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The main difficulty in deriving human risk estimates for the purpose of
radiation protection lies in the lack of information on the radiation action at the
extremely low doses and dose-rates. In practice, this difficulty is overcome by
extrapolating estimates of risk obtained at whatever dose is available down to
the smallest dose levels, by making use of the hypothesis of non-threshold
linearity between dose and effect. In the absence of direct data, risk estimates
for high-LET radiations are usually derived from low-LET data through
conversion factors, such as the Quality Factor, Q. Quality factors are extremely
important in these procedures because they allow scaling of information relating
to different radiation qualities according to one family of variables, that of dose-
equivalent.

The above general procedure entails two main assumptions. Firstly, the
assumption of linearity, to which a great deal of theoretical and experimental
radiobiological work is and has been devoted in an effort to obtain supportive
evidence. Secondly, the assumption of a quality factor independent of dose and
dose-rate or, alternatively, the choice of quality factors applicable at the dose
levels and for the effects of interest, which remains a controversial matter.

The present paper is concerned with the influence that different shapes of
dose-effect relationships might have on the assessment of risk estimates and the
adoption of quality factors.

GENERALITIES

Before doing so, it is essential to recall notions that are quite clear in
principle, but often confuse such discussions. Firstly, the levels of dose and dose-
rates at which the following considerations apply are orders of magnitude below
the range where radiobiological effects are detectable. At these very low levels
of dose and effect the actual shape of the function linking the two variables may
bear little relationship to the experimental data observed at higher doses and:
therefore, the analysis must of necessity be speculative and inferential.
Secondly, there is a difference betwef . the concepts of Relative Biological
Efficiency (RBE) and Quality Factor, ..-, the first being an experimentally
determined relative quantity, applying to a given effect and exposure condition,
the latter a conventionally defined factor, which is intended to allow for the
influence of any given radiation quality on biological effect /5 / , simply for the
requirements of radiation protection. The factor Q is formulated as a continuous
function of the collision stopping power, L , alone /6/, an approximation which
is considered to be acceptable at the leveP of accuracy required for radiation
protection /4/ .

DOSE-EFFECT CURVES

Among all possible forms of dose-effect relationships for high-LET and
low-LET radiations compared for determining values of RBE, three examples will
be discussed hereafter. The first is that of two curves having the same form and
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differing only for a dose-modifying factor. In this case the RBE would be
independent of the level of effect and risk estimates derived at high levels of
dose would be applicable down to the lowest exposures. This situation, which
includes the case of linearity generally used in radiation protection, is however
difficult to be verified experimentally.

Radiobiological experience shows, on the contrary, that for many
biological end-points the reference low-LET radiation has a more than linear
dose-effect dependence of the form I(D)=aD+bD , while for the same end-point
the dose-effect relationship is more nearly linear in the same range of effect for
high-LET radiation, such as neutrons. The linear + quadratic relationships for
low-LET radiation has been examined by several authors for many radiation
induced carcinogenic, mutational and cytogenetic end-points / I , 11/. For many of
the end-points considered the linear term dominates the response up to a dose of
approximately 100 rad. Consequently, assuming a linear non-threshold
relationship could overestimate the risk at low doses and dose-rates of low-LET
radiation by about a factor of two. At the same time the value of RBE
corresponding to a given level of dose could still be used as an estimate of the
effectiveness of the high-LET radiation at lower doses, although the RBE would
become larger for low dose exposures. In fact, the RBE of the high-LET
radiation, would be given by the expression

2aH

RBE = 2""- OT
aL + <aL + «aHbLDH>

where the indices H and L refer to high- and low-LET radiation, respectively.
Thus, RBE would increase with decreasing dose up to a maximum equal to a H / a , ,
which is reached when D y a H / a L « a , / fb L , that is D H R B E

m a x
< < : a L^ b L* F o r

a . /b , =100 rad and for RBE =10 (wnich is very probably an underestimate) the
constant RBE would be reacned for Dj ,« 2.5 rad and, therefore, RBE would in
practice be increasing for absorbed doses down to very low levels. Actually,
neutron RBE values relative to X- or gamma-rays exceeding 100 have been
measured /9/ . It should be pointed out that, under the present assumptions, the
increase of RBE at very low doses would not be caused by an increased
effectiveness of neutrons, but by a decreased effectiveness of the low-LET
radiation. Problems may arise when quality factors are based on RBE's which are
measured at much higher doses than required for human risk estimates, as it is
usually the case, and Q might thus be taken to be lower than it should.

A third ideal case would be one where the dose-effect relationship for the
low-LET radiation is linear through the origin, and that for the high-LET
radiation-less than linear. Assuming, for instance, relationships of the type
I(D)=aj,D for the high-LET radiation and I(D)=a,D for the low-LET radiation,
the RBE would be of the form

RBE „£„_
aLDH

Essentially, the dependence of RBE on high-LET radiation dose would still apply,
as in the previous example, although no constant value would be reached at very
low doses. Under these conditions risk estimates made at any dose level would
apply to any low dose of the low-LET radiation, but using a constant Q would
underestimate the risk of very low doses of the high-LET radiation.

EXPERIMENTAL EVIDENCE

Here follow a few examples of biological effects where, irrespective of
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the level at which the effect is expressed (cellular, tissue, whole body), there is a
suggestion of an increasing RBE with decreasing dose. The first example is on
protoplasts of Nycotiana plumbaginifolia /8 / , a biological system suitable for
studies at low doses for its high radiosensitivity and plating efficiency and for
the possibility of obtaining large amounts of synchronized cells. As shown in Fig.
1 the surviving fraction of cells decreases bi-phasically with increasing absorbed
dose of 16 MeV neutrons, which could be described by the superimposition of two
exponentials. At corresponding levels of effect the curve for the low-LET
radiation may be taken as a simple exponential within the experimental errors of
the data points. As a result, values of RBE increasing with decreasing neutron
dose are found in the low-dose region and a value of RBE larger than 70 would
apply to a neutron dose of about 1 rad. The shapes of the response curves suggest
that the increasing RBE is due to increased neutron effectiveness at low doses.

The case of mouse testis weight loss at 28 days postirradiation (see Fig.
2) 111 is similar in that at low doses the curves would be interpreted as if a
consistent fraction of cells would show an enhanced response to high-LET
radiation giving rise to high values of RBE below about 5 rad.

Another example is provided by cataractogenesis in the mouse (Fig. 3).
Recent experiments /3 / have shown that in the dose region of up to few Gy the
dose-effect curve for 250 kVp X-rays is well described by a straight line through
the origin. Values of RBE increasing with decreasing neutron dose are found,
approaching 50 for about 1 rad of 1 MeV neutrons. Here again, the data suggest
that the increase of RBE results from an increased neutron effectiveness at the
low doses.

Neutron RBE values exceeding 100 have been derived at low doses for the
induction of mammary tumors in Sprague-Dawley rats /10, 7/. The very
important feature of these results for radiation protection is the sublinear dose
dependence at low neutron doses, with a dose exponent of about 0.5.

Similar results have been found from a comprehensive analysis of data on
life shortening in the mouse following acute irradiations. In the dose region up to
few Gy a linear non-threshold dose dependence is suggested by the data for X-
and gamma-ray exposures. For neutrons a sublinear dose dependence describes
the available results, with an optimum value of 0.5 for the dose exponent.
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CONCLUSIONS

Although more-than-linear dose dependences generally apply to the
induction of biological effects by X- or gamma-rays, in several cases terms
higher than first order seem to play a negligible role in the region of importance
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for radiation protection. However, in the same cases neutron RBE values show a
definite tendency to increase with decreasing neutron doses, which is compatible
with the assumption of an increased neutron effectiveness at low doses.

The above considerations are purely empirical and apply to effects
observed mostly on highly radiosensitive biological systems. They are by no
means to be generalized until sufficiently convincing explanations might be
provided to account for the increased neutron effectiveness at low doses or dose-
rates. Neverteless, these observations applying to a wide range of biological
effects make the matter sufficiently interesting for further investigation on
suitable materials and meaningful end-points. It is possible that following the
above and further evidence the values of the Quality Factor, Q, would have to be
reconsidered.

Finally, microdosimetric results suggest that quantities with a direct
influence on radiation effectiveness, such as y~ , have a large dependence on
radiation quality, ranging up to a factor of two for neutrons between 1 and 15
MeV. Therefore, adoption of a unique value of Q for all fast neutrons might not
be the best choice for radiation protection, unless it were proven that in the very
low dose region the neutron effectiveness becomes sufficiently independent of
neutron energy /2/ .
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