical for Reference Man, but acknowledged the variability. Fragu (16) cites several studies of
the normal thyroid, individually reporting as low as 8.2 ±2.2 mg (30 subjects) and as high as 15.6 ±4.8 mg (18
subjects). The same studies reveal as much as three times the normal iodine content in the thyroid in cases
of untreated clinical hyperthyroidism. In certain conditions of hypothyroidism, iodine content can approach
zero.

FOLLICLE DIMENSIONS

Fawcett (15) gives a rango of 10 to 450 fim for follicle radii. Nadler (17) and Van Middlesworth (11)
give ranges of 50 to 500 \im. These are broader ranges than many other reports indicate. Gillespie et al.
(18) give a range of radii from 25 to 150 |im and suggest that the average radius is between 75 and 100 jim.
Gavron and Fiege (19) give a range of radii from 25 to 200 urn, and Heimann (20) gives a range of 15 to 200
fim. The Reference Man average follicle radius is 150 \im. This is a widely cited value(10,21). Reddy and
Kaul (22) assume that adjacent colloid volumes are separated by a distance of 75 \im. This seems to be an



Fig. 1. Sketch of a section through the nonnal human thyroid, drawn from a photomicrograph of Heimann
(1966). The inset shows schematically the epithelial layers of adjacent follicles and the placement of
nuclei within the follicular cells. In the figure, C denotes colloid, E epithelium, S stroma, and N
nuclei.

extreme choice, applicable only to the thyrotoxic gland, and is in substantial variance with Heimann's (20)
observation that the interfollicular space is at most several |xm in width. Heimann also cautions that, in some
sections of the thyroid, there appear to be "compact heaps" of follicular cells, but that such heaps probably
represent tangentially cut follicles. A similar caution was expressed by Nadler and Leblond (23) who pointed
out that clusters of small epithelial cells appearing in histological preparations could be accounted for
completely by tangential sections of larger follicles.

Although the distribution of follicle sizes is an important determinant of the kinetics of iodine
turnover in the thyroid (24), quantitative information is available almost exclusively from animal studies.
Nadler and Leblond (23) reported results of a study of the frequency distribution of follicle diameters for
thyroids of the young rat (125 g). They found an insignificant number of follicles with diameters less than 15
\im and very few follicles with diameters greater than 100 \im. Between these limits, the distribution function
was roughly Gaussian in shape (nonnal distribution in diameter), with a mean of 51 p.in but a mode of 35
|im, i.e., skewed slightly toward greater diameters.

FOLLICULAR-CELL DIMENSIONS

Gillespie et al. (18) describe normal follicular cells as being flat or cuboidal with widths about 5 fxm
and depths (outward from the colloid) 2.5 to 7.5 Jim. They also observe that the nucleus of the follicular cell
is centered about 3 |im from the apex of the cell which is adjacent to the colloid. Booz and Smit (25) give 4
(im as the diameter of the folh'cular-cell nuclei. This is consistent with the observations of Heimann (20) who
also observed that, in the normal thyroid, the nucleus is large in relation to the volume of the follicular ceil, is



positioned centrally in the cell, and is most often oval, with the long axis parallel to the cell surface. Most
sources place the depth of the normal cell at 15 Jim (2,10,21), based on work of Rawson and Starr (26).
Gillespie et al. observe that, as the colloid volume decreases, e.g., in the thyrotoxic gland, the follicular cells
elongate, with depths varying from 10 to 30 \im (15 [im on average) and the nuclei art moved outward from
the apices of the cells (to a distance of 10 (im on average). Reddy and Kaul (22) also observe that the depth
of the follicular cell is inversely related to the radius of the colloid. They point out that for a 15-|im radius
colloid volume characteristic of the hyperactive thyroid, the follicular cell may have a depth of 20 p.m with the
nucleus being centered about 10 Jim from the colloid boundary, while, for a 150-jim radius colloid volume,
the cell may have a depth of 8 \im with the nucleus being centered only 3 (im from the colloid boundary. As
pointed out by Halmi (12), the depth of the follicular cell depends on the intensity of stimulation by pituitary
thyrotropin. Wollman (24) states that, in the thyroid, follicular cell depth is 6 to 7 nin.but that the depth may
be as little as 2 ^.m in hypophysectomized rats or as great as 18 ^.m in stimulated (hyperplastic) glands.
Nadler and Leblond (23) made a thorough study of the epithelial depth in thyroid follicles of the rat, finding
no variation with colloid radius. Mean depths ranged from 6.9 to 7.2 fim for colloid radii from 10 to 45 p.m.

COLLOID, EPITHELIUM, AND STROMA MASS FRACTIONS

An important factor in dosimetry calculations is the mass fraction of colloid in the thyroid. If follicles
were constant in radius and if the epithelium thickness were independent of follicle size, then the ratio of the
colloid and epithelium mass fractions would be fixed. The same would be true if the follicle radii were
distributed in any prescribed manner. Correlation between the mass fractions of colloid and stroma is less
clear, except for the known increase in vascularization that takes place in the instance of chronic
hyperthyroidism.

Uotila and Kaunas (27) report mass fractions derived from a number of measurements made on
normal human thyroid tissue: colloid wc= 0.425 to 0.603 (0.48 average), epithelium we = 0.308 to 0.480 (0.39
average), and stroma wf = 0.098 to 0.160 (0.13 average). These are the values adopted for Reference Man.
Uotila and Kannas also report one study of colloid goiter for which w,was only 0.01 and wcaud we were
respectively 0.86 and 0.13. They report several studies of hyperthyroidism, with w, varying from 0.03 to 0.13
(mean 0.06), wcfrom 0.06 to 0.66 (mean 0.37), and w.from 0.30 to 0.89 (mean 0.57). Most reports of thyroid
dosimetry calculations for the adult place a lower limit of 0.5 on wc (18,19,28). Gillespie et al. and Gavron
and Fiege give a range of 0.5 to 0.75, and Booz and Smit (25) use a value of 0.67. In his work, van Best (29)
uses w, = 0.10. While not directly comparable, Walinder's (30) observations of mass-fraction variations during
the growth and development of the fetal and juvenile thyroid gland in the mouse are compatible with the
above-cited mass fractions. He found that, as the normal animal matured from the 18-day fetus to age 60
days, wc increased from 0.03 to 0.42, we decreased from 0.84 to 0.45, and w, remained nearly constant at
0.13(range 0.10 to 0.13).

AN ANATOMIC MODEL FOR DOSIMETRY CALCULATIONS

Figure 2 illustrates the geometry chosen for dosimetry calculations. Any one follicle is chosen as the
reference follicle. The colloid volume is spherical, with radius r<_ The epithelium layer of follicular cells is
treated as a spherical shell with inside radius rc and thickness 5. Folhcular-cell nuclei are assumed to be
positioned centrally, with boundaries at equal distances £ from the cell boundaries. Follicles surrounding the
reference follicle are approximated as being an infinite homogeneous mixture of colloid, epithelium and
stroma, with the mass fraction iodine equal to that for the thyroid as a whole. This surrounding medium is
separated from the reference follicle by a distance of S, i.e., by the thickness of a second epithelial layer. The
principal factors affecting radiation dose to nuclei of follicular cells of the thyroid are (1) mass fraction
colloid, (2) follicle size (distribution), (3) follicular cell depth, and (4) location of the nucleus within the
follicular cell. Because of uncertainties in both epithelium depth and interfollicular separation, we see no
reason to treat the latter as an independent variable, choosing to absorb its uncertainties with those of the



epithelium depth. Likewise, in view of the same uncertainties, we see no reason to account for any varialion
of nuclear volume with follicle volume. Instead, we evaluate what we call the follicular-cell dose as the
average dose between radii corresponding to the apical and basal boundaries of the nucleus of the cell, as
described below, with distance £, reckoned as about one-third the depth S of the cell, measuring the distance
from the nuclear boundary to the cell surface. For radioiodine dose calculations we treat the epithelium
depth S and the distance £ as parameters for central, lower-bound, and upper-bound estimates of the
absorbed dose.

There are certain constraints in the choice of the colloid mass fraction. First, the colloid, epithelium,
and stroma mass fractions must total unity. Second, the colloid and epithelium mass fractions wc and w£ are
correlated if the epithelium depth is either constant or a prescribed function of the colloid radius. Third, the
colloid mass fraction must be consistent with reasonable assumptions about the follicle size distribution.

There are likewise constraints in the chjice of colloid radius or the distribution function for colloid
radii. If the follicles were all equal-diameter spheres and were closely packed (hexagonal close-packed or
face-centered cubic), they would occupy at most 74% of the volume (or mass) of the thyroid, as calculated
from the lattice spacing. This would leave a stroma mass fraction of at least 0.26. The known distortion of
the follicles into more nearly cubical shapes would accommodate a smaller stroma mass fraction. For this
reason, in arriving at representative colloid mass fraction for the calculations, we use the Reference-Man
value of 0.13 for the stroma mass fraction.
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Fig. 2. Geometry for the calculation of absorbed dose rates in the cells of a reference follicle in the thyroid.
Spherical colloid volumes are surrounded by follicular cells of depth S within which nuclear
boundaries are distance t. from apical and basal surfaces of the cells. Surrounding follicles are
treated as a homogeneous medium with a source region separated by distance 8 from the outer
surface of the epithelium of the reference follicle.



It is difficult to reconcile the colloid and epithelium mass fractions and the follicle dimensions cited
for Reference Man (2). Indeed, it cannot be done for spherical colloid volumes of uniform radii.
Reference-Man values of rc = 135 \itn and S = 15 \t.m require that the ratio w ^ which for spherical
follicles is equal to (1 + 5/rc)

3 - 1, take the value 0.37, independent of the stroma mass fraction. If 5 were
reduced, wjwc would be even less. However, the Reference-Man value of the ratio is about 0.8!

Suppose, instead, we assume that colloid radii have a normal distribution. This is consistent with the
quantitative observations of Nadler and Leblond (23). It is also consistent with the qualitative observation of
Fawcett (15) that small follicles predominate over large, since a normal distribution in radius leads to a
distribution in volume skewed toward the smaller volumes. The mean value of the ratio wjwcis given by

where < > denotes the average over the distribution function for rc. In order for wjwc to be equal to the
Reference-Man value of 0.8, it would be necessary for rc to be normally distributed with a mean of about 80
|im and a standard deviation of about 20 Jim. The 80-jim mean colloid radius is lower than most reports
would support, and is certainly lower than the Reference-Man value of 135 \im. One could rationalize
w!/wc= 0.8 for larger values of the mean rconly if the epithelium thickness S were substantially greater, which
seems unlikely. For these reasons, we believe that it is not realistic to expect such a large epithelium mass
fraction as was prescribed for Reference Man.

We examine relationships among wo ws, and we by way of an example. It would seem plausible to
suppose that (a) for the adult male, the mean colloid radius and epithelium depth are the Reference-Man
values of 135 (im and 15 Jim respectively, and (b) that the colloid radii are normally distributed with a
standard deviation of 35 Jim, i.e., about 25 percent of the mean. For these conditions, weAvc= 0.40. If w,
were 0.13, then wc= (1 - w,)/(l + wjwc) would be 0.62, and we would be 0.25. All parameters except weare
compatible with previously cited data.

To aid in selecting values of age-dependent colloid mass fractions for the dosimetry calculations, we
examine the variability of wc with age-dependent colloid radius ro assuming an age-independent stroma mass
fraction ws = 0.13, an age-independent epithelium depth of S = 15 |im, and an age-independent £ = 5 jim
thus positioning the nucleus centrally in the follicular ceil. Our analysis is based on mean values of rc

reported by Wetzel (31) and adopted by the ICRP (2) for subjects of various ages. The colloid mass fraction
is computed on the basis of a normal distribution of colloid radii with the standard deviation one-fourth the
mean. We interpolate among Wetzel's data in order to permit distinction between subjects of age 10 and
subjects of age 15, the latter taken to represent the adult female as well. Table 1 lists the values of rc and wc

used for the nominal or central-value estimates of thyroid dose.

Table 1. Thyroid masses and central values of colloid radii and mass fractions
used in the calculation of dose rates in thyroid follicular cells

Case mass (g) rc (jim)

Newborn 1.29
Age 1 1.78
Age 5 3.45
Age 10 7.93
Age 15 12.4
Adult male 20.7

20
35
85

100
115
135

0.1
0.3
0.5
0.6
0.6
0.6



While the choice of wc is important in the evaluation of the absorbed dose rate, with only minor
inconvenience one can make allowances for other choices. Contributions from x rays and gamma rays are
independent of colloid mass fraction. Contributions to the absorbed dose rate for cells of one follicle arising
from electrons originating in surrounding follicles (the ex-follicle contributions) are independent of colloid
mass fraction. Contributions from electrons created within the follicle (the in-follicle contributions) are
inversely proportional to colloid mass fraction. Th'is, one may scale individual contributions to account for
any colloid mass fraction. For this reason, individual contributions to absorbed dose rates are reported.

REDUCTION FACTORS USED IN DOSIMETRY CALCULATIONS

In the procedure to be described, the reduction factor (4) for a source/target combination is the ratio
of the average absorbed dose rate in the target to the energy release rate per unit mass in the source, the
latter being also the absorbed dose rate in an infinite medium with the same energy release rate per unit mass
as is present in the source volume.

PHOTON REDUCTION FACTOR

Photon reduction factors <pp(E) for the entire thyroid as source and target and for subjects ranging
from the newborn to the adult male were taken from the compilation of Cristy and Eckerman (6). A log-log
cubic spline fit was used in the interpolation among the data.

ELECTRON REDUCTION FACTOR

Reduction factors for monoenergetic electrons are calculated for the following two cases.

Internal reduction factor (p^(JL): This reduction factor applies to the calculation of the follicular-cell
absorbed dose arising from sources within the colloid region surrounded by the follicular cells. The reduction
factor is defined as the ratio of the average absorbed dose rate within a spherical shell encompassing the
follicular cell nuclei to the absorbed dose rate in an infinite medium with the same electron source strength.

External reduction factor 9>M(E): This reduction factor applies to the calculation of the follicular-cell
absorbed dose arising from sources contained within the colloid regions of all follicles surrounding a reference
follicle. The approximation is made that the surrounding follicles are a homogeneous mixture of colloid,
epithelium and stroma in the same proportion as in the thyroid as a whole. The reduction factor is defined
as the ratio of the average absorbed dose rate in a spherical shell encompassing the follicular cell nuclei and
located within a spherical non-source region completely surrounded by a uniform infinite source to the
absorbed dose rate in an infinite medium with the same electron source strength.

The internal reduction factor #>d(E) applies to the calculated in-follide contribution to the foilicuiar-
cell absorbed dose rate arising from sources within the colloid region surrounded by the follicular cells. As
illustrated in Fig. 2, (pJJS) is calculated for the spherical shell with inner and outer radii given respectively by
rc + £ and rc + S - £ surrounding a source sphere of radius rc.

The external reduction factor <Peo(E) applies to the calculated ex-follicle contribution to the follicuiar-
cell absorbed dose rate arising from sources contained within the colloid regions of all follicles surrounding
the reference follicle. The approximation is made that the surrounding follicles are a homogeneous mixture
of colloid, epithelium and stroma in the same proportion as in the thyroid as a whole. As illustrated in Fig. 2,
^M(E)is calculated for the spherical shell with inner and outer radii given respectively by rc + £ and rc + S -£
within a spherical non-source region of radius rc+ Z8 surrounded by an unbounded uniform source.



Figure 3 illustrates <Pa(E) and <PtJJB) for subjects ranging from the newborn to the adult male. Both
internal and external electron reduction factors are extremely sensitive to colloid radius. As the radius
increases, <p# increases while <£>„ decreases. The colloid-to-nucleus distance has a significant effect only on
tpA, the reduction factor of course being greater for the nucleus nearer the colloid. Epithelium depth affects
only (pa,. The key factor affecting electron dose to the thyroid follicular cell is the colloid radius.

COMPUTATIONAL PROCEDURE FOR INTERNAL RADIONUCLIDES

FOLLICULAR-CELL ABSORBED DOSE CALCULATIONS

Suppose that a radionuclide uniformly distributed within colloid volumes of the thyroid emits beta
particles, gamma rays and x rays, and conversion and Auger electrons. Let F^(E) represent the beta particle
energy spectrum, in units of number per MeV per nuclear transformation (Bq s). Let Ed represent the energy
of the ith monoenergetic electron (MeV), emitted with probability Fd per transformation. Similarly, let Epj

represent the energy of the jth monoenergetic photon (MeV), emitted with probability Fpj per transformation.
Let there be unit specific activity (1 Bq kg"1) of the radionuclide in the thyroid as a whole. The absorbed
dose rate per unit specific activity, D(Gy s"1 Bq"1 kg), is given by

( , - \<p (E)

in which K = 1.6021 xlO " J MeV"1 and the sums extend over all radiations emitted. Because the
normalization is to unit specific activity in the thyroid as a whole, the in-follicle reduction factor must be
divided by wc to account for the fact that the radioiodine concentration in the colloid must be greater than the
average concentration in the entire thyroid.

COMPUTATIONAL PROCEDURE FOR EXTERNAL PRIMARY X RAYS

Suppose the thyroid is uniformly irradiated by monoenergetic x rays. The absorbed dose rate in the
foliicular cells has the following components: (a) that occurring uniformly throughout the thyroid as a result
of interactions of primary x rays with tissue exclusive of iodine, (b) that arising from secondary x rays,
photoelectrons, and Auger electrons produced in the colloid as a result of photoelectric interactions of
primary x rays with iodine present in the colloid volumes of follicles, and (c) that arising from secondary
photons and electrons produced in the colloid as a result of incoherent-scattering interactions with iodine in
the colloid. We address the three components individually in terms of the response Junction, here defined as
the average absorbed dose rate in the follicular-cell nuclei per unit flux density of primary x rays.

RESPONSE FUNCTION FOR X-RAYS INTERACTION WITH TISSUE

Suppose <f>xis the flux density (cm"2s"1) of monoenergetic x rays of energy E,(MeV). Then, assuming
electronic equilibrium - appropriate for a uniform x-ray flux density, the absorbed dose rate (MeV g"1 s~') in
tissue is given by $&[!,#, in which the term \ijp is the mass energy transfer (kenna) coefficient (cm'g"1)
for photons of energy E*. The response function for primary x-ray interactions in tissue, RpjfEJ (cGy cm2), is
the ratio of the absorbed dose rate to the flux density,name]y,
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and t, representing thyroid follicles of subjects in the order newborn, age 1, age 5, age 10, adult
female(age IS), and adult male.

in which $ is a conversion factor equal to 1.6021 x 10"*cGy g MeV"1. The response function RjJEJ is
based on energy transfer coefficients for ICRU tissue (32) as given in the DLC-139 data library SIGMA-A
(33,34,35).

RESPONSE FUNCTIONS FOR X-RAY INTERACTIONS WITH IODINE

Let Hpt,//> represent the mass interaction coefficient for a photoelectric interaction with iodine of a
primary x ray with energy E,. Such an interaction leads to a cascade of photoelectrons, Auger electrons, and
secondary fluorescence x rays. Let EO(E,) and FIX(EX) respectively represent the energies and frequencies of
the many secondary x rays arising from the interaction. Let £,,(1^) and FK(EJ represent the corresponding
terms for secondary Auger electrons and photoelectrons. In these calculations, energy spectra of secondary
photons and electrons are computed using the EDISTR computer code (7). Interaction coefficients are based
on the ENDF/B-VI DLC-136 data library PHOTX (36).

Let \i.Jp represent the mass interaction coefficient for incoherent scattering of a primary x ray cf
energy E^by electrons of the iodine atom. Let Fct(EDEct) and Fcp(Ex,Ecp) represent respectively the
(continuous)energy spectra of recoil electrons of energy E n and recoil photons of energy E ,̂.

Let w, represent the mass fraction of iodine in the thyroid and suppose the thyroid is exposed to a
uniform flux density of primary x rays of energy E,. The response function can be thought of as having four



components, R ^ E J due to Compton-scattered electrons, R ^ E J due to Compton-scattered photons, R
due to secondary fluorescence x rays, and R ^ E J due to secondary photoelectrons and Auger electrons.
These are given by

Rcp(EJ - S^h. (£ )J dEv Ev FJE^EJ <pp(Ecp),

R (E ) - £w ^1(E ) f dE E F (E ,E )

and

Y

ENERGY SPECTRA OF SECONDARY ELECTRONS AND PHOTONS

The binding energy for K-shell electrons in iodine is 33.17 keV.The K series of fluorescence photons
range in energy from 28.0 to 32.5 keV.The most frequent is the 28.6-keV Kal x ray. The L series photons
have at most 5 keV of energy. Auger electrons involving the K and L shells have energies ranging from 22.7
to 31.4 keV. The most frequent is the 23.6-keV KI^L, electron. Auger electrons not involving the K shell
have at most 5 keV of energy.

RESULTS AND DISCUSSION

RADIATION DOSES FOR INTERNAL RADIONUCLIDES

Table 2 lists absorbed dose rates for thyroid follicular cells, accounting not only for gamma-ray and
x-ray escape, but also for the unique source-receptor geometry of the thyroid follicle. The absorbed dose
rates are normalized to unit specific activity in the thyroid as a whole and are based on the entire radionuclide
content of thyroid being present within the colloid regions of the follicles. Data in the table are presented in
such a way that the user can make adjustments to accommodate colloid mass fractions other than those in
Table 1 and can even make adjustments to account for the presence of radionuclides in the epithelial and
stroma regions.

Results in Table 2 show that for most radionuclides the beta-particle and electron doses to cells of
any one thyroid follicie are due mainly to sources in surrounding follicles. Exceptions are I231,125I, and I29I
which emit only very low-energy electrons and beta particles. For many nuclides, notably the iodine isotopes
of even mass number, which emit largely high-energy beta particles and electrons, the dose rates from beta
particles and electrons approach limiting infinite-medium values. Uncertainties in total dose rates are almost
entirely attributable to uncertainties in the dose rates due to electron and beta-particle internal or in-folh'cle
contributions. Upper and lower bounds of dose rates were computed by setting rc values to 75% and 150% of
the central values given hi Table 1 and S values to 7.5 and 20 \im instead of the 15-(im centra] value.
Uncertainties (for the in-follicle contributions) are generally greater for the newborn and upper and lower
bounds extend roughly from about 0.3 to 4.0 times the central values of Table 2. For the adult male,
corresponding bounds extend from about 0.4 to 3.0 times the central values.

Advances in both methodology and supporting data distinguish these results from previously
published thyroid dose rates. The energy spectra of radiations emitted from the radionuclides were taken
from the comprehensive data sets used in preparation of the MIRD compendium (8). Recently published
age-dependent reduction factors for the thyroid were used in calculation of gamma and x-ray dose rates (6).



Energy dissipation functions accounting for multiple scattering (5) were used in calculations of electron and
beta-particle reduction factors and dose rates which are functions of age-dependent colloid mass fraction and
follicle dimensions. Electron and beta-particle dose rates were calculated separately for sources within any
one thyroid follicle and for sources in surrounding follicles.

S(thyroid *- thyroid) values for the adult male, taken from the central values of Table 2 using a
thyroid mass of 20.7 g, are compared in Table 3 with those computed earlier for use in internal dosimetry and
published in MIRD Pamphlet 11 (3) and in NCRP Report 80 (37).In all cases, the new factors are less than
the old because of the application of reduction factors less than unity for electrons and beta particles.

Table 2. Absorbed dose rates in nuclei of thyroid folliculaj cells per unit specific activity in the thyroid as a
whole. Units are Gy/s x 10" per Bq/kg. To convert to units of mrad/h per jiCi/g, multiply table entries by
1332

Newborn

Age 1

Age 5

Age 10

Adult female

Adult male

Newborn

Age 1

Age 5

Age 10

Adult female

Adult male

Newborn

Age 1

Age 5

Age 10

Adult female

Adult male

/r
Internal

0.0091

0.0071

0.0141

0.0144

0.0171

0.0208

0.0037

0.0026

0.0050

0.0050

0.0060

0.0072
126T

0.0103

0.0078

0.0140

0.0143

0.0167

0.0199

and e~

External

1.673

1.670

1.659

1.657

1.655

1.653

0.301

0.300

0.298

0.297

0.297

0.296

0.217

0.214

0.208

0.206

0.204

0.202

Y and

x ray

0.0201

0.0239

0.0304

0.0391

0.0459

0.0541

0.0234

0.0272

0.0346

0.0445

0.0520

0.0611

0.0104

0.0121

0.0152

0.0196

0.0229

0.0269

Total

1.702

1.701

1.704

1.711

1.718

1.728

0.329

0.330

0.337

0.347

0.355

0.364

0.237

0.234

0.237

0.240

0.244

0.249

F
Internal

0.0052

0.0040

0.0101

0.0105

0.0121

0.0139

0.0066

0.0027

0.0019

0.0016

0.0016

0.0017

0.0471

0.0296

0.0347

0.0311

0.0328

0.0345

and e~

External

0.029

0.027

0.021

0.020

0.019

0.018

0.000

0.000

0.000

0.000

0.000

0.000

0.035

0.030

0.022

0.021

0.020

0.019

y and

x ray

0.0062

0.0067

0.0084

0.0108

0.0124

0.0145

0.0057

0.0060

0.0073

0.0093

0.0103

0.0122

0.0028

0.0029

0.0035

0.0045

0.0049

0.0059

Total

0.0402

0.0380

0.0399

0.0414

0.0437

0.0465

0.0124

0.0087

0.0092

0.0109

0.0120

0.0139

0.0844

0.0621

0.0601

0.0564

0.0578

0.0596



Table 2 (continued)

Newborn

Agel

Age 5

Age 10

Adult female

Adult male

Newborn

Age l

Age 5

Age 10

Adult female

Adult male

Newborn

Age l

Age 5

Age 10

Adult female

Adult male

Newborn

Agel

Age 5

Age 10

Adult female

Adult male

r
Internal

130J

0.0229

0.0175

0.0328

0.0328

0.0381

0.0451

132mj

0.0427

0.0371

0.0589

0.0538

0.0576

0.0616

133]

0.0192

0.0148

0.0283

0.0284

0.0329

0.0401

I135

0.0208

0.0163

0.0299

0.0303

0.0355

0.0421

and e

External

0.452

0.445

0.430

0.426

0.423

0.418

0.175

0.163

0.145

0.142

0.140

0.138

0.636

0.630

0.617

0.614

0.610

0.605

0.564

0.560

0.544

0.540

0.536

0.532

y and

x ray

0.0445

0.0523

0.0665

0.0854

0.1011

0.1181

0.0083

0.0095

0.0118

0.0150

0.0176

0.0204

0.0125

0.0149

0.0189

0.0244

0.0287

0.0338

0.0303

0.0348

0.0447

0.0574

0.0676

0.0796

Total

0.519

0.515

0.529

0.544

0.562

0.581

0.227

0.210

0.216

0.211

0.215

0.220

0.667

0.660

0.665

0.667

0.672

0.679

0.615

0.611

0.618

0.628

0.639

0.654

P~
Internal

13II

0.0308

0.0224

0.0387

0.0380

0.0437

0.0511
1 3 2I

0.0184

0.0145

0.0274

0.0278

0.0328

0.0392
134I

0.0162

0.0131

0.0255

0.0259

0.0306

0.0369

T c

0.0030

0.0027

0.0073

0.0073

0.0083

0.0093

and e"

External

0.272

0.267

0.250

0.246

0.242

0.236

0.772

0.768

0.753

0.750

0.746

0.742

0.977

0.972

0.959

0.955

0.952

0.947

0.018

0.017

0.013

0.012

0.011

0.0.11

-/ and

x ray

0.0080

0.0095

0.0120

0.0156

0.0183

0.0214

0.0469

0.0546

0.0694

0.0891

0.1058

0.1232

0.0535

0.0616

0.0785

0.1007

0.1198

0.1391

0.0028

0.0030

0.0039

0.0050

0.0059

0.0067

Total

0.311

0.299

0.301

0.299

0.303

0.309

0.838

0.837

0.850

0.867

0.885

0.904

1.046

1.047

1.063

1.082

1.103

1.124

0.0237

C.0224

0.0238

0.0242

0.0255

0.0268



Table 3. Thyroid to thyroid S values for the adult male

S value (mrad per \id h)*

Radionuclide Snyder et al. (1975) This work

" r e 2.3 1.7
123I 4.0 3.0
124I 27 23
i:5I 3 0.90
12SI 18 16
129I 7.1 3.9
I30I 39 37
131I 22 20
132I 60 58
133I 46 44

T o convert units to (Gy per Bq s)multiply by 7.51 x 10"". To convert
units to (Gy s"1 kg Bq"1) for the 20.7-g thyroid of the adult male,
multiply by 1.55 x 10"15.

DOSES FROM EXTERNAL PRIMARY X RAYS

Results are expressed as the primary-photon response function,defined as the absorbed dose to the
follicular cells of the thyroid per unit photon Quence, but limited to photon interactions with the iodine
present in the colloid volumes of the thyroid follicles.

Detailed results are presented only for the adult-male reference case. Figure 4 illustrates the
individual components of the response function. Only those Auger electrons from within the follicle
contribute to the response. They make no contribution for primary photons with energies less than the iodine
K edge (0.0332 MeV) and for no photon energy is their contribution significant. Iodine fluorescence x rays
are the major contributor to the response only for very low energy primary photons or for primary photons
with energies just above the K edge. Photoelectrons make the dominant contribution to the response for a
wide range of primary-photon energies. Over most of the primary-photon energy range, the greater
contribution comes from electrons created from within the colloid of the follicle. The contribution from
electrons created in surrounding follicles is greater only for photons with energies greater than about 0.2
MeV. Compton-recoil electrons make significant contributions to the response only for the higher energy
primary photons. Recoil electrons created within the follicle contribute more significantly at the lower photon
energies. Recoil electrons from surrounding follicles make the dominant contribution to the response for
primary photons with energies in excess of 0.5 MeV. Compton-scattered photons contribute negligibly to the
response.

Total response functions for iodine interactions are illustrated in Fig. 5 along with the response
function for total interactions with tissue (absent iodine). Al the very lowest primary-photon energies, the
response is due exclusively to secondary x rays and there is little age dependence because, at those energies,
photon reduction factors are nearly unity. At about 0.015 to 0.025 MeV, photoelectrons begin to dominate
the response and continue to do so until the iodine K edge is reached at 0.033 MeV. For primary-photon
energies just above the K edge, secondary x rays again dominate the response. Their importance diminishes
rapidly with increasing energy, and photoelectrons again dominate the response function. The response



function for the newborn exceeds that for the adult male at primary-photon energies around 0.075 MeV.
This is due to the very low colloid mass fraction of 0.09 in the newborn which results in an iodine mass
fraction of Wj/wc = 0.007 in the colloid of the newborn, as compared to 0.0009 in the colloid of the adult
male. For primary-photon energies above about 0.1 MeV, photoelectrons and Compton electrons dominate
the response. For these energies, the response functions for the newborn and one-year old are much lower
than those for older subjects because of the greater epithelium thicknesses and colloid-nucleus separation
distances associated with the smaller follicle sizes of the younger subjects.

CONCLUSIONS

The cells considered to be at risk within the thyroid gland are generally taken to be the epithelial
cells of the follicles. For some radiations, the dose to those cells is strongly dependent on the microscopic
geometry of the gland. A review of the literature on thyroid dosimetry led to the development of a
computational model to provide age-dependent dosimetric data for the follicular cells at risk.

For internal radionuclides,in comparison with previously accepted S values, new values are very much
lower for 125I and 129I, and significantly lower for I23I, 124I, 126I, I3II.

For thyroid exposure to externally administered x rays a comparison was made between dose due to
interactions of primary photons with tissue,exclusive of iodine, and the dose due to interactions of primary
photons with the iodine present in high concentration in the colloid volumes of the thyroid follicles. It was
found that the interactions with iodine could increase the dose to the foUicular epithelial cells by at most
about 10 percent. Even that small dose enhancement would be experienced only if the primary-photon
energy were just greater than the 33-keV binding energy of the K-shell electron in iodine.
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