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ABSTRACT

Literature and data pertaining to the microdosiroetry, relative biological
effectiveness, subcellular distribution, organ uptake and retention for
organically-bound tritium are reviewed.

The quality factor for the electron degradation spectrum associated with the
radiation field of tritium p-rays in water was calculated. The value was
found to be 1.9 ± .2. A related experimental measure of quality with value
1.6 ± .2 and an estimate of 1.3 based on simulation studies are cited.

The average value for relative biological effectiveness for a data base of
55 values was found to be 1.8 ± .1. The influence of reference radiation, in
vivo versus in vitro methodologies, and the use of tritiated thymidine or
tritiated water are discussed.

A methodology designed to estimate the effects of subcellular distribution
is described and a suitable parameter, the localization factor defined.
Estimates of this factor are made for both nuclear-bound and organically-
bound tritium. Values of 4 and 1.5 respectively are suggested.

Organ uptake studies in rodents following long-term feeding of organically-
bound tritium are compared. The tritium is found to be unequally distributed
among the tissues studied. The highest specific activity occurs in liver,
with the lowest in femur. The specific activity of tritium in tissue-free
water slightly exceeds that of organically-bound tritium in liver.

Retention studies reveal a three-component exponential decrease of
organically-bound tritium. No discernible trends of the periods of the three
components with specific organs could be established. Average values of the
periods are 1.2 ± .2, 10 ± 2, and 65 ± 6 days.

It is concluded that specific enhancement of radiobiological effectiveness
due to incorporation of tritium in DNA does probably not occur.

The radiotoxicological impact of organically-bound tritium could warrant the
use of a radiation weighting factor between 2 and 3.

RÉSXJHt

Le présent rapport passe en revue la documentation et les données concernant
la mierodosimétrie, l'efficacité biologique relative, la distribution
subcellulaire, l'incorporation par les organes et la rétention du tritium
organique.
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Selon les calculs qui sont fournis, le facteur de qualité du spectre de
dégradation des électrons lié au champ de rayonnement bêta du tritium
dans l'eau serait de 1,9 i 0,2. On cite également une mesure de qualité
expérimentale reliée de 1,6 ± 0,2 et une estimation de 1,3 d'après des
études par simulation.

On a découvert que cette valeur moyenne de l'efficacité biologique relative
pour une banque de données de 55 valeurs s'élevait à 1,8 ± 0,1. Le rapport
aborde aussi l'influence des rayonnements de référence, les méthodes in vivo
par rapport aux méthodes in vitro, ainsi que l'utilisation de la thymidine
tritiée ou de l'eau tritiée.

Une technique utilisée pour prévoir les effets de la distribution
subcellulaire est décrite et le facteur de localisation utilisé comme
paramètre approprié est défini. Des calculs estimatifs de ce facteur sont
donnés pour le tritium lié au noyau et le tritium organique. Des valeurs
de 4 et de 1,5 sont suggérées respectivement pour chaque cas.

Le rapport compare aussi les résultats des études sur l'incorporation par
les organes chez les rongeurs après avoir été nourris longtemps au tritium
organique. On a découvert que le tritium n'était pas distribué également
parmi les tissus à l'étude. L'activité spécifique la plus élevée se produit
dans le foie et la moins élevée, dans le fémur. L'activité spécifique du
tritium dans l'eau corporelle dépasse légèrement celle du tritium qui se loge
dans le foie.

Les études sur la rétention révèlent une décroissance exponentielle à
trois composantes du tritium organique. Aucune tendance discernable des
périodes des trois composantes pour des organes précis n'a pu être établie.
Les valeurs moyennes de ces périodes étaient de 1,2 ± 0,2, 10 ± 2 et de
65 ± 8 jours.

L'auteur du rapport conclut que l'amélioration précise de l'efficacité
radiobiologique attribuable à l'incorporation de tritium dans l'ADN ne
se produit probablement pas.

Les répercussions radiotoxicologiques du tritium organique pourraient
nécessiter l'utilisation d'un facteur de pondération variant de 2 à 3.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the
Board nor the authors assume liability with respect to any damage or loss
incurred as a result of the use made of the information contained in this
publication.
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EFFECTS OF MICRODISTRIBUTION OF TRiTIUM ON DOSE CALCULATIONS

1. Introduction

1.1 Physical properties of tritium

3 3

The naturally occurring cosmogenic radionuclide H beta decays to He with a

half-life of 12.3 y. For this half-life the number of tritium nuclei per unit

of activity is 5.6 x 108 Bq .
3 1

The total energy release in the H decay is 18.6 keV. The spins and parities
of both the initial and final states of the decay are 1/2+ so that the beta
spectrum is characterized by an allowed shape with an endpoint energy of 18.6
keV.

2
The average energy of a beta particle in the spectrum is 5.68 keV. This

corresponds to an equilibriua dose constant of 3.3 /tGykg-MBq -h

Because of their low energy, the beta particles of H are weakly penetrating.
The continuous-slowing-down-approximation (CSDA) range of the maximum energy
beta particle is only about 8 fim and is thus comparable to subcellular dinen-
sions. This not only has implications regarding the dosimetry of tritium but
also renders routine monitoring of the activity difficult.

1.2 Metabolic considerations

In general released tritium initially is incorporated in water. Exposure to
animals in organic form takes place through the interaediary of plants. The

process is reviewed by Belot and will only be summarized here. Aqueous
tritium is easily exchanged with hydrogen atons attached to oxygen, sulphur,
or nitrogen atoms. The exchange process for these species takes place rapidly
with equilibration tines of the order of seconds. Tritium is bound to carbon
by metabolic processes, prinarily photosynthesis. Belot states that hydrogen
atoms linked to carbon atoms fail to exchange at all.

In aniaals the digestion of large molecules of carbohydrates, proteins and
fats results in hydrolytic cleavage to produce the smaller molecules
corresponding to monosaccharides* amino acids and fatty acids. These compounds
are incorporated into the pool of metabolic precursors and one of three
processes follows. Firstly the compounds may be oxidized to fora water.
Secondly they may take part in the synthesis of functional body constituents
such as enzymes, hormones, structural elements or secretion products. Finally
they «ay be synthesized into the pool of body reserves. Generally a three-
component retention is observed with periods of 1-2, 5-10 and 70-130 days for

4
the three groups.

1.3 Radiation weighting factor

In this report the value of the radiation weighting factor, w , for
n

organically bound tritium is considered. The philosophy which guided the
stratagem of the study is stated here.
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The International Commission on Radiation Protection (ICRP) has recently
introduced the concept of a radiation weighting factor. This quantity
essentially replaces the quality factor, Q, previously used to take into
account the dependence of the probability of stochastic effects on the type
and energy of the radiation field. The values of wD are stated to be broadly

compatible with the quality factor but have been introduced to eliminate an
implied spurious precision inherent in the latter. Unfortunately it is not
clear what limits are to be set with respect to precision for this new
quantity. Since currently recomaended values include unity for photons and
five for neutrons with energy less than 10 keV, it is inferred that the
precision is not restricted to order-of-nagnitude. For this study we interpret
the limit to be the nearest integer.

While the ICRP has replaced the quality factor for purposes of the calculation
of the equivalent dose, they have also introduced a new relationship defining
the explicit dependence of Q on the unrestricted linear energy transfer in
water (LET ). Since wo is meant to be broadly compatible with Q, it was

decided that knowledge of this quantity for tritium was a necessary datum for
consideration. Since no value for the tritium quality factor seems to have
been estimated previously, even for the earlier Q-LET^ dependence, it was

decided to perform the calculation as part of this study.

From a broader perspective, in this report we distinguish between the quality
of a radiation field and the corresponding quality factor as follows. In
experimental or theoretical investigations of the microdosimetric properties
of radiation fields it is possible to measure or calculate several attributes
which may be compared for differing fields. The relative values of such
attributes which are thought to be relevant to the biological effectiveness
are a measure of its quality. In keeping with traditional definition the
reference radiation field is generated by 250 kVp X-rays. Two examples of such
studies, one experimental the other theoretical, have been found and shed some
additional light on the quality of tritium, as distinct from the uniquely
defined quality factor discussed above.

The ICRP recommends that w_ be representative of the relative biological

effectiveness (RBE) in inducing stochastic effects at low doses. Depending
upon what one considers as a low dose, the unfortunate consequence of this
restriction is to eliminate the bulk, if not all, of the radiobiological data.
In this circumstance it would then be necessary to infer the effectiveness
from an epideniological approach. In light of recent experience, such an
approach applied to the field of radiotoxicology seems to generate much more
in the way of contention than information. To a large extent we feel that
radiobiological studies, in common with most toxicology, Bust resort to higher
levels of insult than strictly desirable in order to obtain any information at
all. Criticisms of the details of specific RBE studies have been given

elsewhere . Suffice it to say that experimental uncertainties, biological
variations and limited control of the very many parameters all contribute to
fluctuations in the results.

In this study no attempt has been made to select or emphasize specific
radiobiological studies or, except in one tentative estimate, to make
corrections to the published results. In our opinion selection nay
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inadvertently introduce undesirable bias. Our approach has been to include as
many results as possible and attempt to average over the inherent variations.
In particular, in keeping with the recommendations of the ICHP, no distinction
is made based upon whether the reference radiation is X- or "-radiation.
Evidence exists in general, however, that f-radiation and x-radiation are not

e

equivalent reference fields . Inherent in this approach is the assumption
that while individual endpoints are not those necessarily relevant to the
desired effect, the relative ability of the radiation field to produce the
latter is approximately indicated by this average.

1.4 Subcellular distribution

An additional complication in the study involves the possibility of
inhomogeneous distribution of tritium within the biological material and
indeed within the cell structure itself. In some sense inhomogeneity is a
given fact at sufficiently low doses. For example, at a dose rate comparable

to the natural background, one mGyy , the resident activity based upon the

equilibrium dose constant would be 33 Bq-g . This corresponds to an atomic

concentration of approximately 2 * 10 g Since cell concentrations are
9 -1

typically of the order of 10 g , this would imply that a cell would contain
20 tritium atoms. Similarly, for a dose of one mGy there would be an average
of about one disintegration per cell. For this reason, in this work all
distributions are considered to be within the framework of the cell population
as an ensemble.

One consequence of such subcellular distributions is the fact that tritium can
be incorporated within the structure of the DNA molecule itself. Since the DNA
molecule is generally believed to be the primary radiosensitive material, this
situation could be exceptional. In this report consideration has been given to
the possible special implications of incorporation.

A second aspect of subcellular distribution effects arises from the fact that,
as stated by the ICRP and in keeping with customary practice, the dose is
evaluated as an average over the tissue of interest. If one considers the dose
to the nucleus as critical however then such an approach may be inadequate. In
order to investigate this point further the localization factor is introduced
in this report and is defined as the ratio of the nucleoplasmic dose to the
tissue average dose.

1.5 Literature search

Four separate literature searches were performed using different routines. The
four search systems employed were:

Quest
Science Citation Index
International Nuclear Information Database
Nuclear Science Abstracts

The results of these searches, together with additional relevant references
found in the primary sources, have been combined into a single bibliography.
These have been sorted according to date and alphabetical order. The
bibliography is listed in Appendix A.
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1.6 Project design

To achieve the objective of this study the investigation was organized into a
consideration of the following properties:

Quality of the tritium radiation field
The dose point kernel for tritium
Relative biological effectiveness
Subcellular distribution effects
Tissue uptake and retention

The first two items arise out of a general consideration of microdosiffletric
properties. Information regarding the quality of the radiation field was
based upon the following:

Calculated quality factor
Experimentally determined specific energy
Electron track simulation of DNA double strand breakage

The information obtained above was then combined with the radiobiological data
to obtain a final estimate of the general quality of the tritium radiation
field.

Analysis of the nuclear dose for subcellular distributions of DNA-bound and
more general organically bound tritium involves the dose point kernel and
yields corresponding localization factors. These factors express the ratio of
the critical quantity, nucleoplasmic dose, to the quantity in current use,
average tissue dose. Based upon information regarding uptake characteristics
for OBT an overall localization factor is then estimated.

The radiation weighting factor for OBT which is necessary for caulculating
eqivalent dose, is then estimated as the product of the general quality with
the overall localization factor.

2. Microdosimetry

2.1 Microdosimetric parameters

The fundamental quantity describing the interaction of an electron with matter
is the differential cross section. For a complete description of the electron
transport the cross sections for all interaction types are inportant. These
include elastic scattering, inelastic scattering in which the target is left
in a bound excited state and ionization. The last is the interaction most
likely to lead to a significant biological effect, either directly or
indirectly.

The quantity commonly used to describe the behaviour of an electron of energy
E is the stopping power, S(E), which may be derived from the cross section
under certain conditions. This quantity is also referred to as the linear
energy transfer LET. The stopping power function for electrons propagating in
material in the condensed state, also known as the energy loss function in
this case, is not well-known over the entire range of energies. It is not
possible to use the cross section data in this case because of the collective



response of the medium. In general such effects are limited to the region

below a few keV and for higher energies the stopping power function is well-
7

established.

The biological effectiveness of a radiation field is known to be strongly
Q

correlated with the associated stopping power or linear energy transfer. This
correlation is expressed by the quality factor which essentially represents
the average effectiveness and is determined by the stopping power in water.

The LET is energy dependent so that a unique value exists only for a mono-
energetic radiation field. More generally, it is customary to employ the value
averaged over the fluence spectrum, referred to as the track average LET. This
quantity is important since it determines the relation between fluence and
dose as will be demonstrated shortly. Related parameters are restricted linear
energy transfers in which the range of energy losses is restricted to an upper
limit of A, rather than the maximum which can occur in the collision
processes. The restricted LET is designated L».

A quantity closely related to the track average LET is the average range. The
track average LET is the ratio of the average energy of the fluence spectrum
to the average range. Some authors appear to use the range evaluated at the
average energy but this is not correct since the range-energy relationship is
not linear.

2.2 Experimental data

Information regarding the microdosimetric properties of a radiation fieid may
be obtained by using a low pressure proportional counter containing a tissue-
equivalent gas. Normally the counter is spherical in shape and its effective
dimensions at unit density equal the product of the physical dimensions with
the density of the filling gas. In this way it is possible to simulate regions
in tissue with dimensions on a subcellular scale.

An event resulting in the deposition of energy in the detector volume produces
a pulse the height of which is proportional to the energy deposited. Provided
the detector diameter is snail coupared to the particle range, the energy
deposited is the product of the particle stopping power and the length of the
chord generated by the intersection of the particle track and the detector
volume. The observed pulse-height distribution thus reflects both the chord
distribution and the linear energy transfer distribution.

While it is possible to correct the observed distribution to obtain the LET
distribution, a sufficient approximation results from the lineal energy,
defined as the ratio of energy deposited to the average chord length. For a
sphere this is 2/3 of the diameter. In particular for diameters short compared
to the range the mean lineal energy equals the LET. In this case the frequency
average lineal energy is the track average LET.

An experimental study of this type involving tritiun was performed by Ellet
9

and Braby . These authors substituted propane for the usual tissue equivalent
counting gas in order to increase the signal-to-noise ratio. Tritiated •ethane
was mixed with the propane so that the source was uniformly distributed within
the chamber. Since signal strength decreases with pressure there is a lower
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limit imposed on the effective dimension. The smallest effective diameter for
which event spectra were recorded was 0.6 ftm but the spectrum was not
presented. The smallest effective diameter for which a spectrum is shown is
0.92 /im.

For the 0.92 /Jm-dianeter sphere the spectrum exhibited a modal value of about

4 keV-/«m and a median value of 2.4 keV-^ai . For 65 kVp X-rays the corres-

ponding values were found to be 1.5 and 1.1 keV#/Jm . The dose delivered by

tritium was concentrated in a relatively narrow range of lineal energies with

half the energy being delivered by events between 3.0 and 7.2 keV-/tm . The

frequency average lineal energy was 3.8 keV-/im for the smallest diameter
measured. The results of this experiment are summarized in table 1. According

to the theory of dual radiation action, the biological effectiveness of the
radiation field is proportional to the dose average specific energy in the
limit of low doses. The value of this quantity was determined in this experi-
ment for a variety of radiation fields. Based on the value for tritium
relative to 250 kVp radiation with an HVL of 1.8mm Cu, they estimate a rela-
tive effectiveness of 1.6 ± .2 for sites of 0.6 pm diameter and 1.5 ± .2 for
1.0 /im diameter, for doses much less than 4 Gy. They find corresponding values

of 1.4 ± .1 for both sites for 65 kVp radiation. For Co the relative
effectiveness is found to be only 0.5 and 0.4 for the 0.6 and 1.0 fim diameters
respectively.

Table 1: Dose Average Specific Energies ( (from Ref. 9)

Diameter (p

0.6
1.0
2.0
3.0
5.0

C
m) 6°Co

12.0
3.2
0.6
0.22
0.066

(Gray)

250kVp

25.0
7.6
1.6
0.58
0.17

65 kVp

35.0
11.0
9..0
0.74
0.22

39.0
11.0
2.0
0.66
0.17

2.3 Simulation studies

The consequences of irradiation with any field may be investigated using Monte
Carlo techniques. Such calculations are in principle extremely powerful.
Provided the basic data are available it is possible to simulate processes
such as molecular ionization, free radical production and diffusion on a
nanometer scale. For electron transport the Methodology of condensed histories
is normally used as typified by the EGS and ETRAN codes. These are more
suitable f̂ r higher energies than are typical for tritium. Recently codes have
been developed which follow individual interactions.

I to has performed track structure simulations for electrons generated fro«

Co T-rays, 280 kVp X-rays, H beta decay and for 523 eV #-rays, using the
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code ETRACK. He has calculated the intratrack and intertrack proximity
functions and the lineal energy behaviour. The latter is said to be consistent
with the experimental results.

The author states the number of single strand breaks in a cell nucleus is

estimated to be 580 Gy . The calculations indicate 360 Gy from direct

ionization and 235 Gy from OH- radicals. Ito calculates the ratio of double
to single strand breaks for the radiation types studied. This ratio decreases
from 3.12% for the lowest energy radiation (523 eV <S-rays) to 1.56% for the

fin
highest ( Co 7-rays). For tritiun the value is 1.76% corresponding to a
quality factor of 1.3. Three nodes of double strand breaking are possible;
both breaks result from direct ionization, one lesion is caused directly while
the second is indirect arising from free radical production and finally both
are produced indirectly. The relative probabilities of the three modes are
calculated to be 0.88, 1.06 and 0.02.

2.4 Analytical calculations

Estimates of relevant microdosimetric parameters may be made by numerical
techniques using slowing down theory, the details of which are described in
Appendix B. As stated above, the primary information required includes
appropriate cross sections, the stopping power and the electron energy
distribution. The calculations described here are for propagation in water.

The electron spectrum is only unique under two circumstances - propagation
from any source distribution in vacuo, and propagation in a material medium
from a uniform source distribution. It is the latter case which is considered
here. The fundamental physical basis for the calculation is that at any point
in the radiation field contributions to the fluence spectrum are Bade equally
from electrons at all stages in their life history. From this viewpoint the
requirement of uniformity is not unduly restrictive. If one considers the
situation of a point source (such as a single atom) located in a cell nucleus,
it would at first sight seem that the above spectrum would not be relevant.
This is not the case however for two reasons. Firstly, while the source
distribution is indeed far from uniform, the target, i.e. the DNA, may be

12
nort^lly distributed roughly uniformly throughout the nucleus . An inter-
action between the enitted electron and the DNA may occur, therefore, with
essentially equal probability at any point along the track, in keeping with
the above basis of the calculation. Secondly, the computation must be viewed
as a statistical one with the cell population as the ensenble. The location of
the tritiun will be randomly distributed in the nucleus and hence is uniform
over the ensenble.

2.5 Cross section and associated Quantities

The electron impact ionization cross section for water used in this work is
described quantitatively in Appendix B, Equation (B12). The variation of the
attenuation coefficient over the energy range of the tritium spectrum is shown
in Figure 1. The threshold energy for ionization is 12.6 eV. The attenuation

coefficient rises to a maximum of 0.6 nm at 100 eV. At this energy the mean
free path for an ionization is only 1.7 nm.
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Figure I: The total electron inpact ionization attenuation
coefficient for water in the energy region of tritiun 3-rays

The behaviour of the electron stopping power in the region below 10 keV is not
well defined since in this region the Born approximation upon which the usual
Bethe formula rests is no longer valid. The stopping power for water used in
the calculation is shown in Figure 2 and is an analytical representation of

13the results of Ashley . As may be seen in the figure, this quantity rises to
a naxinun of about 27 keV/fim at 150 eV.

The quality factor is an explicit function of the unrestricted stopping power

of water given above. The explicit dependence on LET recommended in ICBP 60
is given by

Q = 1.0

Q = .32-S - 2.2

Q = 3007/1

S < 10
10 < S < 100

S > 100 (1)

Because the stopping power is an explicit function of energy the above
equations result in an iaplicit dependence of the quality factor on energy.
This dependence was calculated fron the relations in Equation (1) and is
illustrated in Figure 2. As Bay be seen froB the figure, the quality factor
exhibits a maxiBUB of about 6 at 150 eV.
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2.6 Energy distributions

1O 100 1OOO

Energy (eV)

Figure 2: The var ia t ion of the electron stopping power
water wi th energy is shown by the so l i d curve. The
corresponding qua l i t y fac tor calculated by the ICRP60
formulat ion i s represented by the broken curve.

The fundamental distribution characterizing tritium is the spectrum of
electrons created in the decay process, referred to here as the emission
spectrun. The emission spectrum is governed by the beta decay transition
probability, p(E) which may be written

p(E) = (2)

The first factor is the Fermi function. This depends upon the daughter atonic
number Z, which is two in this case. The Fermi function also depends upon the
total energy, W, which is the sun of the kinetic energy and the rest mass
energy. The second term, 9 is the electron momentum. It should be mentioned
that there is soae controversy concerning the shape of the emission spectrum
arising from the suggested existence of a massive neutrino with rest mass
energy of 17 keV. The influence of this possible effect is less than 0.1 X so
that it may be ignored in practice.

The spectrum calculated according to Equation (2) is illustrated in Figure 3.
The average energy calculated by numerical integration of the computed
spectrum is 5.7 keV in good agreement with the accepted value of 5.68 keV.
The primary fluence spectrum «KE) generated at a point in a material medium by

tritium decay differs from the emission spectrum p(E ) because electrons
produced at a remote site lose energy by inelastic collisions as they
propagate to the point under consideration. This spectrum of degraded
electrons, the slowing down spectrum, nay be derived using transport theory in
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0.30

0.00
0.02 0.1

Energy (keV)

Figure 3: The solid curve i l lustrates the spectrum of }'
particles emitted in the decay of t r i t ium. The broken curve
depicts the resultant electron slowing down spectrum
according to the CSOA.

the continuous slowing down approximation for a uniformly distributed source
as explained in Appendix B. The result is

(̂E) = I f p(EVdEj (3)

-2 ,,-1The usual dimensions of the fluence spectrum are cm keV . These arise for
a specified source strength. Since only the shape of the spectrum is relevant
here, it is not necessary to calculate absolute values.

The primary fluence spectrum of degraded electrons calculated according to
Equation (3) is compared with the emission spectrum in Figure 3.

The complete degradation spectrum nay be considered to consist of three
components:

1. The degraded beta particles
2. Delta-rays produced by impact ionization
3. Auger electrons emitted by K-shell ionization

de-excitation.

The latter two components are also degraded as they propagate from their point
of origin. The first component is the primary fluence spectrum calculated
using the continuous slowing down approximation in Equation (3). The second
and third components are calculated from their respective production, spectra
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in a similar manner. A more detailed discussion is given in Appendix B. The
calculated electron degradation spectrum in water together with the three
components are shown in Figure 4. The contribution from <*-rays exceeds that of
the primary spectrum for energies below approximately 0.3 keV and dominates
the low energy region. The contribution from Auger electrons is generally
insignificant amounting to sone 10% in the most sensitive region near 0.5 keV.

I
I

0.01 10 100

Figure 4: The electron degradation spectrum of t r i t ium. The
short broken line fa l l ing steeply with increasing energy
represents the contribution from £-rays. The small Auger
component is shown as the long broken line, cutting off
sharply at 0.49 keV. The third component corresponds to the
primary slowing down spectrum. The sum of the three
contributions is shown by the solid line.

2.7 The tritium quality factor

The fundamental equation for dose equivalent, H, is

H = jVdD (4)

where dD is the element of dose contributed by radiation of quality Q. For
convenience the calculation will be performed for water, a medium with unit
density and dosimetric properties similar to soft tissue.

For unit density media equation (4) can be written in terms of the electron
fluence spectrum, ^(E), to give

« • / Q-S(E)-<O(E)-dE (5)

In Equation (5), S(E) is the stopping power for an electron of kinetic energy
E and the integration extends over the energy range from 0 to the Maximum
value E . The tritium quality factor is then given by
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Qt = H/D (6)

The quality factor calculated by numerical integration for the 1000-point
electron degradation spectrum of Figure 4, using the LET dependence
recommended by ICRP 60, is

Qt = 1.9 ± .2

This value is to be compared with the result of

Q^ = 1.4 ± .2

obtained using only the primary component of the spectrum. The increase
results from the fact that the additional J-ray component is concentrated in
the region of relatively high LET. It is of significance that the value
obtained from the complete spectrum is approximately equal to that obtained
for the emission spectrum, 1.8. On this basis it is reasonable to assume that
this parameter would be relatively stable under non-equilibrium conditions.

2.8 Mean free path, track average LET and average range

The inverse of the electron impact ionization attenuation coefficient
illustrated in Figure 1 is the mean free path. This quantity was averaged over
the emission spectrum of Equation (2). The average value was found to be

<mfp> = 22 nm.

For comparison the diameter of DNA is only 2 no.
For a fluence spectrum (i»(E), the track average LET is given by

Eo

IE (7)

where the total fluence is given by

/•Eo<(> = J>(E)-dE (8)
o

The integral in Equation (7) is the energy loss density. For a unit density
•ediun in charged-particle equilibrium this quantity is equivalent to the
dose. The inverse of <L> may therefore be used to calculate the fluence
corresponding to a unit dose.

For the electron degradation spectrum depicted in Figure 4 the unrestricted
track average LET was found to be

LETm = 5.0 ± .5 keV-fmf *

corresponding to the value of <L> in Equation (7) when S(E) is the
unrestricted stopping power. The corresponding fluence-to-dose ratio is
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* = 1.3xlO8 cm"2-Gy"1.

For completeness, the value of LET for energy losses restricted to a maximum
of 0.1 keV was also estimated. This quantity is often used in radiobiology. In

7
this case the restricted stopping power was used in the integral in Equation
(7) to obtain

LETQ 1 = 4.0 ± .4 keV'/dn"
1

The mean range for the emitted electrons was calculated by averaging the
range-energy relation over the emission spectrum. The range-energy relation in

this energy range was taken from I to . The resulting value for this quantity
is

<R> = 1.3 /im.

It may be shown from continuous slowing down theory that the track average
LET for the primary electrons is the ratio of the average energy and average

QQ

range for the emission spectrum. On this basis the track average LET for the
00

primary electrons is 5.7/1.3 or about 4.4 keV'fim . When secondary electrons
are taken into account this is seen to be increased by some 14%. Similarly if
secondary electrons are included in the range estimate the mean range is
calculated to be 0.89 (ta.

2.9 Discussion

The experimental and calculated results {given in subsections 2.2 and 2.8
respectively) pertaining to LET are not directly comparable. The mass stopping
power of propane differs from that of water. While the behaviour of the former
is not known at low energies, the value for water at 10 keV is 86% that of
propane. Since for gases the mass stopping power ratio is relatively
insenstive to energy this value will be assumed to hold over the entire range.
Correction for this effect gives a value for the frequency average lineal

energy of 3.2 keV-fiwT for the 0.6 pm diameter tritium data. This is
considerably lower than the values of track average LET estimated by
analytical calculations. The experimental values are distorted however since
the mininum diameter used is not negligible conpared to the particle range.
Indeed for a significant fraction of the electrons the diameter exceeds the
range. In this case the energy deposited is the entire energy and no longer
proportional to chord length. The value measured now underestimates the
average LET by the ratio of the range to the mean chord length.

Q

The conclusions reached by Ellet and Braby regarding the relative effective-
ness of the different radiation fields studied are significant. Qualitatively

the trends are consistent with those stated in NCRP report #63 . The
60

effectiveness of Co radiation is significantly less than that of the

standard 250 kVp field while that for tritium closely matches the 65 kVp

field. The value of 1.6 ± .2 found by Ellet and Braby9 for tritium must be
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considered to be in excellent agreement with that estimated here, particularly
in view of the bias towards low values mentioned above.

fin
In contrast, the relative effectiveness of Co, 250 kVp X-rays and tritium
based upon the double strand breaking estimates of the Monte Carlo simulations

fin
are less varied. Relative to 250 kVp X-rays, Co radiation is calculated to
have an effectiveness of 0.9, while the value estimated for tritium is only
1.3.

3. Dose point kernel

3.1 Introduction

The dose point kernel is required in the estimation of dose distributions.
Since the dose-source relationship is linear, the dose resulting from a
collection of sources is the sum of their individual contributions. A source
which is spatially distributed may be decomposed into an infinite number of
point sources.

The dose point kernel is the dose distribution K(R) produced by a unit
activity point source. The quantity R represents the distance between the
point source and the point at which the dose is evaluated.

If a source is distributed so that the activity per unit volume at position r'
is A(r'), then the dose produced at r is

D(r) = J*K(R)-A(r')-dV (9)

In the above integral
R = |r-r'| (10)

Thus the dose distribution results from the convolution of the activity
concentration with the dose point kernel.

3.2 Calculation

As stated above, the distribution of deposited energy around a point source is
fundamental in calculating general dose distributions. Since analytical
solutions to the transport equation which take into account energy deposition
fluctuations do not exist, the use of Monte Carlo simulation is required. In
the work reported here, the energy deposition profile for a point source of
tritium is calculated from data obtained using the condensed history
simulation technique.

14
As described in detail elsewhere , an analytical expression was developed
describing the energy deposition pattern, M(E,R), generated by Monte Carlo
methods for monoenergetic electrons with energies from .5 to 18 keV. The
tritium point source dose distribution was then calculated from

K(R) = yM(E,R)-p(E)-dE (11)

The result is shown in Figure 5.
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Figure 5: The dose-point kernel for t r i t ium.

3.3 Microscopic absorbed fractions

As can be seen in the figure, the dose produced by the decay of a tritium atom
is spread by electron transport over distances comparable to the dimensions of
cell nuclei. This aspect is illustrated in Figure 6 which indicates the
fraction of energy deposited in a cell nucleus by a point tritiua source
located at the center as a function of the nuclear diameter. This is an
extreme case of course and it is expected that the fraction retained would be
considerably lower for other situations. The distribution of tritium
incorporated into DNA is more likely to be approximately uniform throughout
the cell nuclear volume. For low levels of tritium such that only a few
tritium atoms are incorporated in a given cell nucleus, the distribution
referred to must be considered as an ensemble average over the cell
population. The fraction of energy deposited in a spherical volume for such a
uniformly distributed source of tritium has also been calculated for the dose
point kernel of Figure 5 and is compared with that for a central point source
in Figure 6 for the range of diameters typical of cell nuclei. For a cell with
a nuclear diameter of 7 /fn as an example, the fraction of energy deposited for
a uniformly distributed source is about 73X while for the central point source
it is about 90X. The discrepancy of some 17X indicates that the fraction is
not highly sensitive to the details of the micro- distribution. We conclude
that treatment assuming a uniform concentration throughout the cell nucleus
for any incorporated tritium would be accurate to within 10%.
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1.20

COO

Figure 6: Fraction of tr i t ium decay energy absorbed in
spherical volume as a function of diameter. The upper curve
il lustrates the fraction absorbed for a point source at the
center of the sphere. The broken curve shows the fraction
absorbed for a uniform activity distribution in the volume.
The data points are calculated from the experimental results
of Ref. 9.

3.4 Discussion

The dose point kernel calculated here is in good agreement with that of Ito
except near the region beyond 4 /in. At this point the two calculations diverge
significantly with our values lying lower. The result obtained by Ito
indicates a more disperse dose distribution than that obtained here. It is
expected therefore that the absorbed fractions calculated on the basis of his
results would be lower than those obtained here. Our values are in good

14agreement with those obtained by Berger .

Independent evidence regarding the absorbed fraction for a sphere of uniform
9

activity nay be obtained by the experimental work of Ellet and Braby . The
event frequency average energy deposited is directly related to the Bean
lineal energy. Therefore the ratio of this quantity to the average energy, 5.7
keV is the fraction absorbed in the propane spheres. Because of the shorter
range in propane an estimate must be made to correct the data. Since the
absorbed fraction is explicitly dependent upon the ratio of range to sphere
diameter the data were incorporated by using a corrected sphere radius. Based
upon the assumption of a constant mass stopping power ratio of 0.86 for water
to propane, it was assumed that the effective water diaaeter was the experi-
mental value divided by this ratio. The estimates obtained in this manner are
compared with our calculated values in Figure 6. The agreement is satisfactory
although the data are consistently high. This trend is in opposition to that
which would result from greater dispersion as in the Ito calculation.
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4. Radiobiological data

4.1 RBE data base

The review of the radiobiological literature since 1956 reveals 55 values
determined for RBE which have been incorporated into a database. The cellular
systems studied include eukaryotic cells such as L5178Y, confluent 10T. ,,,

small intestine epithelium and oocyte mouse cells, V59B Chinese hamster cells,
human fibroblast, HeLa, bone marrow stem and spern cells, and prokaryotic
cells of strains of E.coli bacteria- In addition, adult mice, mice embryos,
rats, ilrosophiia, i'edaka, and i'tcia seedlings have been investigated.

At the cellular level, endpoints of cell killing, mutation frequency, DNA
scissions, and inhibition of DNA replications have been used. For entire
organisms pathologies of myeloid leukemia induction in CBA/H mice, spleenic

59
and thymic weight loss, Fe uptake and LD_. in mice and mammary tumor

induction in rats have been employed as endpoints.

Compounds used include HTO, tritiated thymidine and tritiated amino acids.
Normally these are introduced into the culture medium for cell studies. For
intact organisms they are incorporated into food or water or introduced by
intraperitoneal injection.

The attributes considered for each study were endpoint, organism, cell line,
nuclear diameter, temperature, tritium compound, characteristic dose such as
D», reference radiation, and dose rate. Not all attributes could be determined

for each study. A condensed report of the contents of the data base listing
those attributes for which information is complete, is given in Appendix C.

4.2 Analysis

The data were analysed using a log-normal model. In choosing this distribution
we were guided by the ubiquitous applicability of this model to natural
phenomena involving continuous variates with domain restricted to the positive
real numbers. In addition we relied upon the general principle of the central
limit theorem applied to processes which result from the multiplicative
combination of a large number of independent random factors. The data are
compared with the fitted model in Figure 7. The agreement is satisfactory. The
fitted distribution corresponds to an average value for RBE of

<RBE> = 1.8 ±0.1

where the uncertainty reflects the statistical variation only. The arithmetic
mean and error estimate were also 1.8 ± .1 so that it may be concluded that
this parameter is insensitive to the model of the distribution used here.

4.3 Categorizations

The paucity of data prevents a complete multivariate analysis of the results.
A less detailed study was performed based upon the following categorizations
of the data :
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In vivo or in vitro study

X-ray or y-ray reference radiation
3

Tritiated water (HTO) or tritiated thymidine ( HTdR) exposure.

For the first categorization the mean values of RBE were found to be 1.8 * .1
and 1.9 ± .2 for the in vivo and in vitro studies respectively. For the second
categorization the values were 1.5 ± .2 and 1.8 ± .1 for X-ray and ~-ray
studies respectively. For the third categorization the results were 1.7 ± .1

and 2.5 ± .6 corresponding to HTO and HTdH labelling respectively.

1.20

1.00 (-

£ 0.80 -

O.60 -

0.40 -

0.20 -

0.00

RBE

4.4 Discussion

Figure 7: The cumulative probability distribution of
observed relative biological effectiveness (RBE) of tritium
^-radiation. The snooth curve is the cunulativs probability
for a log noraal distribution with the saie aeayi and
variance as the data.

The Bean value of the entire data set is in good agreement with the quality
factor estimates obtained by analytical calculation and nicrodosinetric
experimentation outlined in Section 3.

No significant difference exists between the results of in vivo and in vitro
studies.

The value for the radiation weighting factor is to be based upon the observed
values of RBE, regardless of whether the reference radiation is X- or T-

5 6
radiation . It has been pointed out however that in general the RBE for these
two radiations differ. The result obtained here indicates no statistically
significant difference between the two data sets. Unfortunately the X-ray data
is sparse so that the uncertainty for this value is relatively
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large. The estimate of the effect given in the above reference suggests that
the EBE for gamma radiation be corrected by a factor of 0.8. Such a correction
results in a value of 1.5, which is in good agreement with the observed mean.
In any event the data indicate that the use of data based upon either
reference radiation is justified to an accuracy of 20%.

The third categorization is especially important since it bears upon the
question of possible enhanced effects due to incorporation into DNA. Since

3
thymine is the only base unique to DNA the use of HTdR results in specific
labelling of what is generally accepted to be the most radiosensitive site. It
should be noted therefore, that in these studies autoradiography has been used
to obtain estimates of the dose to the nucleus. The average value of RBE

3
obtained from HTdR studies is statistically larger than that for HTO
labelling by a factor of 1.5 ± .3.

The difference between RBE values for the two types of labelling is not
unequivocal evidence for an enhanced effect for incorporation. Of the eight

3
values which make up the data set for HTdR labelled exposures, four were
performed at -195°C. While a complete delineation of temperature effects is
not available, a comparison was made in the study reporting the above four

1 fi
results . In one case a direct comparison was made of an otherwise identical
treatment with temperatures of -195°C and 5°C. The RBE was observed to
decrease from 3.0 to 1.8 with the increase in temperature. If the four data
values are corrected by the same factor of 0.6, then the mean RBE value
decreases to 1.7 ± .3. Such a correction is tentative at this stage but it
does indicate the possibility of a significant distortion of the mean value

3
for HTdR studies and that incorporation effects probably do not significantly

change the RBE at common cell temperatures.

5. Microdistribution Effects

5.1 Introduction
Two important publications investigating the microdistribution and its
influence on dosimetry have essentially employed the methodology of internal

17 18
dosimetry on the cellular scale. ' The formulation will be outlined here
using a slightly different nonenclature. The basic assumption is that the cell
•ay be treated as two uniform substructures, the cell nucleus and the
extranuclear region. The tritium distribution within each substructure is
considered to be uniform. The critical quantity is identified as the average

19
dose to the cell nucleus. As pointed out by Younis and Watt this approach
may in part be justified for the following reasons. First, while the average
range of the tritium radiation is comparable to cell nuclear dimensions it is
still relatively large on the molecular scale. Thus the resultant ionization
damage from a tritium decay is spread over a region approaching the nuclear
radius and direct damage is no sore probable from a radionuclide incorporated
into the DNA than from one in a nearby water or protein molecule. Secondly,
the indirect damage which results following further migration of free radicals
produced along the track is even more diffuse and hence more uniformly
distributed. Finally while the radiosensitivity of DNA is well established it
has been suggested that the integrity of the nuclear membrane may also be a
critical factor. The only distinctive highly localized consequence of
incorporation is that of transmutation.
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The specific cumulative activities in the extranuclear and nuclear regions are

designated A and A . These quantities are understood to have dimensions

corresponding to the number of disintegrations per unit mass such as

Bq-s-kg . The nucleus now receives two contributions referred to here as the
self dose and external dose. The self dose corresponds to the energy per unit
mass generated by decays within the nucleus corrected for the energy lost from
the region by radiative transport. Similarly the external contribution corres-
ponds to the energy per unit nuclear mass transported into the nucleus from
the extranuclear region.

The analysis is obviated by considering the activity distribution to consist

of a constant term A throughout the entire cell and an activity excess A -A

concentrated in the nuclear volume. For a nuclear diameter d, the fraction of
energy absorbed, f(d) is determined from the dose-point kernel as described in
Section 2. The dose to the nucleus due to the constant term is then equivalent
to that for an equilibrium dose and the details of the transport need not be
considered. The resulting nuclear dose can thus be written

+ (An-Ae)-fvd)|-E (12)

In the above equation E is the average energy release per decay, given as 5.7
keV. The above can be rearranged to give

= UUe-[l-f(d)] + An-f(d)]-E (13)

The expression in Equation (13) is now compared with that which corresponds to
the case for which tritium is considered to be uniformly distributed. The
effective uniform specific cumulative activity is given by

Au = (l-«)-Ae + tf-An (14)

where u is the fraction of tissue mrss corresponding to nuclei. The
equilibrium dose estimate is simply

Du = Au-E (15)

Since the latter is the nornal dose estimate it is convenient to introduce a
localization factor, L, defined as the ratio of the dose given in Equation
(13) to the equilibrium dose. Thus

L = [l-f(d)]-Ae/Au + f(d)-An/Au (16)

The localization factor defined in Equation (16) depends upon both cytological
and biochemical parameters. The cytological parameters are the diameter of the
cell nucleus and the fraction of tissue by weight corresponding to nuclear
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material. The biochemical parameter is the ratio of specific cumulative
activity concentration in the extranuclear region of the cell to that in the

nucleus A /A .
e n

5.2 Tritiated thvmidine

17
In the first of the two experiments mentioned above, Saito et al. , pregnant
mice were given tritiated thymidine. The resultant off-spring were then nursed
by non-exposed mothers. The specific activity of DNA was determined just after
birth and at ages of one, two and four weeks, for spleen, kidney, brain,
liver, intestine, heart and lung. For each of the first six, diameters of cell
nuclei were determined and found to range from 5-6 jia for the spleen to 8.7 fim
for the intestine. The nuclear mass of DNA was determined for spleen, kidney,
brain, and liver cells and estimated for the rest. The dose calculated from
i e specific cumulative activity in the nucleus, corrected for energy escape,
was then compared with the equilibrium dose based upon the measured uniform
specific cumulative activity. The latter is referred to as the tissue-average
specific cumulative activity.

3 3 20
Because DNA-bound H contains little, if any, H in exchangeable form , in
this situation there is essentially no external concentration of tritium, so

A = 0. The localization factors varied from a minimum of 1.5 for intestine
e
to 6.2 for brain. No error estimates are given.

5.3 Organically bound tritium

18
In the second study the effect of the microdistribution of organically-bound
tritium was investigated. In this study the concentration of protein in the
cell nucleus and in the external region was determined for spleen, kidney,
liver and brain. The tritium specific activity was assumed to be proportional
to the protein concentration. In this case the localization factors were found
to be much smaller, ranging from 0.84 in brain to 1.54 in spleen, with a
geometric mean of 1.3. The results are given in more detail in Table 2.

18
Table 2: Localization factors for OBT

Spleen Liver Kidney Brain

p»'pt

vp
t*

1.

0.

8

8

1

1

.4

.0

1.

0.

7

9

0.

1.

8

0

d(/tm) 5.6 8.1 6.8 8.5

f(d) 0.75±.03 0.82±.03 O.79±.O4 0.82±.05

L 1.54±.O4 1.33±.O1 1.53±.03 0.84±.01

P ,P , and P. are the nuclear, extranuclear
n e t
and tissue-averaged protein concentrations.
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5.4 Discussion

The values of the localization factors depend critically upon the nuclear mass
fraction designated &•'. This quantity is not directly quoted in the above
papers but may be inferred from the results. Moreover, the value nay be
compared in the two works for corresponding tissues. This is of interest since
quite different raethodologies were used and the inferred value is independent
in each case. In the thymidine study the value of u is obtained as the ratio
of effective uniform specific activity to nuclear specific activity. In the
OBT study, u is obtained as the product of the nunber of nuclei neasured per
unit tissue mass, the density of nucleoplasm and the nuclear volune. The
errors in this latter parameter are stated as about 50% and are not included
in their stated uncertainties for the localization factors.

The nuclear mass fraction is closely related to the nucleocytoplasmic volume
ratio R . defined as the ratio of nucleoplasmic to cytoplasmic volume. Taking

the densities of nucleoplasm and cytoplasm to be identical and assuming the
cell mass to be indicative of tissue mass

21
Recently a sensitive fluorometric nethod has been developed to determine the

R . and has been applied to a series of cultured cells. The cells studied

were bovine aortic endothelial cells (BAED), Swiss 3T3 fibroblasts, PtK2 cells

and CV-1 cells. By measuring large numbers of replicate cells, of the order of
80, the study indicated the natural variability of this quantity which was
found to be of the order of 5X. Unfortunately these authors do not state
corresponding nuclear diameters so these parameters had to be estimated from
cell volumes indicated on a graph.

In Table 3 is summarized the data of Saito as well as the more accurate
cytofluorometric data mentioned above. The localization factors for the latter

' were calculated in this work.

Table 3: Localization factors for nuclear bound tritium

Spleen
Liver
Kidney
Brain

BAED
3t3
PtK2
CV-1

u

[ref 17]
0.23
0.16
0.26
0.13

[ref 21]
0.17
0.23
0.21
0.24

[ref 18]
0.23
0.08
0.08
0.11

d(/tm)

5.6
8.1
6.8
8.5

9
11
11
11

f

0.75
0.82
0.79
0.82

0.82
0.86
0.86
0.86

L

[ref 17]
3.2
5.1
3.0
6.1

4.8
3.7
4.1
3.6
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As can be seen in Table 3, the values of u determined for spleen and brain are
in good agreement in the two studies. The values for liver and kidney however
are different by factors approaching three. It is to be noted that the
localization factors are based upon the higher values, so that if the lower
estimates were used the values for L would be increased dramatically for these
tissues. In addition it should be noted that in the thymidine study a value of
1.5 for the localization factor of small intestine cells is quoted. This would
imply a nuclear mass fraction of 0.55 for these cells. Unfortunately it was
not possible to ascertain experimentally the DNA content in this case and a
value of 7.0 pg was assumed. The implied value of u seems high compared to the
values appearing in Table 3. The entries in the table are restricted to those
for which there is an experimental basis. The mean localization factor
calculated assuming a lognormal distribution is

<L> = 4.1 i 0.2.

For comparison the arithmetic mean is 4.2 ± .4.

6. Uptake and retention studies

6.1 Tissue uptake distributions

In this section studies involving the distribution of H with respect to
tissue type following ingestion of organically bound tritium (OBT) are
considered.

20
The first study described was performed by Konatsu et al. In this investiga-
tion month-old nice were fed organically bound tritium in the form of
tritiated brine shrimp added to connercial fodder. The specific activity
distribution of OBT was determined for testis, muscle, small intestine, liver,
brain, fat and tissue-free water (TFWT). The results are listed in Table 4.
The data were taken after seven days of the regimen.

22
A second experiment involving mice was carried out by Golnik and Rochalska.
In this case the standard'diet was supplemented with lyophilised, powdered
tissues containing OBT. The OBT supplement was prepared from foetuses and some
organs of female rats which had been injected daily with tritiated water
throughout the gestation period. Feeding of the mice was maintained for 21
days. Results obtained for brain, lungs, heart, kidney, liver, spleen, small
intestine, auscle, fenur and testis after 21 days are given in Table 4.

Two closely related rat studies involving the ingestion of tritium in organic
23 24

form have also been reported. ' In both experiments groups of rats were fed
OBT prepared in the same manner as by Golnik and Rochalska for five days. In
one of the studies a second group was nourished with fodder containing only
tritiated protein (TP) isolated from the OBT. The specific activity was
measured for brain, lung, heart, kidney, liver, spleen, small intestine,
muscle, femur, and skin (without hair). The results are compared with each
other and the mice studies in Table 4.
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Table 4: Relative tissue uptake in rodents

TESTIS
MUSCLE
SM. INT.
LIVER
BRAIN
LUNG
HEART
KIDNEY
SPLEEN
FEMUR
SKIN
FAT
TFKT

MICEa

OBT

0.83
0.74
1.00
1.20
0.51

0.62
1.33

TP

0.32
1.00
1.16
0.55
0.79
0.55
0.53
0.63
0.18
0.71

RATb

OBT

0.26
1.00
1.06
0.21
0.66
0.21
0.77
0.94
0.23
0.66

RATC

OBT

0.19
1.00
0.87
0.12
0.54
0.39
0.58
0.59
0.12
0.45

MICEd

OBT

0.55
0.60
1.00
0.92
0.26
0.92
0.49
0.84
0.83
0.24

0.69
0.42
1.00
1.04
0.33
0.73
0.41
0.68
0.75
0.19
0.61
0.62
1.33

AVG

± .14
± .07

± 0.05
± 0.07
± 0.06
± 0.06
± 0.06
i 0.06
± 0.02
i 0.08

20

bRef. 24

cRef. 23

dRef. 22

As can be seen from Table 4, while there is considerable overlap in the set of
tissues investigated such overlap is not complete. Moreover, since different
activities were used the data as presented were not directly comparable. In
order to achieve concordance all results were calculated relative to the
specific activity in the small intestine. The choice of this organ was
arbitrary and based upon convenience. In addition the average relative uptake
could then be calculated and this quantity along with an estimated uncertainty
is listed in the table. In all Dut the first entry, standard deviations were
used in the uncertainty estimate. This was not possible for testis since only
two values were available so that the error estimate in this case was the
range of the data. No uncertainty estimates could be made for fat or tissue
free water.

The average relative uptake is shown in Figure 8. It is clear from the figure
that the uptake is not uniform. OBT is found preferentially in liver and small
intestine. A second important aspect is the evidence for a high degree of
conversion provided by the large concentration in TFWT. This result is
reassuring in that it indicates that assays based upon urine would be good
indicators of the levels in the bulk of the tissues, while overestimating,
apparently never underestimating specific activities throughout.

6.2 DNA uptake

The issue of specific uptake of tritium in DNA following OBT exposure was

but

investigated for mouse liver cells by Komatsu et al.
24

by Rochalska et al.

20 and for rat liver cells
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Figure 8: The relative uptake of organically bound trit ium
in rodents following long-term feeding of t r i t ia ted fodder.
The graph shows the ratio of specific activity in testis
(Te), muscle (Mu), l iver (L i ) , brain (Br), lung (Lu), heart
(He), kidney (k i ) , spleen (Sp), femur (Fe), skin (sk), fat
(F), and tissue-free water (w) to that for small intestine
(Si).

In the mouse study the authors found that the specific act iv i ty of DNA-bound
tritium for OBT-fed animals was 4.6 times higher than for animals exposed to
HTO. The authors s ta te that the rat io of DNA-bound tritium specific act iv i ty
to that for TFWT was 0.11 for HTO exposures. This would imply a ra t io of about
0.5 for OBT intake.

For rat l iver cells the difference between DNA-bound values for OBT and HTO
exposures was more accentuated and the ra t io of specific ac t iv i t ies was found
to be 13. After five days in which a 200 g rat was fed a to ta l of 333 kBq (9

/«Ci) OBT the specific act iv i ty in liver DNA reached 6.4 kBq-g . Considering

the to ta l intake to be about 1.7 kBq-g and that elimination has occurred
this indicates a concentration factor of about four.

1 7Following Saito et a l . , the nucleus of a mouse l iver cel l has a mass of
roughly 300 pg, and contains 12 pg of DNA. If one applies the DNA
concentration of 4% implied by these figures to the nuclei of rat l iver ce l l s ,
then the nuclear act iv i ty concentration due to DNA-bound tritium would be only

about .25 kBq-g"1. For ra t s the equivalent uniform ( i . e . tissue-average) OBT

specific act ivi ty in l iver was measured to be 1.6 kBq-g . If an average
figure of about 25% is used for the nucleoplasmic mass fraction then the

equivalent value for DNA-bound tritium is .06 kBq-g" . This result implies
that 4% of the OBT becomes incorporated in DNA.
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6. 3 Retention times

22
Golnik and Rochalska followed the time course of the OBT specific activity
in each of the tissues studied. The measurements were performed for both wet
and dry tissues and the results analyzed in terms of three component decays.
The results are summarized in Table 5. As is well known, the determination of
periods from multicomponent exponential decay data is difficult and a wide
variation in individual results is observed. The authors do not give
uncertainty estimates. By combining the results, 20 values for the periods of
each of the three components are obtained. The average values are

T, = 1.2 ± .2 days

. T2 = 10 i 2

T3 = 65 ± 8.

Table 5: The values of T. parameters in wet and dry tissues of mice after 321

days contamination with OBT (from Ref. 21)

Tissue

Brain
Lungs
Heart
Kidneys
Liver
Spleen
Small intestine
Muscle
Femur
Testis

Conclusions

Tl

1.7
2.1
0.9
0.9
1.0
0.7
0.7
0.8
0.6
1.0

Wet Tissue

OBT

T2

18
•8

16
6
9
5
4
7
9
8

T3

154
46
69
53
58
38
43
36
50
39

Dry

Tl

1.3
0.8
2.0
0.3
0.8
0.9
0.5
2.0
4.0
0.5

Tissue

OBT

T2

35
8
7
8
5
8
9
10
9
18

T3

35
89
59
169
31
36
69
77
61
95

7.

The quality factor corresponding to the electron degradation spectrum of
tritium is 1.9 ± .2.

Estimates regarding the quality of tritium radiation are 1.6 =t .2 based upon
an experimental study and 1.3 resulting fron a simulation.

The average value of relative biological effectiveness of tritium based upon
55 individual estimates is 1.8 ± .1. The average values for in vivo and in
vitro experiments exhibit no statistically significant difference. The average
value for experiments with X-ray reference radiation is about 10X less than
for those using 7-ray reference radiation.

Based upon the above, a reasonable estinate of the overall quality of tritium
radiation is about 1.7.
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These conclusions are summarized in table 6.

Table 6: Measures of Tritium Quality

Quality factor 1.9 ± .2
Specific energy 1.6 ± .2
Double strand breaks 1.3
RBE }.8 * .1

Average 1.7 ± .2

The average value of relative biological effectiveness for experiments
involving the specific DNA precursor, tritiated thynidine, was significantly
higher than for non-specific labelling by a factor of approximately 1.5. If
correction for a possible confounding factor (temperature, see subsection 4.4)
is made, the apparent difference vanishes. It is not possible to definitively
rule out enhanced effects for DNA-incorporated tritium.

A relatively good estimate for the average localization factor for
nuclear-bound tritium is four. A precise average for the localization factor
of organically-bound tritium is not currently available but it is likely that
it would not greatly exceed 1.5.

The specific activity of DNA-bound tritium following exposure to tritiated
food is about 4% of that for organically-bound. This would imply an overall
localization factor of 1.6. These conclusions are summarized in table 7.

Table 7: Localization Factors

DNA-bound 4.1 ± .2
Organically-bound 1.5 ± .2
Estimated overall 1.6 ± .2

Since in practice in vivo assessment will only provide information
regarding the tissue average dose, for organically bound tritium an assessed
dose of 1 Gy would imply a dose to all nuclei of 1.6 Gy. The relative
effectiveness of the nuclear dose from tritium is on the average 1.7 tines
greater than the nuclear dose from reference X- or 7-radiation. Thus the
critical quantity, the equivalent nuclear dose, is related to the tissue-
average dose by the product of the localization factor with the quality. This
implies that a suitable radiation weighting factor for organically-bound
tritium is w_ = 1.7 x 1.6 or approximately three. It is therefore concluded

K
that current procedures nay underestimate the equivalent dose by a factor of
three for OBT.

The specific activity in rodents resulting from exposure to tritiated food-
stuffs over periods of the order of weeks is not uniformly distributed over
organs and tissues, but in all cases is less than that converted to
tissue-free water.
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The time course of organically-bound tritium in the organs of mice follows a
three-component decay with average periods of 1.2 ± .2, 10 * 2, and 65 ± 8
days.

8. Recommendations

(1) The principle of defining a separate radiation weighting factor for
organically-bound tritium should be adopted.

(2) In the long term consideration should be given to establishing a
value for wD which as closely as possible reflects the potential radio-

toxicology of organically-bound tritium. It is expected that this value
would be somewhere between two and three.

(3) Extensive animal studies should be funded with the objective of
determining localization factors as accurately as possible for a wide
variety of tissues following feeding with tritiated fodder.

(4) An experimental investigation of the tritium dose-point kernel
should be initiated.

(5) Radiobiological studies with the specific objective of investigating
possible enhanced effects of incorporation should also be funded.

(6) The data base of relative biological effectiveness should be
maintained.
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APPENDIX B
SLOWING DOWN THEORY

The spectrum of electrons emitted in beta decay is determined by the energy
dependence of the nuclear transition probability. The spectral character of
the radiation field resulting from the emission differs from the emission
spectrum because the electrons becoae degraded in energy as they propagate
through the medium. In general the spectrum is non-stationary, because it
depends upon position with respect to the source. If the source is uniformly
dispersed however, then at any point in the oedium electrons will arrive at
all stages of degradation. In this case a unique spectrum, referred to as the
equilibrium spectrum results. The nature of the slowing-down process and the
resultant spectrum are determined by the nature of electron transport.

Electron transport is governed by the Boltznann equation. If integrated over
all directions this may be written

V-J + p-ty = Y + J*£(E',E)-<t)(E')dE' (Bl)

In this equation J(E,r) is the vectorial fluence spectrum while <j>(E,r) is the
-2 -1

fluence spectrum. Both are characterized by dimensions cm -keV , and
represent the value for electrons of energy E. The source density spectrum is

Y(E,r) and is described dimensionally in units of cm -keV . Interaction
between an electron with initial energy E. and the medium leaving the electron

with energy E- is described by the differential interaction coefficient

jt(E.,E.) which has units cm -keV . The total interaction coefficient is

obtained by integration to obtain

A(E.) = /,B<E.,Ef)dEf (B2)

It is convenient to introduce the energy loss

w = Ei - Ef (B3)

and describe the interactions in terns of initial energy and energy loss.

In terms of these variables the transport equation may be written

V-J = Y + J*£(E+w,w)<|>(E+w)dw - J*£(E,K)<j>(E)dw (B4)

The first integral represents fluence from higher initial energy, E. - E + w,

which contributes to the fluence at general energy E. The second integral
represents losses from the group at energy E, corresponding to interactions
for which E. = E.

The continuous slowing down approximation assunes that the interaction
probability is significant only for the condition w<<E. Taylor's expansion of
the first integrand about E gives
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+ — f ̂ (E,w)(j)(E) ] -w (B5)

In this approximation equation (B4) becomes

V-J = Y + -r| <<j>(E) r«(E,w)-w-dw| (B6)at { </ j

The integral in the above expression is equivalent to the product of the
average energy loss with the probability of an interaction per unit path
length. Since this corresponds to the rate of energy loss with distance it may
be identified as the stopping power S(E). Thus in the continuous slowing down
approximation the equation becomes

y.J = Y + d M ) (B7)

For a uniform source distribution all field quantities must be independent of
the spatial coordinate r and hence the first term vanishes. The solution for
the equilibrium fluence spectrum is then

= S(E)"1- f Y(E')dE' (B8)

The equilibrium fluence spectrum calculated above corresponds to the radiation
field resulting from the propagation of the primary particles. A complete
solution to the transport equation is obtained without making the continuous
slowing down approxiaation by solving instead the complete integral equation
given by equation (Bl) without the first term. An intermediate approximation
leads to the Spencer-Fano equation [Bl]. The solution to this equation nay be
obtained by iteration with the solution of equation (B8) forming the first
iteration. The second iteration corresponds physically to including in the
fluence distribution the first generation of secondary electrons or delta
particles released by ionization impact from the primary fluence. These
particles also slow down during the course of their transport.

The effective source density of ^-rays produced by the primary fluence, which
extends to a maximum energy E , the endpoint energy of the beta-spectrun, is

Y,(E) = J /i(E',w)(j»(E')dE' (B9)
2w

where the energy loss of the primary electron, w, is related to the #-ray
energy, E, by

w = E + I (BIO)

In equation (BIO) the quantity I represents the binding energy of the
secondary electron and it is assumed that I << E . In this case I = 12.6 eV

o
and E =18.6 keV. Since both the primary electron and S~ray are identical
particles, the maximum energy loss is one-half of the incident energy. The
*-ray fluence spectrum is then given as
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Eo/2

<j)j(E) = SfE)"1-^" Yj(E')dE' (BID

In order to calculate the i-ray effective source density in this work the
description of the impact ionization interaction coefficient developed by Jain
and Khare [B2] was used. This description is based upon the fact that at
energy transfers large compared to the binding the interaction may be treated
as free electron scattering, governed by the Moller interaction coefficient

/2,.(E,f) where E is the incident energy of the primary particle and f is the
M
energy of the J-ray. For soft collisions in which the process must be treated
as an interaction with the entire atom, the appropriate cross section is the

Born-Bethe interaction coefficient designated as /L(E,w), where w = e + I.

The complete interaction coefficient is taken as a weighted average

) - fjfE.O-^gfE.w) + f2(E,t)-/iM<E,t-) (B12)

The weighting factors, f. and f», are such that the cross section varies

smoothly from the Born-Bethe value at low energies to the Moller value at high
energies. In order to evaluate the Born-Bethe interaction coefficient, the
continuum oscillator strength function must be determined. This was estimated
for water from the photoabsorption cross section [B3] in the energy range from
the ionization threshold, 12.6 eV, to the limit of the measurements at 60 eV.
For purposes of computation the data were represented by an appropriate gamma
function. Above 60 eV an exponential representation suggested by Jain and
Khare [B2] was used. It should be noted that the photoabsorption data were
obtained for H.O vapour and alterations to the strength function for the

condensed state must be expected.

Following ionization in which a K-shell vacancy is created, deexcitation leads
to emission of an Auger electron at 0.49 keV. The production density of Auger
electrons is given by

(B13)

In the above integral the first term is the interaction coefficient for
K-shell ionization. The corresponding microscopic cross section is
approximated by

(B14)

where E,. is the K-shell binding energy, and b and c are constants chosen to
ft.

best fit the experimental data [B4].
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The calculation was achieved using a Fortran code specially written by us for
this project. The stopping power was taken from Ashley [B5]. The emission and
primary electron fluence spectra were calculated on a 1000-point grid. This
led to a 500-point grid for the i-ray fluence spectrum.
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APPENDIX C
RBE DATABASE

REFERENCE Bedford J.S. Rad.Res. 63 531-543 (1975)
ENDPOINT Survival
ORGANISM Mouse CELL LINE L5178Y
COMPOUND 3HTdR REF RAD 60 Co
METHOD Frozen, unifilar label, in vitro
RBE 4.4

REFERENCE Bedford J.S. Rad.Res. 63 531-543 (1975)
ENDPOINT Cell Survival
ORGANISM Mouse CELL LINE L5178Y
COMPOUND 3HTdR REF RAD 60 Co
METHOD Frozen bifilar
RBE 4.4

REFERENCE Bedford J.S. Rad.Res. 63,531-543 (1975)
ENDPOINT Cell survival
ORGANISM Chinese hamster CELL LINE V79B
COMPOUND 3HTdR REF RAD 60 Co
METHOD Frozen unifilar label
RBE 3.0

REFERENCE Bedford J.S. Rad.Res. 63,531-543 (1975)
ENDPOINT Cell survival
ORGANISM Chinese hamster CELL LINE V79B
COMPOUND 3HTdR REF RAD 60 Co
METHOD Frozen bifilar
RBE 3.0

REFERENCE Bedford J.S. Rad.Res. 63,531-543 (1975)
ENDPOINT Cell survival
ORGANISM Chinese hamster CELL LINE V79B
COMPOUND 3HTdR REF RAD 60 Co
METHOD 3HTdR unifilar
RBE 1.8

REFERENCE Bedford J.S. Rad.Res. 63,531-543 (1975)
ENDPOINT Cell survival
ORGANISM Chinese hamster CELL LINE V79B
COMPOUND HTO REF RAD 60 Co
METHOD Tritiated water
RBE 1.8

REFERENCE Byrne,B.J. and W.R.Lee Rad.Res.117,469,1989
ENDPOINT nutation
ORGANISM Drosophila CELL LINE
COMPOUND HTO REF RAD 60 Co
METHOD Tritiated water in food
RBE 2.7

REFERENCE Dewey W.D.,Humphrey R.M. and Jones B.A. Rad.Res.24(1965)
ENDPOINT Chromosome aberrations
ORGANISM Hamster CELL LINE B14
COMPOUND 3HTdR REF RAD 60Co
METHOD Dose for 2 visible aberrations
RBE 0.7



-C2-

REFERENCE Dewey W.D.,Humphrey R.M. and Jones B.A. Rad.Res.24(1965)
ENDPOINT Chromosome aberrations
ORGANISM Hamster CELL LINE B14
COMPOUND HTO REF RAD 6OC0
METHOD Dose for 2 visible aberrations
RBE 1.2

REFERENCE Dobson R.L. and Kwan T.C. Rad.Res. 66, 615-625(1976)
ENDPOINT Oocyte Cell survival
ORGANISM Mouse CELL LINE
COMPOUND HTO REF RAD 60 Co
METHOD Intraperitoneal injection and feeding of mothers. RBE dose dependent
RBE 3.0

REFERENCE Etoh,H. and Y.Hyodo-Taguchi Rad.Res. 93,332 (1983)
ENDPOINT Male germ cell survival
ORGANISM Oryzias latipes CELL LINE
COMPOUND HTO REF RAD 137Cs
METHOD Medaka exposed continuously to HTO. Germ cell survival in fry scored
RBE 1.8

REFERENCE Etoh,H. and Y.Hyodo-Taguchi Rad.Res. 93,332 (1983)
ENDPOINT Female germ cell survival
ORGANISM Oryzias latipes CELL LINE
COMPOUND HTO REF RAD Csl37
METHOD Medaka exposed continuously to HTO. Germ cell survival in fry scored
RBE 2.2

REFERENCE Furchner J.E. Rad.Res.6,483,1957
ENDPOINT % mortality in 30 d
ORGANISM CF1 mice CELL LINE
COMPOUND HTO REF RAD 60Co
METHOD Single IP injection. Groups of 20 animals each receiving a set dose.
RBE 1.7

REFERENCE Furuno-Fukushi.I. and H.Matsudaira Rad.Res. 103,466 (1985)
ENDPOINT 6TG resistance
ORGANISM Mouse (leukemia) CELL LINE L5178Y
COMPOUND HTO REF RAD gamma
METHOD HTO at dose rates 0.025 to 0.15 Gy/hr, for 20 hours. RBE for mutation

frequency of 5 x 10 .
RBE 2.5

REFERENCE Furuno-Fukushi,I. and H.Matsudaira Rad.Res. 103,466 (1985)
ENDPOINT Cell survival
ORGANISM Mouse (leukemia) CELL LINE L5178Y
COMPOUND HTO REF RAD gamma
METHOD
RBE 2.0
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REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

Gragtmans.N.J. et al Had.Res. 99,636 (1984)
Mammary tumours
Sprague-Dawley rat CELL LINE
HTO REF RAD 20 0
Intraperitoneal injection
1.2

kVp X-rays

Hall E.J. et al Br.J.Radiol. 40, 704 (1967)
Cell population growth
Human CELL LINE HeLa
HTO REF RAD 60Co or radium
Monolayer culture of HeLa S3 cells, growth curves determined. Dose rate
0.5 to 3 rad/hr.
2.0

Hall E.J. et al Br.J.Radiol. 40, 704 (1967)
cell survival
Human CELL LINE HeLA
HTO REF RAD 60Co or radium
Monolayer culture of HeLa S3 cells, growth curves determined. Dose
rate: 32 rad/hr.
1.0

Hall E.J. et al Br.J.Radiol. 40, 704 (1967)
inhibition primary root growth
Vicia seedlings CELL LINE
HTO REF RAD 60Co or radium
Seedlings grown in tank of HTO. After irr. kept 10 d at 19 degrees.
Dose rate 1.52 rad/hr.
1.6

Hall E.J. et al Br.J.Radiol. 40, 704 (1967)
inhibition primary root growth
Vicia seedlings CELL LINE
HTO REF RAD 60Co radium
Seedlings grown in tank of HTO After irr. kept 10 d at 19 degrees. Dose
rate 46.3 rad/hr.
1.0

Ijiri.K. et al Rad.Prot.Dos 16(1-21:169 (1986)
Ilium epithelial cell survival
mouse CELL LINE
HTO REF RAD 137 Cs
HTO 2Ci/ml;0.2 ml injected IP. 50 crypt sections/nouse scored.
1.6

Kamaguchi.Y. et al Mutation Res. 228(2),125 (1990)
Chromosome abnormalities (4)
Human [spermatozoa] CELL LINE
HTO REF RAD X-ray
Senen samples in B.tf.tf. medium with 1.53-24.3 mCi/ml for 80B. Saaples
placed in insemination medium with zona-free hamster oocytes. Dmin.
2.4
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REFERENCE Kamaguchi,Y. et al Mutation Res. 228(2),125 (1990)
ENDPOINT Chromosome abnormalities (4)
ORGANISM human germ cells CELL LINE [Spermatozoa]
COMPOUND HTO EEF RAD X-ray
METHOD Semen samples in B.W.W. medium with 1.53-24.3 mCi/ml for 80m Dmax.
RBE 1.4

REFERENCE Lambert,B.E. Hlth.Phys.17,547(1969)
ENDPOINT Sperm cell survival
ORGANISM DBA2 mouse testes CELL LINE
COMPOUND 3HTdR REF RAD 250 kVp X-rays
METHOD IP injections, 0.5 to 40 uCi/g body mass. Death of intermediate and

type B spermatogonia nonitored.
RBE 1.3

REFERENCE Lambert,B.E. Hlth.Phys.17,547( 1969)
ENDPOINT Sperm cell survival
ORGANISM DBA2 mouse testes CELL LINE
COMPOUND HTO REF RAD 250 kVp X-rays
METHOD IP injections
RBE 2.4

REFERENCE Lunec,J. and W.A.Cramp Int.J.Rad.Biol. 34(61,537 (1978)
ENDPOINT Cell survival
ORGANISM Bacterium E.coli CELL LINE B/s-1
COMPOUND HTO REF RAD 7 MeV electrons
METHOD Cell grown to late log phase in glucose-supplemented medium.
RBE 1.2

REFERENCE Matsudaira,H. et al Rad.Prot.Dos. 16,145 (1986)
ENDPOINT Cell survival (50%)
ORGANISM Mouse CELL LINE L5178Y
COMPOUND HTO REF RAD gamma
METHOD Cell culture exposed to 20-180 MBq/ml, for 20 hours.
RBE 2.0

REFERENCE Matsudaira,H. et al Rad.Prot.Dos. 16,145 (1986)
ENDPOINT mutation frequency of 5e-5
ORGANISM Mouse CELL LINE L5178Y
COMPOUND HTO REF RAD gamma
METHOD Cell culture exposed to 20-180 MBq/ml, for 20 hours.
RBE 2.5

REFERENCE Matsudaira.H. et al Rad.Prot.Dos. 16,145 (1986)
ENDPOINT cell survival of 50%
ORGANISM Mouse CELL LINE L5178Y
COMPOUND amino acids REF RAD gamma
METHOD Cell culture exposed [50 hours!
RBE 2.0
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REFERENCE Matsudaira,H. et al Rad.Prot.Dos. 16,145 (1986)
ENDPOINT mutation frequency of 5e-5
ORGANISM Mouse CELL LINE L5178Y
COMPOUND amino acids REF RAD gamma
METHOD Cell culture exposed [50 hours]
RBE 2.5

REFERENCE Matsudaira,H. et al Rad.Prot.Dos. 16,145 (1986)
ENDPOINT oncogenic transformation
ORGANISM Mouse CELL LINE confluent 10T1/2 cells
COMPOUND HTO REF RAD ganma
METHOD Cell culture exposed to HTO for 20h
RBE 1.6

REFERENCE Matsudaira,H. et al Rad.Prot.Dos. 16,145 (1986)
END POINT Oncogenic transformation
ORGANISM Mouse CELL LINE confluent 10T1/2 cells
COMPOUND HTO REF RAD gamma
METHOD Cell culture exposed to HTO for 20h
RBE • 1.6

REFERENCE Moskalev, Y.I. et al, 240, Tritium (1973)
ENDPOINT LD50/4
ORGANISM Rat CXLL LINE
COMPOUND HTO REF RAD 137Cs
METHOD
RBE 2.0

REFERENCE Moskalev, Y.I. et al, 240, Tritium (1973)
ENDPOINT LD50/12
ORGANISM Rat CELL LINE
COMPOUND HTO REF RAD 137 Cs
METHOD
RBE 1.4

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

Moskalev, Y.I. et al, 240 Tritium (1973)
LD50/30
Rat CELL LINE
HTO REF RAD 137Cs

1.3

Moskalev, Y.I. et al, 240, Tritium (1973)
Leukocyte survival
Rat CELL LINE
HTO REF RAD 137Cs

1.9

Moskalev, Y.I. et al, 240, Tritium (1973)
Lymphocye survival
Rat
HTO REF RAD 137Cs

1.5
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REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

Moskalev, Y.I. et al, 240, Tritium (1973)
Thymic weight response
Rat CELL LINE
HTO REF RAD 137Cs

1.9

Moskalev, Y.I. et al, 240, Tritium (1973)
Spleenic weight response/3d
Rat CELL LINE
HTO REF RAD 137Cs

1.7

Moskalev, Y.I. et al, 240, Tritium (1973)
Spleenic weight response/7d
Rat CELL LINE
HTO REF RAD 137Cs

1.9

Okada,S. et al Rad.Prot.Dos. 16(1-2):137-140 (1986)
Cell survival
Mouse CELL LINE L5178Y
HTO REF RAD Csl37
Acute exposure to concentrated solution 1-4 Gy
1.0

Okada,S. et al Rad.Prot.Dos. 16(1-2):137-140 (1986)
mutation-6TG resistance
Mouse CELL LINE L5178Y
HTO REF RAD Csl37
Acute exposure to concentrated solution 1-4 Gy
1.3

Okada,S. et al Rad.Prot.Dos. 16(l-2):137-140 (1986)
mutation-MTX resistance
Mouse CELL LINE L5178Y
HTO REF RAD Csl37
Acute exposure to concentrated solution 1-4 Gy
1.2

Okada,S. et al Rad.Prot.Dos. 16(1-21:137-140 (1986)
DNA scissions
Mouse CELL LINE L5178Y
HTO REF RAD Csl37
Acute exposure to concentrated solution 1-4 Gy
0.6

Okada,S. et al Rad.Prot.Dos. 16(1-2):137-140 (1986)
Inhibition of DNA replication
Mouse CELL LINE L5178Y
HTO REF RAD Csl37
Acute exposure to concentrated solution 1-4 Gy initiation measured.
1.0
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REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE 1.0

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE 1.3

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE 1.5

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

Okada.S. et al Rad.Prot.Dos. 16(1-2):137-140 (1986)
Inhibition of DNA replication
Mouse CELL LINE L5178Y
HTO REF RAD Csl37
Acute exposure to concentrated solution 1-4 Gy continuation
measured.
1.8

Satow.Y. et al Int.J.Radiat.Biol.56(3},293 (1989)
Oocyte cell survival
ICR strain «ice CELL LINE
HTO REF RAD 137 Cs
MBq/g HTO injected in abdominal cavities of 14 d mice.
1.1

Satow,Y. et al Int.J.Radiat.Biol.56(3),293 (1989)
Oocyte cell survival
ICR strain nice CELL LINE
HTO REF RAD 137Cs
MBq/g HTO injected in abdominal cavities of 14 d nice.
3.5

•
Spalding J.F. et al Rad.Res.4,221 (1956)
LD50 for root growth
Vicia faba
HTO REF RAD 175 kVp X-rays
LD50 determined for cessation of root growth for 4 consecutive days

Storer J.B. et al Rad.Res.6,188 (1957)
Splenic weight loss
Mouse, CF1 females
HTO RAD REF radiuii
Single IP injection; tritiated water to keep level. Score after 5 d.

Storer J.B. et al Rad.Res.6,188 (1957)
thyuic weight loss
Mouse, CF1 feaales
HTO REF RAD radium
Single IP injection; tritiated water to keep level. Score after 5 d.

Storer J.B. et al Rad.Res.6,188 (1957)
59Fe uptake in red blood cells
Sprague-Dawlet rat (male)
HTO REF RAD 60Co
59Fe injected 2d after HTO IP injection. Same as nice otherwise.
1.6
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REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD
RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

REFERENCE
ENDPOINT
ORGANISM
COMPOUND
METHOD

RBE

Warters,R.L. et al Curr.Top. Radiat. Res. 12,389 (1977)
Survival
Chinese hamster
3HTdR REF RAD 250 kVp X-rays
In vitro study on ovary cells
0.9

Yamada J. et al Rad.Prot.Dos. 16(1-21:151 (1986)
Blastocyst formation rate
Mouse pre-implantation embryos CELL LINE
HTO REF RAD 60Co
In vitro fertilization BC3Flf+ICRm mice. Fertilized
culture
1.5

eggs grown in

Yamada J. et al Rad Prot Dos. 16(1-2).-151 (1986)
Chromosome aberrations (at first cleavage metaphase)
Mouse pre-implantation embryos CELL LINE
HTO REF RAD 60 Co
In vitro fertilization BC3Flf+ICRm mice. Fertilized eggs grown in
culture
1.5


