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INTRODUCTION
The assessment of the internal radiation dose delivered by radionuclides incorporated in the
human body after accidental release into the environment requires the use of suitable
biokinetic models. These models describe the absorption of radionuclides into the blood
circulation, their distribution and retention in various organs and tissues, and the excretion
routes.
Biokinetic models are also employed for interpreting bioassay measurements in exposed
subjects, like activity concentration measurements in body fluids (e.g. urine, blood), in order
to estimate the incorporated amount of radioactive substances. 
The reliability of a biokinetic model is closely linked to the available experimental data used
to develop the model itself. Biokinetic data for human subjects are available for most essential
elements, as well as for some important non-essential elements such as caesium, lead, radium,
uranium, americium and plutonium [1]. For many other radionuclides, either very little or no
information is available from human studies, and the respective models must be derived from
other sources. These may include results from studies in animals, comparative data on the
behaviour of similar radionuclides or chemical analogues in vitro. Biokinetic models
developed from such a variety of data sources can be applied to humans only with a limited
degree of confidence [2]. The availability of data directly obtained on human subjects is
therefore fundamental to set up more reliable and realistic models. 
Ruthenium and zirconium are among the elements characterised by a serious lack of reliable
data in humans.
The radionuclides of ruthenium 103Ru (half life 39 days, �- and � emitter) and 106Ru (half life
374 days, �- emitter) are common fission products and may represent a radiological hazard for
the population in case of their release into the environment and transfer to the food chain.
They can also represent a problem for nuclear waste disposal [3]. Longley and Templeton [4]
report that the radionuclides of ruthenium contribute to about 60% of the beta activity
released into the environment from aqueous wastes. 



The activity concentrations of radio-ruthenium in the air and on the ground measured after the
Chernobyl accident were comparable to those of 131I and 137Cs [5-9]. The activities of 103Ru
and 106Ru accumulated in the reactor at the moment of the accident were 4.7·1018 Bq, and
1.8·1018 Bq respectively; for both radionuclides about 3% of these activities was then
released into the atmosphere in April-May 1986 [10]. The radioisotopes of ruthenium were
also released as consequence of the nuclear weapon tests in the atmosphere. The contribution
of 106Ru to the committed effective dose due to the tests conducted between 1945 and 1980
was estimated by UNSCEAR (United Nation Scientific Committee on the Effects of Atomic
Radiation) to be 6% of the total dose.
Analogous considerations can be done for zirconium. The radionuclide 95Zr (half life 64 days)
and its daughter nuclide 95Nb (half life 35 days), both �- and � emitters, are important fission
products and they were found in non-negligible amounts after the release of refractory
materials in nuclear accidents. As an example, the activity of 95Zr accumulated in the
Chernobyl reactor at the moment of the accident was 5.5·1018Bq, about two times higher than
that of 131I. An activity of 2.0·1017Bq, more than twice that of 137Cs was released in the
atmosphere in April-May 1986 [10].
Additionally, radioisotopes of ruthenium and zirconium were detected in hot particles, i.e.
particles with very high specific activity, found also at very long distances from the site of the
nuclear accident [8, 11-13]. Zirconium-95 and 95Nb contributed to about 25% of the total
gamma activity in the hot particles detected in Russia and Poland after the Chernobyl accident
[14]. The radiological hazard of these highly active particles is related mainly with skin
deposition [13] and ingestion. Inhalation does not seem to be a relevant incorporation
pathway due to the dimensions of these particles [15].
The lack of  biokinetic data of ruthenium and zirconium in humans is ascribable to the
justified limitations on the use of radiotracers for this kind of studies. The use of stable
isotopes as tracers, coupled with proper techniques (mass spectrometry and activation
analysis) for their determination in biological samples, represents an ethically acceptable
alternative for biokinetic investigations, being free from any radiation risk for the volunteer
subjects.
In this work, the results obtained in investigations with stable tracers on ruthenium and
zirconium in healthy volunteers are presented and compared to the predictions of the currently
adopted ICRP models.

MATERIAL AND METHODS

Stable tracers and solutions
As results of preliminary works performed to optimize the technique of analysis [16-19], the
isotopes 90Zr, 96Zr as well as 101Ru were selected as stable tracers to use in biokinetic
investigations in human subjects. The procedures used to prepare Ru and Zr solutions are
briefly summarized. 
Ruthenium: ten milligrams of metallic ruthenium (ruthenium-101 metal powder–isotopical
enrichment: 97.8%) was weighed in a zirconium crucible with about 1.4 g potassium
hydroxide and 0.14 g potassium nitrate and heated for 45 minutes at 520°C in a muffle
furnace. The cooled melt was then dissolved in water to the desired concentration. In order to



retain its chemical stability, the solution was briefly heated after addition of a few drops of
concentrated HCl. 
Zirconium: zirconium-90 oxide (isotopic enrichment: 97.7%) was dissolved in a mixture of
concentrated nitric acid and hydrofluoric acid (volume ratio 1/12) and heated in a closed
beaker for 5 hours at 140°C. The solution was then evaporated to dryness at 140°C for 4
hours; the residue was dissolved in concentrated nitric acid and heated to 140°C for about 3
hours. Finally, the residue was diluted in deionised water to the desired final concentration,
with the addition of a few drops of hydrochloric acid thus to retain the solution stability. The
same procedure was followed for 96Zr oxide (isotopic enrichment to 86.4%).
The solutions of ruthenium and zirconium to be used for intravenous injections are sterilized
before the administration. The standard procedure of sterilization consists in filtering the
solutions through sterile filters (pore diameter size 0.22 �m) and then heating at 120 °C for 20
minutes. 
The concentrations of the solutions were determined by double checks using both Inductively
Coupled Plasma Mass Spectrometry and Activation Analysis with Protons.

Experimental schedule
Investigations on volunteers were performed according to the protocol approved by the
Ethical Committee of the Technical University Munich. Informed consent was obtained from
the volunteers before each investigation. Details of the experiments on ruthenium are given in
table 1, while table 2 summarizes the experimental schedule for zirconium investigations.
Further details about the experiments on ruthenium performed on subject 1 will be reported in
the discussions.



Table 1: Experimental schedule for ruthenium investigations.

Subject Gender Age (y) Mass
(kg) Experime

nt

Injected
amount

Oral
amount

Ru0101 - 1.78 mg
101Ru 

Ru0102 210 �g 101Ru -

1 M 60 83 Ru0103 242 �g 101Ru -

Ru0104 238 �g 101Ru -

Ru0105 258 �g 101Ru -

2 M 37 75 Ru0206 233 �g 101Ru -

Ru0207 243 �g 101Ru -

Ru0308 - 1.77 mg
101Ru 

3 M 56 96 Ru0309 253 �g 101Ru -

Ru0310 249 �g 101Ru -

Table 2: Experimental schedule for zirconium investigations.

Subject Gender Age (y) Mass (kg)
Experime

nt

Injected
amount

Oral
amount

Zr0101 - 3.62 mg
96Zr 

1 M 60 83 Zr0102 94 �g 96Zr -

Zr0103 273 �g 90Zr 5.58 mg
96Zr 

4 F 51 59 Zr0404 93 �g 96Zr -

5 F 27 78 Zr0505 277 �g 90Zr - 

Zr0506 - 8.4 mg
90Zr



All investigations started in the morning with the subject fasting from the evening before. A
proper amount of the tracer(s) was administered orally and/or intravenously to the volunteers.
Blood samples of 10 ml volume were collected at fixed times up to about 30 hours post-
administration for the single injection experiment as well as for the double tracer experiment,
while for single oral administration blood samples were collected until about 10 hours post-
administration. An additional blood sample (blank values) was taken few minutes before the
start of each investigation. In the experiments with intravenous administration, the blood
samples were withdrawn via an in-dwelling catheter from a vein of the arm opposite to that
used for injection.
To eliminate a possible contamination of metal traces through the needle of the in-dwelling
catheter, the first 10 ml of blood were withdrawn and discarded before taking the blank value. 

Two hours after administration of the tracers, the subjects consumed a standard continental
breakfast consisting of black coffee and 2 rolls with butter and jam.

Sample preparation and analysis
The procedure followed to prepare the samples and to determine the concentration of the
stable tracers in each of them, described in detail elsewhere [20], is here briefly summarized.
Blood plasma is separated from whole blood by centrifugation and then stored frozen until
analysis. An aliquot of plasma equal to 0.8 ml is withdrawn with a micropipette from each test
tube, placed in a polyethylene dish and a known amount of 51V, used as internal standard
(reference isotope), is added. Then the samples are dried in a controlled atmosphere at 45°C,
powdered in an agate mortar and compressed to form self-supporting tablets.
For each experiment, one standard sample is also prepared with the same procedure, taking
the blood plasma from a pool of healthy subjects. In this standard, a known amount of the
tracer of interest, taken from the solution used for the administration, as well as a known
amount of 51V are added. In the experiment in which double tracer technique was adopted, the
standard sample was accordingly prepared using both tracers of interest.
Tracer concentrations in blood plasma were determined through the application of activation
analysis with protons. This technique consists in inducing proper nuclear reactions on the
tracer isotopes present in the plasma sample by means of a bombardment with accelerated
protons, and to produce radioactive nuclei with sufficiently long half-lives to allow an off-line
detection of the gamma rays emitted in the nuclear transformation processes.
The proton beam of the Philips Cyclotron at the Paul Scherrer Institut in Villigen
(Switzerland) was used for the activation experiments. An irradiation chamber equipped with
a rotating carousel is mounted on the beam line. The carousel can accommodate up to 39
samples, each set into an appropriate aluminium frame. The rotation at a speed of
approximately 70 rounds per minute allows the activation of each sample under the same
experimental conditions.
Table 3 summarises the main nuclear data for the reactions involved. Also the values of the
detection limit (DL) for the isotopes of interest are given, calculated according to the
definition of Currie [21] as that concentration corresponding to a signal equal to 4.65 times
the square root of the underlying background signal. These DL values refer to the typical
experimental conditions (irradiation time: 40 hours; cooling time: 24 hours for 90Zr, 30 days



for 96Zr and 10 days for 101Ru; measurement times: 10 hours for 90Zr, 3 days for 96Zr and 20
hours for 101Ru). The detection limit for 51V, used as internal standard, is not significant. 

Table 3: Main nuclear data on the reactions involved. Eth is the threshold energy for the
reaction, Emax is the energy corresponding to the maximum value of nuclide production.

Reaction Eth (MeV) Emax (MeV) Half time
(days)

Main gamma
emissions

(keV)

DL

101Ru(p,n)101mRh 1.34 11.0 4.34 307 1 ng 101Ru/g
96Zr(p,2n)95Nb 7.59 16.8 34.98 766 2 ng 96Zr/g
90Zr(p,n)90Nb 6.97 15.0 0.61 141, 1129 1 ng 90Zr/g
51V(p,n)51Cr 1.57 11.4 27.70 320 -

After the irradiation, gamma spectrometry measurements were performed for each sample
using HPGe detectors with PC based multichannel buffer cards (EG&G Ortec, model 916A
MCB).
For each sample, the unknown tracer amount Mx can be determined from the comparison of
the intensities of the gamma lines emitted by the corresponding reaction product and by 51Cr
with those measured in the standard, after appropriate correction for different cooling and
measurement times. The tracer concentration Cx can be easily found dividing the amount Mx
by the mass of the sample wx according to the following analytical expression:
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where: xI and rI are the normalized intensities of the gamma lines emitted by the nuclide of
interest (101mRh or 90Nb or 95Nb) and by the reference isotope (51Cr) respectively, in the
sample; st

xI , st
rI  are the corresponding normalized intensities measured in the standard; st

xM
is the known amount of the tracer in the standard sample; rM and st

rM  are the known
amounts of the reference element in the sample and in the standard respectively, and wx is the
mass of the sample.

RESULTS AND DISCUSSION

Ruthenium

In subject 1 a total of 4 experiments with injected tracer were performed. Three solutions
were prepared for these investigations: one for the experiment Ru0102, one for the
experiments Ru0103 and Ru0104 and the other for the experiment Ru0105.



Three slightly distinct procedures of sterilisation were used for these solutions. Their different
colours (colour intensity degree: Ru0102>Ru0105>Ru0103-04) indicate that the oxidation
state of ruthenium is not the same, with Ru0102 having more highly oxidized states than the
others.
The results of these investigations, presented in Figure1, show that the chemical form
influences ruthenium kinetics in plasma.  A bi-exponential function was fitted to the complete
set of data of Figure 1. The fast component of the clearance is characterized by an half-time of
15 minutes, the half time of the slow component is about one day. The derived value of the
mass of the initial distribution compartment (blood plasma and interstitial fluids) is 8.4�0.2
kg. The differences between the clearance curves of the three different solutions lie in the
ratios between the slow component and the fast one. For the experiment Ru0102 (solution
with highest oxidation) the percentage excreted rapidly is only 17%. This value increases to
64% for the experiment Ru0105 (intermediate oxidation) and to 82% for experiments Ru0103
and Ru0104 (lowest oxidation).
The overall results show that in the first two hours post administration the rate of efflux from
blood plasma is higher than predicted by ICRP model [22] (single exponential, biological half
life 0.3 days). After this period the concentration of ruthenium in plasma remains almost
constant. It is to note that the ICRP model for ruthenium does not consider the possibility of a
variation of the biokinetic parameters according to the chemical form of the element. 
Together with the study of the ruthenium biokinetic dependence on the chemical form of the
administration, the inter-individual variation of the behaviour of the injected ruthenium in
blood plasma was investigated by performing experiments on two other subjects. The same
solution used for the experiments Ru0103 and Ru0104 was administered in a series of 4
experiments on volunteers 2 and 3 (Figure 2). From the illustration it can be clearly noted
that, being the chemical form of the solution the same, the clearance of ruthenium is very
similar and reproducible in all subjects. The distribution volume for subject 2 is smaller than
the one obtained in subjects 1 and 3. 
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Figure 1: Percentage tracer concentration in blood plasma in subject 1: dependence on
ruthenium chemical form and comparison with the ICRP model [22]. Error bars correspond to
one standard deviation.
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Figure 2: Percentage tracer concentration in blood plasma in the three subjects after
intravenous administration of ruthenium dissolved in solutions sterilized with the standard
method. Error bars correspond to one standard deviation.
Figure 3 shows the concentration curves in blood plasma for the oral tracer in the two
experiments Ru0101 and Ru0308. The experimental data are compared to the ICRP model
predictions: distribution volumes of 8.4 kg were considered to draw the curve. It can be seen
that the data points lie well below the model curve, with the exception of the initial rise during
the first two hours.
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Figure 3: Percentage tracer concentration in blood plasma for subjects 1 and 3. The curve
corresponds to the prediction of the currently adopted ICRP model [22] for Ru. Error bars
correspond to one standard deviation.

Zirconium

In Figure 4 the time courses of the concentration of the injected tracers for the experiments
Zr0102, Zr0103 and Zr0505 are presented together. For comparison the clearance curve, as
predicted by the ICRP model [23] (single exponential, biological half life 0.25 days) is also
plotted. In order to express this curve in terms of concentration, the result of the model
simulation has been divided by the value of blood plasma mass (3.64�0.61 kg) as obtained
from a bi-exponential fit to the experimental data. 
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Figure 4: Percentage tracer concentration in blood plasma in subject 1 and 5 after intravenous
administration. The full curve corresponds to the prediction of the currently adopted ICRP
model [23], the broken curve is a bi-exponential fit to the experimental data. Error bars
correspond to one standard deviation.
Figure 5 shows the results of experiments Zr0404 together with the ICRP model curve and the
fitted curve. The value of the distribution volume obtained for this subject is 3.57�0.77 kg.



Post-administration time (min)
0 200 400 600 800 1000 1200 1400 1600

Tr
ac

er
 c

on
ce

nt
ra

tio
n 

in
 b

lo
od

 p
la

sm
a 

(%
/k

g)

0

5

10

15

20

25

30

35

Zr0404 
ICRP model
Fitted curve

Figure 5: Percentage tracer concentration in blood plasma in subject 4 after intravenous
administration. The full curve corresponds to the prediction of the currently adopted ICRP
model [23], the broken curve is a bi-exponential fit to the experimental data. Error bars
correspond to one standard deviation.
The clearance process from blood plasma for Zr is characterised for all subjects by an initial
fast phase followed by one slower component. The characteristic time of the fast component
is similar in subjects 1 and 5 (3.38�0.58 hours), more rapid in subject 4 (1.15�0.52 hours). 

This inter-individual difference doesn’t seem to be dependent on sex or age factors.
Starting at about 8 hours post administration the rate of efflux of zirconium becomes much
slower than described in the current ICRP model for zirconium [23].

The duration of the experiments, chosen equal to about 30 hours (i.e. five times the biological
half time of zirconium in blood plasma, as predicted by the ICRP model), proved to be too
short in comparison with the actual characteristic residence time. Therefore the available
experimental data enable to quantify precisely only the characteristic time of the fast
component of the clearance, whereas the second slow component can only be estimated as
greater than about six days for all subjects. 

The clearance process from blood plasma does not seem to depend on the injected amount:
the percentage concentration values of the injected tracer in volunteer 1, related to the
experiments Zr0102 and Zr0103 (Fig. 4), are in fact very similar in spite of the three-fold
increase in the given amount (94 �g 96Zr vs. 273 �g 90Zr).



It can also be observed that the distribution volume of zirconium consists only in blood
plasma, unlike ruthenium which is also distributed in the interstitial fluids.
Figure 6 shows the concentration curves for the oral tracer in the experiments Zr0101 and
Zr0103, performed on volunteer 1 and in the experiment Zr0506 performed on subject 5.
Additionally, the ICRP curve is drawn in this figure. 

The oral Zr tracer is absorbed into the systemic circulation faster but to a lesser extent than
predicted from the ICRP recommendation: the experimental data are indeed lower than
expected, and peak around 3 hours post-administration, whereas the maximum tracer
concentration in plasma from the ICRP model is expected at about 7 hours post–
administration.
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Figure 6: Percentage tracer concentration in blood plasma for subject 1 and 5 after oral
administration. The full curve corresponds to the prediction of the currently adopted ICRP
model [23]. Error bars correspond to one standard deviation.

The fast absorption can be explained with the fact that the mean residence time for the
compartments of the gastrointestinal tract recommended by the ICRP model [24] are higher
than typical gastric and intestinal emptying times reported for liquids [25].

CONCLUSIONS

The use of stable isotopes as tracers, together with a proper technique of analysis, like
activation with protons, has allowed obtaining biokinetic data for ruthenium and zirconium in
healthy human subjects, not available up to now. The results of these tracer kinetic



investigations have indicated a series of deviations from the predictions of the models
currently recommended by ICRP, especially with regard to the clearance from blood plasma
and the absorption processes into the systemic circulation. The dependence of the biokinetics
of ruthenium on the chemical form of administration, observed in repeated experiments on the
same subjects, will be object of further investigations. These findings confirm the importance
to validate the ICRP models and the basic information used for their definition.
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