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ABSTRACT

Estimated doses resulting from tritium re-
leases to the environment are linearly dependent
upon the quality factor (Q) chosen for tritium beta
radiation. In 1969 the International Commission on
Radiological Protection (ICRP) recommended using 1
as the Q for all low energy beta radiation. Con-
siderable improvements have been made in evaluating
exposures to tritium at very low dose rates and in
refining physiclogical and biological endpoints
since the 1969 ICRP recommendations.

This study summarizes recenl experiments to
determine the relative biological effectiveness of
tritium. Based upon our study of published data
related to quality factor, its importance in the
calculation of dose, and the currently accepted
conservative phileosuphy in radiation protection, it
is concluded that a value of 2 would seem to be
more defensible for environmental assessments and
that a reevaluation of the tritium quality factor
by the ICRP is needed.

INTRODUCTION

The concept of dose equivalent (DE) was intro-
duced by the ICRP (1) and the Internatiaonal Commis-
sion on Radiation Units and Measurements (ICRU) (2)
in order to define a uniform scale of biolagical
damage resulting from exposure to different types
and energies of radiation, The unit of dose equiv-
alent is the remf which is calculated using the
following expression:

DE =D xQ x (RDF); x (RPF)y . . .,

where

DE = dose equivalent in rem,T
D = absorbed dose in rad,

Q = quality factor (dimension-
less), and

(RDF),, (RDF); . . . = radionuclide distribution
factors (cdimunsionless).

Operated by the Union Carbide Corporation
under contract W-74Q%-eng-26 for the U. S. Depart-
ment of Energy.

Tln the International System of Units (SI),
the conventional unit rem has been changed to the
sievert where one rem is equivalent to 1072 sie-
vert; the unit rad has been changed to gray where
one rad is equlvalent to 107¢ gray. Conventional
units only are used in this text.

The term quality factor (Q) has been accepted for
use in the calculation of dose and is related to
linear energy transfer (LEi) on a common scale for
all ijonizing rediation. A radionuclide distribu-
tiorn factor (RDF) is applied in the calculation of
DE to express the modifizziion of biological effec-
tiveness due to nonuisiform distribution of inter-
nally deposited isotopes. Since tritium is essen-
tially uniformly deposited in body tissue due to
its association with body water, its distribution
factor is assumed to be 1. Some disagreement still
exists, however, as to the best value of quality
factor for tritium betas as well as for other
radionuclides emitting low LET radiations. This
value affects the dose equivalent 1linearly and
therefore could significantly alter the calculated
dose equivalent.

In ICRP Publication 8 (1), the Commission re-
commended a value of 1.7 be used as the quality
factor for B, p*, and e~ radiation with maximum
encrgies £0.03 MeV. In an amendment to ICRP Publi-
eation 9, the Comm1ss1on reduced the quality factor
to 1 for all p~, B*, e”, y, and x rays. Following
a review of the biological and physical evidence
related to relative effectiveness of low energy
beta radiation, il was_ concluded that a value of
unity is appropriate within the degree of precision
required for the purposes of radiological protec-
tion. The decision to reduce the quality factor
from 1.7 to 1 was also based upon insufficient
scientific evidence to support the higher value as
well as the variability in physiological endpoints
and reference radiations reported in the litera-
ture.

The ICk decision in 1969 followed a review of
the experimental literature by Vennart (3). He
concluded t'.at in view of experimental evidence on
the quality factor of B~ particles from tritiated
water, a value different from unity could hardly be
justified. Vennart also based his conclusion on
the fact that since the ICRP in Publication 8 (4)
recommended expressing risk per Jnil dose only in
terms of orders of magnitude, those factors includ-
ed in the calculation of dose should be rounded to
whole numbers. A later review of the literature by
Rohwer (5) stated that most of the information on
tritium exposure did not justify the value of 1.7,
although he pointed out that this was an area neced-
ing further study and evaluation. This conclusion
regarding further study was atso reached in a re-
cent review by Carsten (6)

The Nationzl Council on Radiation Protectiion
and Measurements (NCRP) recently reviewed the
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trilium quality factor issue in a study of the sig-
nificance of compounds incorporated into genetic
material (7). It concluded that there is suffi-
cient data to assign an RBE* of 1 when reference
radiation is in the order of 60 to 80 kVp x rays.
This reference radiation is similar to Lhat of tri-
tium betas in terms of energy deposition per unil
track Tength. Some ambiguity exists in their argu-
ment, however, since the reference radiation uti-
lized for determining RBE is ordinarily 220 to 250
kVp x rays or $9Co y rays.

JUSTIFICATION FOR A REEVALUATION OF Q FOR TRITIUM

Variability still exists in experimental end-
points and reference radialion reported in the
literature which are used to evaluate the relatlive
biotogical effectiveness for B~ radiation. Cumming
et al. (8) demonstrated that radiation dose from a
single injection of tritiated waler can be greatly
influenced by minor changes in experimental condi-
tions. Since the review by Vennart and the deci-
sion by the ICRP to reduce the quality factor from
1.7 to 1, improvements have been made in the tech-
nigues to evaluate incorporated tritium at very low
dose rates (on Lhe order of a rad per hour or less)
and in choosing physiological and biochemical end-
points leading to a significant increase in the
sensitivity of the tests.

The potential genetic consequences of chronic
low-Tevel exposure to tritium may be of particular
importance for environmental releases from the
nuclear industry. Carsten and Cemmerford (9) stud-
jed mice exposed to 3 pCi/ml drinking water (ap-
proximately equal Lo 1 rad/day). Second generalion
females were sacrified in late pregnancy to deter-
mine mutation frequency. Analysis of their results
showed a significant reduclion in the number of
viable embryos resulting from mating between ani-
mals exposed to tritium, bul showed no effect on
breeding efficiency. The authors noted that no
direct parallelism exists between man and the data
deduced from mice; however, the significant effect
seen in the study suggests that further investiga-
tion at Tower tritium concentrations is necessary.

Another study by Dobson el al. (10) also sug-
gests that genetic effects produced from internally
deposited tritium may warrant renewed considera-
tion. In their experiment, female germ cells in
both mouse and monkey were shown to be extremely
sensitive to destruction by low-level, chronic tri-
tium exposure. Their results appear to be incon-
sistent wilh previous reports which conclude that
pocytes in both monkey and man are relatively
radioresistant, having lethal doses for 50% of the
population (LDso) for x rays up to 5,000 rads.
Dobson and his colleagues suggest that the greaier
sensilivity they observed result~u from chronic ex-
posure to tritium in body water that acted on cells
as they passed through highly vulnerable periods of

Relalive biological effectiveness (RBE) is a
term expressing the relative effectiveness of radi-
ations that have different linear energy transfer

(LET) values in producing a given biological effect.

This quality is limited to use in radiobiology only
but is similar to the quality factor, in purpose,
used to calculate the dose equivalent.

early development. The exposure conditions estab-
lished in their experiments are likely to be more
representative of low-level environmental expo-
sures from tritium such as releases by nuclear
facilities than those described by most investiga-
tors; therefore, the results oi their study must
be given serious consideration in the design of
further bioeffects research involving tritium and
in current radiological assessment methodoiogies.

These data suggest that exposure to tritium
under chronic, low-level conditions may result in
greater biological damage than previously antici-
pated. Because of this possibility, and because
significant improvements have been made in evalu-
ating exposure from internaliy deposited tritium
since the ICRP recommendation, an analysis of iit-
erature reporting RBE values for tritium since
1969 is needed.

EXPERIMENTAL DATA ON RBE FOR TRITIUM SINCE THE
1969 ICRP RECOMMENDATION

Table 1 summarizes experiments reported since
the review published by Vennart (3). The table
includes only animal and cell studies in which
values for RBE are calculated. Additional experi-
ments have been reported using plants or in which
radjosensitivity of organisms is studied but where
no RBE is calculated. These experiments have been
omitted from the table.

Lambert (11} irradiated mouse testes using
internally distributed tritium from injected tri-
tiated thymidine (3HTdR) and tritiated water
(3HOH). The criteria for damage was the inability
of spermatogonia to divide twice and produce rest-
ing spermatocytes. The reference radiation was
200 kvp x rays delivered at an exponentially de-
creasing dose rate over a 72-hour period to give a
total dose of 30 rads. The RBE of tritium as tri-
tiated thymidine or tritiated water relative to
200 kvp x rays was in the range of 1.3-2.4. Llam-
bert pointed out that a direct extrapolation of
his results to man is not possible; however, this
study is particularly important because of its use
of a very low dose rate and low total dose, yet
high sensitivity of the endpoint used as damage
criteria.

Richold et al. {12) reported an RBE of
0.94 + 0.11 following irradiation of agueous solu-
tions of ribonuclease with 3HOH usnder anoxic and
aerobic conditions. The reference radiation was
80Co(y). Of the studies listed in Table 1, this
is the only case in which an RBE value of Tess
than 1.0 is reported. However, a relatively high
dose rate of 100 rads/hr was used. It has been
shown that exposures to tritium under chronic con-
ditions at low dose rates {comparable to “routine
release” exposures) potentially produce more harm-
ful effects than acute, high-level exposures per
unit dose (13), and this "dose rate effect" may
have affected the outcome of the studies by
Richold et al.

In an animal study, Moskalev et al. (14) ex-
posed rats to tritium oxide injected intraperiton-
eally. The calculated dose rate from tritium
varied from 27.5 to 1.38 rads/hr and the reference
radiation used was 137Cs y rays. This experiment
used several indices for RBE determination includ-
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ing change in weight of the spleen, thymus, adre-
nals, and l}iver, composition of peripheral blood,
as well as numerous biochemical indices. The
tatal cumulative dose was 340 rvads. Calculated
values for RBE ranged from 1.4 to 2.2 depending
upon the index evalvated. Moskalev et al. (14)
reported another study in which rats were again
exposed to 3OH and '47Cs y rays. The criteria for
damage were survival rate, peripheral blood re-
sponse and thymic and splenic weight response.
Although higher dose rates were used in Lhis study
than the previous, it was concluded that the RBE
for tritium oxide was in the range of 1.5-1.9.

Bedford et al. (16) exposed two mammalian cell
lines to *HOH and tritiated thymidine and used 6YCo
Y rays as a reference radiation. the criterion fer
damage was cell survival. To prevent cell divi-
sion, during exposures, irradiations were carried
out with cells held in the frozen state or, in one
case, at 5°C. Ffor cells irradiated at 5°C, the
efficiency of cell killing by beta particles from
tritiated water or tritiated thymidine was not
appreciably different, but both were more efficient
than gamma radiation. For a dose rate of 20 rad/
hr, the relative biological effecliveness of triti-
um beta particles compared to ©“Co y rays was esti-
mated to be between 1.7-1.9.

Weanling mice were exposed Lo 3HOH by QOobson
et al. (13) at low dose rates (approximately 5.2
rads/day). Surviving primary oocytes were counted
microscopically in ovaries and compared to con-
trols. Other weanlings were exposed to “CCo y rays
at 5.9 rads/day. 1t was concluded that since the
exposure was protracted, more effective microdis-
tribution of tritium atoms may have occurred re-
sulting in an RBE of 1.1-1.7. The investigaters
pointed out the significance of their results show-
ing that 3HOH becomes more damaging compared 1o
gamma rays as the low-level exposure is protracted
over longer periods of time. This finding is par-
ticularly noteworthy in considering expositres from
tritium found in the environment. In another study
by Dobson and Kwan (17), developing mice were used
and survival of primary oocytes was observed. The
dose rate was reduced to as low as 0.44 rads/day
for both 3HOH and the reference ®YCo y rays. At
effective gamma-ray doses of about 40 rads, the RBE
was calculated to be 1.6. However, with lower dose
rates giving effective total doses of only a few
rads, the RBE for tritium rises to approximately 3.
These studies by Dobson et al. (13) and Dobson and
Kwan (17) are very important since they used ex-
tremely sensitive criteria for damage and observed
noticeable effects at exceplionally low dose rates
and total dose.

In a recent study by Russell et al. (18)
transmitted gene mutations induced by tritium were
observed in mice. Male mice were injected with
tritiated water to give a dose rate of 0.8 rad/min.
A specific-locus-mutation test was used to deter-
mine biological damage. This procedure is consid-
erably more sensitive than earlier methods reported
for determing RBE. Russell el al. point out that
various uncertlainties are involved in arriving at a
precise value for RBE; however, they recommend that
for the purpose of risk estimation, it seems more
prudent to use the RBE value of 2 as the best point
estimate computed from their data.

JMPACT ON ENVIRONMENTAL DOSE FROM AN INCREASL IN
THE TRITIUM QUALITY FACTOR

Increasing the quality factor for tritium to
a value greater than 1 would linearly increase the
calculaled dose from exposure to tritium in the
environment. Typically, however, increasing the
dose from tritium does not necessarily imply that
the total dose in the vicinity of a nuclear fuel
cycle facility would increase proportionately
since tritium is only one of the radionuclides
that ordinarily contributes significantly to total
dose.

As an example of the effect of increasing the
guality factor, Table 2 lists the predicted dose
to a hypothetical individual living near a fuel
reprocessing plant handling light water reactor
fuel (19). A reprocessing facility is selected
for this example since it represents a case in
which tritium is a major contributor to dose.
Assuming a quality factor for tritium of 1, the
dose from tritium is 7.4 mrem and that for all
other radionuclides is 6.7 mrem giving a total
dose f 14 mrem. 1ln this case, tritium contri-
butes 52% of the dose. When the quality factor
for tritium is increased to 2, the dose from tri-
tium becomes 15 mrem and the total dose increases
to 22 mrem.* The contribution from tritium is
66%. Therefore, increasing the quality factor for
tritium from 1 to 2 increases the estimated total
dose by 2B%. In this example, doses remain ac-
ceptable when compared to guidelines published in
40 CFR 190 (20) even with the higher quality
factor.

CONCLUSIONS
Tritium is a key radionuclide in the assess-

.ment of dose in the vicinity of nuciear fuel cycle

facilities. A review of recent experimental data
to determine the relative biological effectiveness
of tritium beta particles indicates that under
conditions of chronic, low-level exposure, RBE
values between 0.94 and 3.0 are reported. Based
on these data, we conclude that a Q greater than
unity can ceriainly be justified and would be more
in keeping with the accepted conservative approach
to estimating dose. In view of this conclusion it
seems reasonable to recommend use or a guality
factor of two for tritium betas. Use of this
value incorporates a degree of conservatism in the
RBE and recognizes that under conditions of chron-
ic, Tow-level exposure the RBE for tritium is
likely greater than one.

It is noted that considerable conservatism
already e.ists in models that estimate exposure
from tritium released to the environment. It is
also noted that increasing Q from one to two may
not be justified considering the degree of preci-
sion that currently exists in these models. How-
ever, our argument is that conservatism should be
maintained in present models and should only be
removed with care as scientific data become avail~-
able to justify it.

Existing data and biophysical considerations
suggest that at low doses and low dose rates, a

*Tn Lhis calculation it is assumed that the
quality factor for other radionuclides emitting
low LET radiations is 1 (see Conclusions).



substantial difference exists in the effect per
rad of different radiations exhibiting ‘tow LET.
If a quality factor for triiLium betas of grester
than one is accepted, it may be argued Lhat a
quality factor greater than one is necded for all
radiations of comparable LET. Although this argu-
ment seems reasonable, additional research is re-
quired before this can be verified.

Adoption of a quality factor greater than
unity in determining maximum permissible concentra-
tions for tritium should also be reconsidered by
the ICRP in view of scientific evidence since their
1969 decision to use 1.0. In addition, it would be
helpful if the ICRP could provide better clarifica-
tion for the reference radiation that should be
useC to determine relative biological effectiveness
of Jow-LET radiations.
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Table 1. RBE? values for tritium from selected animal and cell studies?
Description ¢f experiment Reference radiation Reported RBE Reference
Irradiated mouse testes using internally 200 kVp x rays 1.3 - 2.4 Lambert (11)

distributed tritium from injected tritiated

thymidine and tritiated water. Used

inability of spermatogonia to divide twice

as damage criteria.

Irradiated aqueous solutions of ribonuclease 60Co y rays 0.94 £ 0.11 Richold et al. (12)

using tritiated water. Measured residual

enzymatic activity and observed survival.

Exposed rats internally to tritiated water. 137¢s y rays 1.4 - 2.2 Moskalev et al. (14)
Damage criteria were change in weight of

spleen, thymus, adrenals, and liver, as

well as biochemical indices.

Exposed rats internally to tritiated water. 137¢s y rays 1.4 - 1.8 Moskalev et al. (15)
Damage criteria were survival rates,

peripheral blood response and thymic and

splenic weight changes.

Exposed two mammalian cell lines to 60Co y rays 1.7 - 1.8 Bedford et al. (16)

tritiated water and tritiated thymidine.

Measured cell survival.

Exposed weanling mice to tritiated water 60Co y rays 1.1 - 1.7 Dobson et al. (13)
and observed survival of primary oocytes.

Exposed developing mice from conception to €0Co y rays 1.6 - 3.0 Dobson and Kwan (17)
14 days after birth. Observed primary (with varied rate)

oocyte suryival.

Exposed mice to tritiated water, observed €0Co y rays 2.2 Russell et al. (18)

gene mutations transmitted.

%Relative biological effectiveness (RBE) is a factor expressing the relative effectiveness of radia-
tions that have different linear cnergy transfer (LET) values, in producing a given biological effect.
The unit is limited to use in radiobiology but is similar to the value of quality factor used in the cal-
culation of dose.

bStudies published since the Titerature review by Vennart (1968).

Table 2. Effects of increasing the tritium quality factor on
the estimated dose to total body for a maximally exposed
individual tiving near a nuclear fuel reprocessing plant

Dose to maximally exposed individual (mrem)

sas . A1l other
Tritium quality factor Tritium radionuclides Total
1 7.4 6.7 14
2 15 6.7 22

@Taken from data published by Finney et al. (19), base case, 1.5
milas from the point of release.



