
A CASE OF ACCIDENTAL INTAKE OF MOLYBDENUM RADIONUCLIDES:
ANALYSIS OF DATA WITH A REVISED BIOKINETIC MODEL

A.Giussani1, M.C.Cantone1, F.Tavola1, M.A.Lopez2, T.Navarro2

1Università degli Studi di Milano, Dipartimento di Fisica, Sezione di Fisica Medica, via
Celoria 16, I-20133 Milano, Italy

2CIEMAT, Dosimetria Interna, Av.da Complutense 22, E-28040 Madrid, Spain

INTRODUCTION
Biokinetic models for radionuclides are generally used for the evaluation of the committed
dose to selected organs at risk (equivalent dose) and to the total body (effective dose). They
can also be used as a tool for interpreting individual monitoring measurements, in order to be
able, in case of suspected contamination, to estimate the incorporated activity and
consequently decide about the implementation of countermeasures or protective actions. The
reliability of such estimates and evaluations is of course affected by the correctness and
realism of the biokinetic model considered. For many elements of radiological interest,
however, the models recommended are very generic, and often formulated mainly starting
from pieces of information collected in animals, as there are only few (if any) human data
available. In the case of molybdenum, for example, the human data used for the ICRP model
[1] are primarily from autopsy measurements or metabolic balance studies. The only
biokinetic information available refers to plasma clearance and renal excretion measured in 4
elderly ill patients [2], a situation which can hardly be considered representative of average
population.

In recent years, a series of investigations on the biokinetics of molybdenum in humans,
conducted using stable isotopes of Mo as tracers, has provided valuable experimental data
about the dynamics of relevant processes such as the uptake from the gut walls, the clearance
from the systemic circulation and the elimination pathways [3-5]. The results of these studies
are in good agreement with the findings of a group of nutritionist who also performed
biokinetic studies with stable tracers [6-8]. All measurements show several deviations from
the predictions of the current ICRP model. On the basis of these data, a preliminary revision
of the biokinetic model for Mo was presented [9]. The modified model was thus used as a
starting point for a new series of biokinetic investigations, aimed at a better definition of some
of its features. In a total of 54 studies conducted in 15 volunteers, the influence of the mass
and of the chemical form on intestinal absorption, internal kinetics and urinary excretion was
investigated [10-13].

MATERIALS AND METHODS
Tracer kinetic studies were conducted by simultaneous administration of two different stable
isotopes of molybdenum, 95Mo and 96Mo. Mo solutions were prepared starting with enriched
metal powders according to the methodology described in [4]. The 95Mo solution was kept for



oral administration and for the preparation of intrinsically marked foodstuffs (cress, tomatoes,
baby formulas…). The 96Mo solution was sealed into glass vials and sterilized for intravenous
applications. The experiments were conducted on healthy volunteers following the protocol
approved by the Ethics Committee of Technische Universität München. At fixed times blood
and urine samples were collected, and the tracers' contents in blood plasma and urine were
determined using Charged Particle Activation Analysis [14] and Thermal Ionization Mass
Spectrometry [3] respectively.

Specific software packages (SAAMII [15], Adapt [16]) were used for the compartmental
analysis of the results, for the development of a more realistic model and the fitting of its
parameters to the measurements, and for the comparison of the data (from tracer experiments
as well as from a case of accidental incorporation) with the predictions of the different models
considered.

RESULTS AND DISCUSSION
The most significant results of the totality of the experiments may be summarized as follows:

Intestinal absorption.
Absorption of Mo into the systemic circulation is almost complete from liquid solutions, and
is diminished of a factor of about 2 when Mo is incorporated in solid foodstuffs in a bound
form. By administration of high Mo amounts in liquid forms (i.e., greater than 40 µg pro kg
body weight), the fraction absorbed decreases. The ICRP model considers an absorbed
fraction of 0.8 for workers and a value of 1 for adult members of the public (considered
conservative from a radiological protection point of view).

Clearance from blood plasma.
Measurements of the tracers' concentration in blood plasma show that elimination from this
compartment proceeds very rapidly, and can be described using a bi-exponential function with
characteristic times of approx. 0.3 h and 3.5 h respectively, whereas the ICRP model
considers a definitely slower mono-exponential clearence with 6 h half time.

Urinary excretion.
Urinary excretion of incorporated Mo is very intense and fast. It takes place mostly in first
few hours after incorporation and at 48 h the excretion rate is negligible. The percentage
excreted increases with increasing amounts of circulating molybdenum. Cumulated 48-h
excretion of Mo after intravenous injection amounts to 35% by administration of 100 µg Mo
and increases up to 72% if an extra oral dose (up to 5 mg Mo) is simultaneously administered.
Also the excretion of systemic (i.e., already stored) Mo is enhanced. This fact suggests a
mobilization of stored Mo due to the introduction into the system of additional molybdenum.
On the contrary, the ICRP model describes a slower elimination via the renal pathway, with
less than 7% eliminated over 48 hours, and 14% over one week.

Evidently the features observed in the human studies with stable tracers are quite different
from the predictions of the ICRP model. For example, the following illustration shows the
cumulated excretion as measured in a series of different experiments performed on one
volunteer. These data are compared with the accumulation curve in the bladder as obtained
from the ICRP model. The bladder is chosen for the comparison for the following reason. The



emptying of the urinary bladder is a step process, with the bladder being filled for a given
time ∆T and then voided at time tV. So Mo which is eliminated in the urine at time tV
corresponds to Mo transferred to the bladder in the period [(tV-∆T); tV], and the cumulated
excretion at time tV corresponds to the Mo transferred to the bladder in the period [0;tV]. 

Figure 1. Comparison between percentage cumulated excretion of 96Mo after intravenous injection as measured
in a volunteer subject in different experiments and the corresponding curve as predicted by the ICRP model [1].

a) only injection (0.1 mg 96Mo).
b) injection of 0.3 mg 96Mo and simultaneous oral administration of 2 mg 95Mo as liquid.

c) injection of 0.3 mg 96Mo and simultaneous oral administration of 1 mg 95Mo in a tomato.
d) injection of 0.3 mg 96Mo and simultaneous oral administration of 0.5 mg 95Mo with baby formula and black

tea.

It is evident that the model strongly underestimates the excretion, in particular in the first few
hours after entry into the systemic circulation. The lowest overall percentage was observed in
the experiment with single tracer injection. A simultaneous oral administration (which
increases the total circulating Mo) affects the excretion of the the injected tracer, and this
influence is greater for exp. b), in which the systemic uptake of the oral dose is nearly
complete, and less for exp. d), in which the simultaneous administration of black tea inhibits
the intestinal absorption of the oral dose.

This inability of the ICRP model to account for the experimental human data, especially the
ones regarding urinary excretion, may determine a biassed interpretation of measurements
conducted in cases of suspected contamination, and eventually lead to incorrect decisions on
the implementation of countermeasures.
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The new set of experimental evidences was therefore used in order to suggest further
improvements to the model describing the systemic kinetics of Mo. The latest version of the
model, which is presented in Figure 2, consists of 6 compartments: 2 compartments are used
to describe the transfer compartment (TC), taken to represent blood plasma and body fluids;
compartment 3 describes the organs and tissues which exchange material with TC.
Compartment 4 and 5 represent the kidney, and the passage from 4 to 5 describe the process
of storage in this organ. This process is considered to be described by a saturable non linear
kinetics, which explains why, at high amounts of circulating Mo, the fraction which is directly
excreted from compartment 4 to compartment 6 (urinary bladder) increases. This model,
properly coupled with the model of the gastro-intestinal tract, can successfully describe all
measurements of the biokinetic studies conducted. 

Figure 2: The revised structure of the model describing the systemic kinetics of the radionuclides of Mo.

APPLICATION OF THE MODEL TO THE INTERPRETATION OF BIOASSAY
MEASUREMENTS.
A crucial role of the systemic models recommended by ICRP consists in their application for
the analysis of bioassay measurements, in order to infer detailed information on accidental
incorporation events. The correctness of the models employed is evidently essential for the
reliability of the results obtained and consequently for the success of the countermeasures to
be implemented. The results presented in the previous paragraph indicate that the current
ICRP model might be inappropriate for a successful interpretation of bioassay measurements
in urine.
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A few years ago, a group of workers belonging to a manufacturer of 99mTc generators were
accidentally exposed to a radioactive aerosol containing 99Mo and 99mTc [17-18]. Immediately
after perception of the accident, a series of measurements, including whole body counting and
collection of urinary and fecal samples, was performed on the exposed workers.

In the following we will focus on the urine data. The earliest samples were collected starting
at time 1.29 d after the inhalation. Measurements were performed by gamma spectrometry,
using High Purity germanium detectors. Results are expressed in terms of daily excretion,
although this value was extrapolated, for some samples, from urine collected over a shorter
period. The analysis of these data has been performed considering a total of 4 different
models describing the biokinetics of inhaled Mo:

a) Systemic model from ICRP and model for the respiratory system from ICRP30 [19];
b) Systemic model from ICRP and respiratory tract model from ICRP66 [20];
c) Systemic model as presented in this work and model for the respiratory system from
ICRP30;
d) Systemic model as presented in this work and respiratory tract model from ICRP66.

For the ICRP30 model, the deposition and clearance parameters for class D aerosols were
taken from Fig. 5.2 ([19], page 25). An AMAD of 1 µm was assumed, as recommended in
case of unknown value. ICRP66 [20] suggests that an AMAD of 5 µm is more representative
of a working environment. Values of transport and absorption parameters for type F particles,
as well as of regional fractions of deposit were taken from Tables 29 and 30 of ICRP66 ([20],
pages 112-113).

The different urinary excretion patterns of inhaled Mo according to the 4 proposed models is
shown in Figure 3. The instantaneous excretion rate, expressed in %·h-1, has been calculated
as the rate of filling of the bladder, according to the considerations explained above. In this
calculation, the radioactive decay has not been considered.



It can clearly be seen that, due to the different biokinetic assumptions present in the model,
the excretion patterns are very different with regard to the first 12/24 h after incorporation,
then, at later times, they all proceeds more or less parallel with a relatively low value of
excretion rate. The very steep form of the curve d) is due to the combined action of the
assumptions of the new ICRP66 model, which recommends for class F a very fast absorption
of the inhaled material into blood (half-time 10 minutes), and of the rapid clearance of Mo
from blood plasma, as observed in all experiments with stable tracers.

Figure 3: Instantaneous excretion rate of inhaled Mo according to the systemic model of ICRP (a- ICRP30 lung
model, b- ICRP66 respiratory tract model) and to the revised model presented (c- ICRP30 lung model, d-

ICRP66 respiratory tract model).

Figures 4 presents the comparison between the activity measured in six workers exposed and
the corresponding predictions of the four models considered. In this case, each measurement
point refers to the urine excreted in 24 h, i.e. to the urine excreted between (tc-24 h) and tc,
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being tc the time of collection. Therefore, the comparison must be done not with the
instantaneous excretion rates, as given in Figure 3, but with the daily rates obtained
integrating the curves presented in Figure 3 over the time interval [(tc-24); tc] and considering
also the radioactive decay. 

Figure 4: Comparison between model predictions and measurements in workers who inhaled 99Mo aerosols.
Models are identified with the same letters a) through d), like in Figure 3.
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For sake of comparison, the experimental data have been scaled so that the first measured
point for each worker (tc = 2.29 d) equals the corresponding prediction of the model
considered.

First of all it must be noticed that the first measurements correspond to collections started at
1.29 d after the accident, i.e. at a time when the pattern of the curves described by the
different models are very similar and nearly parallel. Unfortunately no information is
available about the activity excreted in the first day, when the differences in the predictions
are very marked. It can be observed that all models can describe successfully the pattern of
excretion in all workers. Only the curve of model d) deviates constantly from the measured
values. As already pointed out above, ICRP66 considers a very fast absorption of inhaled
material into the systemic circulation. This fact, combined with the rapid clearance from
plasma as measured in the tracer studies, determines an excretion curve definitely faster than
the one observed experimentally.

The model predictions can also be used to estimate the inhaled activity from the measured
excretion. Table 1 gives the results obtained with the four models.

Table 1. Estimates of inhaled activity according to the 4 models considered.

Model a) b) c) d)

Worker A 14.7±1.4 MBq 23.9±2.4 MBq 10.2±0.8 MBq 19.8±3.0 MBq

Worker B 0.45±0.04 MBq 0.74±0.05 MBq 0.34±0.04 MBq 0.75±0.21 MBq

Worker C 2.06±0.27 MBq 3.32±0.45 MBq 1.37±0.16 MBq 2.43±0.34 MBq

Worker D 15.8±1.6 MBq 27.7±2.8 MBq 12.0±1.2 MBq 24.0±5.2 MBq

Worker E 4.27±0.54 MBq 6.95±0.87MBq 3.17±0.58 MBq 6.8±2.0 MBq

Worker F 1.17±0.19 MBq 1.88±0.32 MBq 0.65±0.18 MBq 1.54±0.46 MBq

It can be observed that the estimates vary up to a factor of nearly 3. The values obtained with
model c) are the lowest, since it predicts an excretion constantly higher than the other models.
The estimates of model d) have the highest error, due to the imprecise correspondence
between measurements and model curve.

CONCLUSIONS
A new systemic model for radionuclides of molybdenum has been suggested on the basis of
the results of tracer kinetic studies in humans performed using stable isotopes of Mo. In
particular, the description of Mo elimination in the urine had to be completely changed with
respect to the current ICRP model.

The new model, coupled with the respiratory system model of Publication 30 of ICRP, can
successfully interpret bioassay measurements conducted in a number of workers accidentally
esposed to 99Mo aerosols. On the contrary, when using the respiratory tract model of
Publication 66 of ICRP, the correspondence between data and predictions is less satisfactory,



apparently due to the assumptions about the fast rates of absorption into blood, which need
therefore to be re-evaluated.
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