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Abstract – The most significant impact of the Chernobyl accident is the increased incidence of thyroid cancers among 
children. In order to accurately estimate the radiation dose provided by radioiodines, it is important to examine how the 
distribution of newly incorporated iodine varies with time and if this distribution varies according to the iodine status. The 
kinetic distribution of intra colloidal newly organified iodine in the rat immature thyroid was recorded and analysed using the 
ionic nanoprobe NanoSims50TM. Our observations imply that in case of radioiodine contamination, the energy deposits vary 
(i) with time, (ii) from one follicle to another, and (iii) from one cell to another inside the same follicle regardless the iodine 
status. The kinetic heterogeneity of iodine distribution must be take in account in thyroid dose evaluation. 
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INTRODUCTION 

 

The most significant consequence of the 
Chernobyl accident is the increased incidence of 
thyroid cancers in children and adolescents who 
were exposed to radioiodines fallout from the 
atmospheric release (17, 30). Since then, there 
has been renewed interest in radioiodine thyroid 
dosimetry and in the effects of radioiodines, 
especially in children (18, 35). 

In addition to 131 iodine (131 I), short-live 
radioiodines were involved in an increase in 
thyroid cancers in Marshall Island inhabitants 
exposed to nuclear fallout (21). Despite this, 
short-lived radioiodine effects have not been 
considered in most calculations involving the 
after-effects of the Chernobyl accident, and 
thyroid cancers were    
 
Abbreviations: SIMS, Secondary ion mass spectrometry. 

 
 
 
 
mainly attributed to 131I (4,22), with only a few 
studies (2,3,13) pointing out the possible role of 
short-lived radioiodines. Moreover, radioiodine 
radiation doses applied to the thyroid, whether 
they result from therapeutic measures or 
accidental exposure, are always based on the 
hypothesis of a uniformly distributed activity 
within the thyroid resulting in a uniform 
irradiation of the organ (12,23). In addition, 
conventional methods for radiation dose 
calculations implicitly assume that the radiation 
dose received by each cell is the same as the dose 
received by the entire organ. However, as early 
as 1956, Sinclair et al. showed the heterogeneity 
of 131I incorporation within the thyroid using 
autoradiography (31). Recently, the distribution 
of 131I radio-induced thyrocyte damage was 
shown to be heterogeneous, suggesting that 
iodine is not incorporated homogeneously in 
thyroid tissue (16). Large differences in iodine 
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uptake in newborn rat thyroid follicles have also 
been observed using secondary ion mass 
spectrometry (SIMS microscopy) (19). 
Furthermore, the fallout of radioiodines from the 
Chernobyl accident occurred in regions of 
Ukraine and Belarus in which the resident’s diets 
are considered moderately deficient in dietary 
iodine (28). The relation between dietary iodine 
status and thyroid uptake of radioiodine is well 
known. Nevertheless, some authors suggest that 
the higher risk of thyroid cancer in people with 
iodine deficiency is not only due to higher 
thyroid uptake, but also because of the greater 
heterogeneous distribution of iodine in the 
follicle and that the distribution of incorporated 
iodine varies with time (20).  

In order to accurately estimate the 
radiation dose provided by radioiodines, it is 
important to examine how the distribution of 
newly incorporated iodine varies with time and if 
this distribution varies according to the iodine 
status. 

The objective of this study is to describe 
the kinetic distribution of newly organified 
iodine in the immature thyroid. The kinetic 
profile will allow us to propose an improved 
dynamic model for the dosimetric evaluation of 
the thyroid gland. 

During the study, we recorded the 
variations in intracolloidal iodine distribution 
from 1 hour to 8 days after administration of 129 
iodine (129I) in newborn rats under standard or 
low-iodine diets. The age at which the animals 
were contaminated was chosen to correspond to 
the age-range where the increase in thyroid 
cancers was greatest after the Chernobyl 
accident. Tissue analysis was performed using 
secondary ion mass spectrometry (SIMS), an 
elemental technique for the study of isotopic 
compositions in solid samples (11). In our work, 
isotopic analysis was used to discriminate 
between the natural 127I, the isotope of the initial 
pool of iodine, and 129I, the isotope of the newly 
incorporated iodine. This technique has 
successfully been applied to map the distribution 
of elements and molecules in individual cells 
within tissue sections or cell cultures (18). 
Thyroid samples were analyzed using the new 
ionic nanoprobe NanoSims50TM (CAMECA, 
Paris, France). The main characteristics of this 
new instrument are a high lateral resolution (< 50 
nm), the ability to measure up to 5 masses (ions) 
in parallel in the same microvolume, a very good 
mass transmission at high resolutions, and direct 
optical observation of the sample in the 

ionization chamber, allowing for easy selection 
of areas of interest (14). 
 
  

MATERIALS AND METHODS 

Animals 
The study was carried out on newborn Wistar rats 

from 4 female rats. Two dams were fed with a low-iodine 
diet (TD0097 Tekkad Harlan, USA) containing 25 to 50 µg 
of iodine per kilogram of dry food weight, for at least 3 
weeks prior mating and for all the duration of the study. 
Two other dams were fed with a standard diet containing 2 
mg of iodine per kilogram of dry food weight. After 21 to 
22 days of gestation, the dams had given birth and offspring 
were separated into 4 groups, each litter corresponding to 
one of the groups: 7N, 7H, TN and TH. All the pups were 
prevented access to suckling from their mother. 

The pups of groups 7N (pups under standard diet) 
and 7H (pups under low iodine diet) at 7 days old received 
one subcutaneous injection of 0.2 µg 129I , (129I-Na+, NEN 
Life Science products, Boston MA, USA), with an activity 
of 1.2 Bq, in a 50 µl volume.  
Pups were sacrificed by exsanguination 1, 4, 8, 24 hours, 4 
and 8 days after 129I-Na+ administration 
“Age-control” newborn rats (i.e. without contamination) 
from the remaining  litters (TN and TH) were sacrificed at 7 
days, 12 days, and 15 days corresponding to the age at the 
sacrifice time of “contaminated“ pups, to avoid 
contamination though suckling.  
 
Sample preparation 

Immediately after sacrifice, thyroids of control and 
“contaminated” pups were removed and fixed in 2.5% 
cacodylate-buffered glutaraldehyde, washed, dehydrated in 
alcohol series, and embedded in epoxy resin. This method is 
well suited for preserving the localization and local 
concentrations of iodine bound to macromolecules (9). 
Serial thin sections (thickness 0.5 µm, surface about 1 mm2) 
were deposited on glass slides for light microscopy, and on 
stainless steel disks (2 to 3 sections) for SIMS analysis. 
Observation of thyroid sections under light microscopy 
allowed a selection of region of interest prior to SIMS 
imaging to locate follicles with colloidal matter and a 
diameter of about 20 µm for ion imaging. 
 
NanoSIMS analysis 

SIMS observations were carried out on a 
NanoSims50TM microbeam analyzer using a cesium primary 
beam. Separate images were recorded for the initial iodine 
pool (127I) and the distribution of newly organified iodine 
(129I). Topography was revealed using 31P, which associates 
both with DNA in the cell’s nucleus and phosphorylated 
cytoplasmic molecules, and 32S, which allows the 
identification of the thyrocolloid. 

The primary beam used had an intensity of 5 pA 
with a probe size (68% intensity) of about 150 nm in 
diameter for an analyze areas of 50 µm side (3 to 4 
follicles). All of the images were recorded with a definition 
of 256 pixels x 256 pixels. The typical acquisition duration 
was 5 ms per pixel for 32S- and 127I- with respect to longer 
counting time of 15 ms per pixel for 31P- and 129I- species at 
much lower intensity. During analysis of biological 
specimens, polyatomic ions emitted at nearly the same mass 
may interfere with the species of interest. A previous study 
has shown that a nominal mass resolving power of 4830 
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(defined as M/∆M, where M is the studied mass and ∆M the 
difference which separates it from the mass of an isobaric 
species to be distinguished) must be employed during the 
measurement of low intensity 129I- ions due to the presence 
of an unidentified polyatomic species  (14) (Fig.1). 
Images of thyroids of control newborn rats  recorded using 
these experimental conditions are shown in fig. 2 where the 
detected signal at mass 129 corresponds to the random 
background noise of the detector.  

 
Figure 1. High resolution mass spectra recorded at mass 
129 on various regions of a rat thyroid. 129I is only found at 
the edge of the thyroid colloid. A mass resolving power of 
4830 is required to distinguish between 129I− and a 
polyatomic species with nearly the same mass. 

 

 
 
Figure 2. Ionic images of a TN newborn rat (field: 50 × 50 
µm). The few scattered particles seen on the 129I image are 
due to the detector background noise, which exhibits a 
random distribution. All of the images are shown with 
inverted grays scale (dark = high signal). 

To evaluate the variation of distribution with time 
with acceptable statistics, large field ionic images from 60 to 
120 µm were recorded. For each animal group and at each 
time of sacrifice, the number of follicles showing 
homogeneous repartition of 129I and those showing 
heterogeneous repartition were scored. A percentage of 
“heterogeneity” was calculated at each time, corresponding 
to the number of heterogeneous follicles to the total of 
observed follicles. 

 

RESULTS 

At mass 127 the recorded images show 
that the distribution of iodine is homogeneous 
within the colloid, whatever the age of the animal 
and the iodine status. Slight inter follicular 
variations in the distribution of stable iodine 
were occasionally observed   

The distribution of newly organified 129I in 
the lumen of thyroid follicles varies with time. 

In Figure 3, pseudo-colors were used to 
superimpose images obtained for ions 31P- and 
129I-. Images for ion 127I- were not superimposed, 
because they hindered the view of the different 
distribution profiles of newly incorporated 
iodine. Ionic images obtained at early times 
(Figs. 3A, 3B,) show that 129I is found at the 
periphery of the colloid as a ring in the 7N pups 
as well as in the 7H pups. Nevertheless, some 
follicles with a homogeneous distribution of 129I 
were observed, mostly in the 7H group. At eight 
hours after administration (Fig. 3C), the 
distribution of 129I is homogeneous within most 
follicles but can still appear slightly 
heterogeneous in some follicles particularly in 
7N group. 

At days 1, 4, and 8, all analyzed follicles 
displayed a homogeneous distribution of 129I 
(Fig. 3D, 3E, 3F). 

It is noteworthy that this iodine 
distribution is very heterogeneous four hours 
after administration. 129I is seen concentrated at 
the periphery of the colloid, close to the thyroid 
cells (Fig. 4). However, even at this early stage, 
some follicles display a homogeneous 
distribution of 129I. 

Different patterns of newly incorporated 
iodine distribution have been observed: 
homogeneous distribution within the colloid or as 
a ring distribution. The number of follicles 
showing homogeneous repartition of 129I and 
those showing heterogeneous repartition were 
scored. In Fig. 5 a percentage of “heterogeneity” 
calculated at each time is presented. There is a 
slight influence of the iodine status. “Ring” 
distribution are only observed on ionic images 
recorded before 24 hours. In 7N pups a high  
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Figure 3. Kinetic of intrafollicular iodine. Pseudo-colors were used to superimpose ionic images obtained for ions 31P- (red) 
and 129I-( green) with : A, images obtained 1 hour after 129I administration, B, 4 hours, C, 8 hours,  D, 1 day, E, 4 days and  F, 
8 days after 129I administration. Dimensions of the analysis field are given under the ionic images. 
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percentage of heterogeneous follicles (92, 100 %) 
is noted until 4 hours after “contamination”. In 
iodine deficient pups, the percentages are 
markedly lower, about 20 %. From 8 hours to 8 
days after “contamination”, only homogeneous 
follicles are observed in all thyroid samples. 
 

 

 

Figure 4. Digitized image in pseudo-colors with 
superimposition of 31P (green), and 129I (red) of a group 7N 
rat’s thyroid follicle, 4 hours after “contamination” showing 
the different patterns of 129I distribution. Arrow 1: 
homogeneous follicular distribution. Arrow 2 and 3: 
distribution as a ring. Note: the distribution within the ring 
is itself highly heterogeneous. 
 

 
 
Figure 5. Percentage of heterogeneous follicles as a 
function of contamination time. The percentage of follicles 
with a heterogeneous distribution profile is higher in 7N 
group than in 7H group. It seems that iodine deficiency 
accelerates the intra follicular incorporation of iodine. 
 

DISCUSSION 
 

Iodine distribution in thyroid gland 
follicles is usually evaluated indirectly by 
autoradiography (1, 27) or the expression of 
proteins involved in the iodine pathways such as 

the sodium/iodide symporter (NIS, responsible 
for active iodide uptake from the bloodstream to 
the thyrocyte) or pendrin (7). The main 
advantage of SIMS microscopy is the ability to 
make direct observations of the distribution of 
any element occurring at the surface of a sample, 
with no need for specific labeling with a 
fluorescent or radioactive probe. 

SIMS microscopy is a powerful technique 
for studying the distribution of elements in 
biological tissues at the cellular level. Although 
having provided important information on stable 
and radioactive iodine distribution within the 
thyroid in normal and disturbed circumstances 
(9,10,25), this technique has been considered a 
marginal method in biology because of its poor 
lateral resolution (1 to 0.5 µm), and the 
insufficient mass separation power of the early 
instruments (8). Indeed, the main difficulty with 
SIMS microscopy is signal specificity which is 
highly dependent on mass resolution: the 
complexity of the organic matrix leads to the 
emission of a large number of ions which can 
interfere with the study element. The latest high-
resolution dynamic SIMS device 
(NanoSims50TM) that we used in our work has 
both a very good transmission at high mass 
resolutions, and a high lateral resolution (< 50 
nm). Recently, the ultra-structural localization of 
127I-benzamide uptake in melanin grains within 
melanocytes was performed using the 
NanoSims50TM device (15). 

The animal model in our study was set up 
to mimic the conditions of contamination by 
radioiodine by Chernobyl fallout: young age and 
mild iodine deficiency.  

No increase of thyroid volume was 
observed in the iodine deficient pups. All 
changes were manifested as differences in 
histological morphology of the thyroid. No 
difference was found between the follicular 
diameter of iodine deficient pups and normal 
pups, but significant differences were found for 
colloid diameters and cell heights: the colloid 
was rarefied at the expense of cellular height in 
the iodine deficient pups.  

The age of administration of radiotracer 
was chosen to correspond to the typical age of 
contamination of children who have developed 
thyroid papillary carcinomas, years after the 
Chernobyl accident (32)  
The use of 129I permits us to discriminate newly 
organified iodine (mass 129) to the initial pool of 
127I stable iodine (mass 127) using SIMS 
microscopy. The 129I radioisotope has a very long 
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physical half-life (1.7×107 years), which allows 
us to perform time-consuming sample 
preparation without signal transformation, and to 
avoid radiobiological effects on the thyroid of the 
newborn rats (administered activity: 1.2 Bq). 
Moreover, no evidence of cell necrosis was seen 
in the thyroid sections. The administered amount 
of 200 ng 129I per pup was based on a 
compromise between the quantity incorporated 
by the thyroid (10% of the injected mass ie 20 ng 
for normal pups and  20 % ie 40 ng for iodine 
deficient pups) in order to provide correct 
acquisition time of ionic images, and avoidance 
of the Wolff-Chaikoff effect on the thyroid cells. 
(The Wolff-Chaikoff effect is the inhibition of 
organic binding of iodine in the thyroid by an 
excess of iodine) (24,33)  

Our results clearly demonstrate that, 
whatever the iodine status, distribution of newly 
organified iodine is heterogeneous within and 
between follicles newborn rat thyroids and that 
the distribution varies as a function of time. 
These results are in agreement with those 
observed previously by Hindié et al (19). Only 
slight influence of iodine status has been 
observed: lower number and fast disappearance 
of heterogeneous follicles in 7H pups. This 
suggests that iodine deficiency should be an 
element of acceleration of iodine intrafollicular 
incorporation according to Desmarais et al. (6), 
who concluded that previous levels of iodine 
intake strongly influence the rate of iodine 
incorporation. Furthermore, we noted a high 
degree of heterogeneity in the distribution of 129I 
within the ring-like image, which could possibly 
be related to a functional heterogeneity of 
thyrocytes within the same follicle as also 
suggested by the heterogeneity of the expression 
of NIS (26). 

Importantly, our observations imply that in 
case of radioiodine contamination, the energy 
deposits vary (i) with time, (ii) from one follicle 
to another, and (iii) from one thyrocyte to 
another inside the same follicle. Early after 
contamination, the ring-like distribution of iodine 
within the colloidal matter may result in higher 
concentrations of radioactive iodine close to the 
thyroid cells; thus, short-lived iodine will have a 
high proportion of decay events concentrated 
close to the thyroid cells. In addition, it is well 
known that thyroidal uptake of radioiodine is 
inversely proportional to the quantity of iodine 
already present in the gland and in case of 
radioiodine contamination, thyroid cells of a 
iodine deficient gland will be more irradiated 

than those in a iodine equilibrated gland (29).  
The kinetics of iodine distribution in the follicle 
allow us to elaborate a model to calculate the 
contribution of short-lived radioiodines, to 
accurately calculate the thyroid cellular doses. 
We are working in this direction. Dose deposits 
in biological matter can be described using a 
detailed Monte Carlo model based on theoretical 
cross-section calculations (5). A combination of 
both of the above models would allows us to 
follow, step-by-step at the nanometric scale, the 
primary β− particles produced by the entire 
spectrum of iodine decay, as well as the 
secondary β− particles created along the 
trajectory of the primary particles. 

In conclusion, these observations suggest 
that in case of contamination by a radioiodine 
combination, most of the dose will be delivered 
during the maximal intrafollicular heterogeneity 
stage, regardless of iodine status, and thus the 
kinetic heterogeneity of iodine distribution must 
be take in account in thyroid dose evaluation. 

Several studies using the NanoSims50TM 
are currently under way in our laboratory in order 
to determine the precise role of age at 
contamination on follicular iodine distribution. 
Indeed, Faggiano et al. (7) have found an age-
related variability in the thyroid’s 
morphofunctional status and suggested that the 
distribution of iodine in the follicles could vary 
according to age. Nonetheless, to date, the 
decrease with age in thyroid radio-sensitivity is 
not entirely understood (34). 
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