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RADIATION QUALITY AND RADIATION RISKS — SOME CURRENT PROBLEMS 
A. M. Kellerer and K. Hahn 
Institut für Medizinische S t rah lenkunde , 
Universität Würzburg, Versbacher Str. 5, D-8700 Würzburg, F R G 
Abstract — The newly evaluated Cancer mortality data of the atomic bomb survivors suggest substantially enhanced risk 
estimates, and the various factors that are involved in the change are considered. The enhanced risk estimates have 
already led to added restrictions in the dose limits for radiation workers, and there may be a further tightening of 
regulations in the future. The impending revision of the quality factors in radiation protection may, therefore, lead to 
practical difficulties, and a careful consideration of the various aspects involved in a revision is required. A liaison group 
of ICRU and ICRP has proposed a reformulation of the quality factor that is related not to the LET, but to the 
microdosimetric variable y. The relation leads to increased quality factors for neutrons, but also to a quality factor for y 
rays of only 0.5. Alternatives are here presented that relate the quality factor to LET and that retain y rays as the 
reference radiation. One Option corresponds to different quality factors for y rays and X rays, the other Option sets the 
quality factor for photons approximately equal to unity, irrespective of energy. 

I N T R O D U C T I O N 
A Workshop on the implementat ion of novel 

techniques in radiation protection would be 
incomplete without an a t tempt to survey the 
panorama of current problems and future 
developments that will influence radiation 
protect ion practice. The long awaited but still 
impending revision of the quality factors has been a 
topic of several contr ibutions and of extended 
discussions, and it is inseparable from changes 
brought about by the new evaluation of the risk 
coefficients after the reappraisal of the atomic b o m b 
dosimetry. The unresolved quest ions and the far 
reaching implications exceed the frame of a short 
Synopsis, but a brief discussion can indicate some of 
the major problem areas . 

Results accumulated through the past - al though 
largely based on indirect evidence from cell studies 
and animal experiments - have demonst ra ted a 
larger effect ratio of low neutron doses to photons 
than is aecounted for by the present ratio of quality 
factors. N C R P and subsequently I C R P have 
responded by recommending a selective increase 
from 10 to 20 of the quality factors for neut rons ; bu t , 
at least to the physicist, it appeared unattractive to 
give different weight to heavy charged particles 
depend ing on their mode of produet ion. A Joint task 
group of I C R P and I C R U * 0 has then proposed a 
more coheren t approach which has three essential 
features: 

(i) Use of a different quality factor for photons of 
different energies. 

(ii) E m p l o y m e n t of substantially increased quality 
factors for densely ionising radiat ions. 

(iii) L inkage of the quality factor to the 
microdosimetr ic quanti ty lineal energy, y, 

ra ther than the conventional pa ramete r linear 
energy density, L. 

All three features have preeipitated lively 
discussions. Some of the main issues will be 
considered subsequently. This will involve not only 
the problem of the quality factor but also the 
reassessment of the risk coefficients. 
N E W D E V E L O P M E N T S IN RISK 
A S S E S S M E N T 

The revision of the atomic bomb dosimetry has 
led to a new assessment of radiation induced cancer 
mortali ty. For solid tumours and for high doses 
there is surprisingly little influence from the changed 
dos imetry . O n e obtains , aecording to recent reports 
of R E R F ( 2 3 ) , nearly the same excess relative risk, 
whether the new or the old dos imetry System is 
used. There are a number of substantial changes, 
but taken together they tend to cancel (4) . The 
Situation is different for the bone marrow which, as 
a relatively shallow organ, is less subject to changes 
in body penetra t ion by the y rays; the revision of the 
dosimetry leads, for leukaemias , to increases of the 
risk estimates by nearly a factor of 2. 

Considerable changes have occurred for added 
reasons. For solid tumours a proport ional 
enhancement of cancer mortali ty aecording to the 
relative risk model appears to persist. The total 
number of cases has , therefore, considerably 
increased since 1975, and this led to a sizable 
increase of the absolute risk factors. Projection of 
the relative increases throughout the remaining life 
t imes of the exposed persons contributes a further 
increase. It is also important that substantial data 
begin to be contr ibuted by those who were exposed 
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at an early age. For these groups the factors of 
increase are still insufficiently known, but they 
appear to be larger than those for the older cohorts . 

A n indirect but essential change results from the 
revised dosimetry. The data for cancer mortality are 
now consistent with linear dose dependences in both 
cities; but a major role for neut rons is discounted 
even for Hiroshima. This removes any direct 
evidence that the dose dependences for y rays are 
curvilinear. Accordingly it is now difficult to justify 
the reduction factor for small doses which has earlier 
been invoked by ICRP( :>) and which has also been 
considered by U N S C E A R ( 6 ) . 

Figures 1 and 2 show the basic results of the recent 
evaluations (2 ,3 ) . Table 1 gives the new est imates 
pertaining to large doses and compares them with 
estimates that were formerly employed. 

Larger effects at high doses and the vanishing 
justification for a reduction factor imply 
substantially increased risk est imates . This has led to 
the recommendat ion of t ightened dose limits for 
radiation workers . In the Federa l Republ ic a life-
time dose limit of 400 mSv has been adop ted , in the 
U K and Sweden an upper bound of 15 mSv has been 
introduced for the 'annual average ' of a worker . 
Final new Conventions will have to await new 

Cancer mortality without leukaemia 

Dose (Gy) 

Figure 1. The relative and the absolute risk of cancer 
mortality. (without leukaemia) aecording to the recent 
studies of RERF(2>3). The risk estimates of ICRP(6), and the 
corresponding data without an assumed reduction factor 
for low doses are given for comparison. The recent results 
refer to the entire life-span study sample of atomic bomb 
survivors. Scaling factors for different age groups are given 
below. The estimates of ICRP refer to the age distribution 

of an adult population. 
Factors for scaling the results of Preston and Pierce(2) to 

different age groups. 
Age at radiation exposure (y) 

<20 20 to 35 >35 

recommendat ions by I C R P , but the tendency 
towards more restricted dose limits will necessitate 
more accurate dose equivalent de terminat ions in 
radiation protection practice. It is also evident that 
any increases of the quality factor can, under these 
more restrictive condit ions, cause difficulties. 

P R O B L E M S O F T H E Q U A L I T Y F A C T O R 
There is no ideal reference pa ramete r for the 

quality factor. Linear energy density, L, and its 
distribution are convenient in computa t ions but can 
not readily be measured . Lineal energy, y, and its 
distribution can be measured , but require more 
complicated computa t ions . Unrestr ic ted L E T and 
lineal energy for regions of one micromet re are less 
closely linked to the effectiveness of a radiat ion than 
energy concentrat ions on the nanomet re scale, but 
these cannot be measured in any practical Situation. 
Härder argues effectively (8\ that restricted L E T is 
sufficient to derive any microdosimetric quanti ty on 
a nanomet re scale. O n e can similarly State that 
considerable correlat ion exists between unrestricted 

Leukaemia 

0.06 

Dose (Gy) 

Figure 2. Risk of leukaemia incidence aecording to the 
recent studies of RERF (2 3). The estimates of ICRP(6) and 
the corresponding data without an assumed reduction 
factor for low doses are given for comparison. The recent 
results refer to the entire life-span study sample of atomic 
bomb survivors; they are derived from the published 
data(2,3) under the assumption of a mean time at risk of 32 
years. Scaling factors for different age groups are given 
below. The estimates of ICRP refer to the age distribution 

of an adult population. 
Factors for scaling the results of Preston and Pierce(_) to 

different age groups. 
Age at radiation exposure (y) 

< 2 0 20 to 35 >35 
Females 2.16 1.29 0.71 Females 0.57 0.63 0.88 
Males 0.97 0.58 0.32 Males 1.01 1.46 1.45 
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R A D I A T I O N Q U A L I T Y A N D R A D I A T I O N RISKS 

Table 1. Estimated risk coefficients for radiation-induced 
cancer mortality. The data are based on recent results from 
RERF(23). The estimates of UNSCEAR refer to higher 
doses; the estimates of ICRP contain an assumed reduction 
factor for small doses and refer to the age distribution of an 

adult population. 

Additional risk per sievert 
Solid Cancers Leukaemia 

Relative Absolute Absolute 
New data 

F M F M F M 
Age at exposure 

<20 1.08 0.49 0.19 0.11 0.006 0.01 
20 to 35 0.65 0.29 0.12 0.07 0.006 0.014 

>35 0.36 0.16 0.06 0.03 0.009 0.015 
Average Over 
age and sex 0.5 0.1 0.01 
UNSCEAR 
(1977) 0.1 0.02 0.004 
ICRP 
(1977) 0.05 0.01 0.002 
F: females 
M: males 

L E T and lineal energy for larger regions with 
dimensions of about 1 u,m. Hence it has been 
pointed out that specifications of the quality factor 
in terms of these quanti t ies are largely 
interchangeable ( 9 ) . T h e r e is, therefore , no need for 
an exclusive choice of the reference pa ramete r , and 
the subsequent discussions will refer only to L E T as 
reference paramete r . 

R E F O R M U L A T I O N O F T H E I C R U - I C R P 
P R O P O S A L 

T h e proposal of the liaison commit tee of 1CRU 
and ICRP ( I ) can be represented by the equat ion: 

Q(y) = 0.3y(l+(y/137)V- 4 (1) 
which utilises the microdosimetry quanti ty lineal 
energy, y (unit , keV.fxm"1), for a specified site 
pa rame te r 1 u,m. T h e equat ion differs from the 
formulation in I C R U 40, but is simpler and leads to 
almost equal numerical values (see Kellerer and 
Hahn<9)). 

Using L E T instead of y and choosing y rays as 
reference radiation one can employ a different and 
somewhat simpler relat ion: 

f 0.3 + 0.4 L for L < 1 0 0 keV.uirT1 
Q ( L ) = \ (2) 

[ 400/ JL otherwise 

The two relations are compared in the two Upper 
panels of Figure 3. The constant value, 0 .3 , at low 
values of L E T is required, because L disregards 
energy-loss straggling, i.e. the clustering of energy 
in individual 6 rays, which can cause substantial 
energy concentrat ions even at low L E T . The 
influence of these fluctuations is included in the 
lineal energy, and no correction term is, therefore, 
required. 

Equat ion 2 assigns the maximum value of the 
quality factor to an L E T of 100 keV.um"1 . This 
accounts correctly for the high efficiency of 
intermediate energy neut rons which is largely due to 
the recoil protons with their maximum L E T of 100 
keV .ujrT1 . The most appropr ia te form of the 
dependence beyond the break point at L = 1 0 0 
keV.fxm"1 is less certain. The present Convention 
employs a constant value with no reduction at high 
values of L E T , and this is evidently too 
conservative. Equat ion 1 suggests inverse 
proportionali ty at high L E T which is in line with 
results from a variety of cell studies. However , some 
data on heavy-ion-induced animal tumours suggest a 
less rapid decline of the R B E at high LET™. In 
view of the remaining uncertainty - and also in view 
of the potentially increasing role of heavy ions in 
radiation protection - it appears prudent to choose 
the intermediate formulation as given in Equa t ion 2 , 
i.e. the inverse proportionali ty to the Square root of 
L. 

Figure 3 shows, at low values of y or L, quality 
factors below unity. But the lowest values do not 
occur for actual radiation fields which always 
contain distributions of y or L. T h e third column in 
Table 2 lists values which were derived on the basis 
of Equat ion 2 . The quality factors for neut rons are 
somewhat larger in absolute value, but relative to y 
rays and to X rays they are less enhanced than in the 
I C R U - I C R P proposal . The value for energetic y 
rays is roughly unity if the total degradat ion 
spectrum is taken into account , which approximates 
the condition of a large phan tom. It is appropr ia te to 
choose high energy y rays as reference radiat ion, 
because y rays are important in radiation protect ion 
and because their effects are the main basis of risk 
est imates. 

T h e substantially different values of the quality 
factor for hard y rays and conventional X rays reflect 
corresponding differences in observed cellular 
effects, such as chromosome aberrat ions ( 1 ) , for low 
doses of these radiat ions. O n e can, nevertheless, 
argue that perfect agreement with radiobiological 
findings is not obligatory and that it introduces 
unnecessary complications into the practice of 
radiat ion protect ion. O n the o ther hand , it is 
interesting - and perhaps surprising - to note that 
different quality factors for photons are not a new 
feature. They are actually part of the present 
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Convention, although this is not generally 
appreciated. The first column in Table 2 lists the 
quality factors which result by integration of the 
present convention ( 5 ) over computed L E T spectra 
for photon radiations (for details Kellerer and 
H a h n ( l l ) ) . For photons of 100 keV one obtains a 
value of about 1.4, regardless of whether the 
degraded or the undegraded photon spectrum is 
utilised. If the substantial excess of the values for 
100 keV photons over the routinely utilised value of 
unity has been over looked or disregarded in the 
past, it is much less likely that such imprecision will 
continue to be tolerated when dose limits are 
markedly reduced. 

L (keV.um ) 

Figure 3. Different options for the definition of the quality 
factor. 
Upper panel: The dependence (see Equation 1) on lineal 

energy as proposed by a liaison group of 
ICRU-ICRP(1>. 

Intermediate panel: Dependence (see Equation 2) on 
linear energy transfer that results in 
different quality factors for different 
photon energies. 

Bottom panel: Dependence (see Equation 3) on linear 
energy transfer that corresponds to a 
quality factor for photons of approximately 
1 for different photon energies. 

C H O I C E O F A C O M M O N Q U A L I T Y F A C T O R 
F O R P H O T O N S 

There are , of course, strong arguments for 
simplicity in radiation protect ion, and these 
arguments would favour a constant quality factor 
Q = l for photons . Seeking to formulate this 
condit ion in terms of L E T one finds it impossible 
without sacrificing the desirable simplicity of the 
relation for in termediate and higher values of L E T . 
However , the condition can be met approximately 
by the relat ion: S 0.75 f o r L < 5 k e V . | x m " 1 

0 . 3 - L - 0 . 7 5 o ther values (3) 

300/N/L for L > 100 keV.um"1 
This Convention provides the quality factors in the 
last column of Table 2. T h e values for photons do 
not differ by more than 0.2 from unity at any photon 
energy, so that a conventional value of unity can be 
employed. For neut rons one obtains the enhanced 
values which are in line with the I C R U - I C R P 
proposal . 

Equat ion 3 is represented in the lowest panel of 
Figure 3 . Changing the equat ion in analogy to 
Equa t ion 1, we would obtain a smooth function. 
However , a smooth dependence may actually be 

Table 2. Quality factors for photons and neutrons of 
different energies. The defining relations for the quality 
factor are identified on the top of the table. Except for the 
ICRU 40 data, the values refer to the füll degradation 
spectrum. Equations 2 and 3 are evaluated in terms of the 
LET distributions with a cut-off of 5 keV (for details see 

Kellerer and Hahn 1 ") . 
Quality factors 

Photon Present 
energy Convention Equation Equation 
(keV) ICRU 40 2 3 

50 1.44 1.0 1.98 1.22 
100 1.44 1.0 2.05 1.20 
200 1.30 0.9 1.68 1.07 
500 1.14 0.5 1.19 0.93 

1000 1.07 0.5 0.94 0.87 

Neutron energy 
(MeV) 

0.2 12.6 21.8 30.5 21.9 
0.4 13.1 23.8 30.9 22.3 
1.0 12.4 21.3 27.0 19.4 

10.0 6.8 7.3 11.8 8.0 
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undesirable, because it might generate the 
erroneous impression of a precisely deduced 
relation. 

If a constant quality factor is used for photons of 
different energies, one must unders tand that the 
value 1 for hard y rays is a mere matter of 
convenience and an actual over-est imate. This needs 
to be accounted for in any consideration of risk 
estimates. If such est imates are obtained for y rays, 
and if X rays are assigned the quality factor 1, one 
would have to include in the risk est imates the 
corresponding enhancement factor. 

The Situation is actually simpler. Risk est imates 
are based on observations at high doses where there 
are only minor differences between X rays and y 
rays. The est imates can, therefore , be applied to X 
rays without an enhancement factor. Conversely, 
there is then less justification for a reduction factor. 
The new data for the atomic b o m b survivors ( 2 3 ) 
appear to be consistent with a linear dose 
dependence . But for an assumed l inear-quadratic 
dependence the Statistical uncertainty would admit a 
reduction of the slope of about 2 at low doses ( 2 ) . 
However , this reduction would apply only to y rays, 
and would be inappropr ia te for X rays. In adopt ing 
a Joint quality factor of 1 for photons we should, 
therefore , utilise the unreduced new est imates . 

C O N C L U S I O N S 
T h e choice of the reference pa ramete r for the 

quality factor is not a profound issue. There is, of 
course , no straightforward translation of y spectra 
into L distr ibutions, and measurements with 
propor t ional counters in neut ron fields exemplify 
this fact. A n approximate equivalence of definitions 
can however be achieved, and it is, therefore , 
sufficient to consider definitions in terms of L E T . 

T w o different options have been formulated in 
Equa t ions 2 and 3 and this is largely in line with 
considerat ions by Dennis ( 1 2 ) . A future t ightening of 
dose limits may necessitate more precision but also 

less conservatism in radiation protect ion. Energy 
d e p e n d e n t quality factors for photons may then be 
appropr i a t e , and Equat ion 2 may be a suitable 
reformulat ion of the quality factor. Equat ion 3 is an 
al ternat ive that corresponds to the indiscriminate 
use of pho tons as reference radiat ion. 

T h e discussion of technical issues is unavoidable . 
but one must also consider the somewhat deeper 
ques t ion , whether dose limits for workers ought to 
be l inked formally to numerical risk est imates. Such 
es t imates are unavoidably hypothetical and may, 
the re fore , not be commensurable with hard data . 
Ear l ie r risk estimates (5 ,6 ) happened to predict 
fatalities among radiation workers due to late effects 
which were about equally infrequent as those acute 
occupat ional fatalities repor ted in o ther 4safe' 
professions. T o e laborate on this numerical 
coincidence may have been a temptat ion that was 
ha rd to resist. T o p romote it to a basic tenet of 
radia t ion protection was an error . But the error 
cannot now be reversed. 

M o r e balanced views and more meaningful 
compar isons will not be achieved by reference to 
assumed threshold doses for stochastic radiation 
effects or by invocations of radiation hormesis. But 
the Situation will correct itself through the growing 
consensus in toxicology that all genotoxic effects 
lack dose or concentrat ion thresholds. This analogy 
be tween ionising radiations and genotoxic chemicals 
is b o u n d to bring about a more balanced perception 
of r isks, and it will give added importance to 
principles that have been developed and have long 
been practised in radiation protect ion. 

A C K N O W L E D G E M E N T 
This work was suppor ted by Research Gran ts 

St .Sch.1002 from the Federal Ministry for 
Env i ronmenta l Protection and Reactor Safety and 
Resea rch Gran t BI-6-D-0083-D (B) from Eura tom. 
T h e responsibility for results and recommendat ions 
in this article remains with the authors . 

R E F E R E N C E S 
1. ICRU The Quality Factor in R a d i a t i o n Protection. Report 40 (Bethesda, MD: ICRU Publications) (1986). 
2. Preston, D. L. and Pierce, D. A. The Effect of Changes in Dosimetry on Cancer Mortality Risk Estimates in the 

Atomic Bomb Survivors. R E R F T R 9-87 (Radiation Effects Research Foundation, Hiroshima) (1987). 
3. Shimizu, Y. , Kato, H., Schull, W. J., Preston, D. L., Fujita, S. and Pierce, D . A. Life Span Study Report II, Part I . 

Comparison of Risk Coefficients for Site-Specific Cancer Mortality Based on the D S 8 6 and T 6 5 D R Shielded K e r m a 
and O r g a n Doses. Technical Report, R E R F T R 12-87 (Radiation Effects Research Foundation, Hiroshima) (1987). 

4. D S 8 6 : US-Japan Joint Reassessment of Atomic Bomb R a d i a t i o n Dosimetry in H i r o s h i m a and Nagasaki, Final Report, 
Vol. 1 and 2. Ed. W. C. Roesch (Radiation Effects Research Foundation, Hiroshima) (1987). 

5. ICRP. Recommendations of the International Commission on Radiological Protection. Publication 26 (Oxford: 
Pergamon Press) (1977). 

6. United Nations Scientific Committee on the Effects of Ionizing Radiation. Sources and Effects o f l o n i z i n g R a d i a t i o n . 
United Nations Sales Publication Number E.77.IX.1 (New York: U N ) (1977). 

133 

http://St.Sch.1002


A. M. K E L L E R E R and K. HAHN 
7. Kellerer, A. M. and Breckow, J. Risiken Pränataler Strahlenexposition. Internal Report, IMSK 88/121, Würzburg. 

1988. (To be published in Proceedings of Symposium 'Medizinische Genetik, Perinatale Gburtshilfe und 
Kinderheilkunde', German Green Cross, Munich. 1988). 

8. Härder, D. Private communication. 
9. Keller, A. M. and Hahn, K. Considerations on a Revision ofthe Quality Factor. Radiat. Res. 114, 480-488 (1988). 

10. Fry, R. J. M., Powers-Risius, P., Alpen, E. L. and Ainsworth, E. J. High-LET R a d i a t i o n Carcinogenesis. Radiat. 
Res. 104, S188-S195 (1985). 

11. Kellerer, A. M. and Hahn, K. Options for a Reformulation ofthe Quality Factor. Internal Report, IMSK 88/119, 
Würzburg (1988). 

12. Dennis, J. A. Accounting for B i o l o g i c a l Effecdveness in Radiological Protection. Radiat. Prot. Dosim. 29. 1/2, 123-
126(1989). 

134 


