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INTRODUCTION

Conaittee I of the International Conaission on Radiological Protection

has recommended that the Quality Factor for neutrons should be changed fro*

10 to 20. This change is, no doubt, of interest to you but I doubt will have

any impact on neutron therapy. Nevertheless, I thought it might be

interesting to recount the tale of Q from the viewpoint of an interested

observer because it illustrates many of the problems that the selection of

protection standards pose.

RBE

We can begin with the story just a quarter of a century ago in 1960 when

the International Commissions of Radiation Protection and Radiation Units and

Measurements appointed a committee to examine the concept and use of RBE

(relative biological effectiveness} in relation to radiation protection.

This committee became known as the RBE committee, it3 report (1) had a high

quality factor and it can still be read with reward. The conaittee's good

sense and perception were shown by the quotation from Francis Bacon that

introduced their report.

"...For the induction which proceeds by simple enumeration is childish;

its conclusions are precarious, and exposed to peril from a contradictory

instance; and it generally decides on too small a number of facts, and on

those only which are at hand. But the induction which is to be available for

the discovery and demonstration of sciences and arts, must analyse nature by

proper reflections and exclusions but in order to furnish this induction

or demonstration well and duly for its work, very many things are to be



provided which no mortal has yet thought of; insomuch that greater labour

will have to be spent in it than has hitherto been spent n

The conaittee was hampered in the lack of data for late effects in

particular earcinogenesis. Furthermore, the lack of data on the effects of

dose rate and for low doses were recognized as deficiencies.

The accumulated wisdom about the relationship between linear energy

transfer (LET), RBE and quality factor (Q or QF) at that tine are shown in

Tables I and II. The RBE committee was careful to note that major

modifications in the concept and use of RBE in protection considerations

night become necessary in the future as new data on RBEs relevant to low

doses and dose rates became available. The conaittee endorsed the

International Commission on Radiation Units and Measurements' replacement of

RBE by QF in protection work and recommended that radiation quality be

specified in terms of LET (2).

Current views on how to handle a number of aspects of radiation quality

and protection are different from those of twenty years ago but until this

very recent recommendation for an increase in the QF for neutrons there have

been no changes. The lack of change is in part a credit to the sagacity of

the ICRP and ICRU committees and in part to the time it takes to obtain

sufficient Information and understanding about the late effects of high-LET

radiation.

Neutron Effeota jp

For many years it was assumed that data from the study of the survivors

at Hiroshima would provide the information necessary for estimating the risk

of neutron-induced cancer. The hope was based on 3 facts: 1) The number of



surviving persons exposed at Hiroshima was relatively large and larger than

at Nagasaki (Table III). At Hiroshima the population had been exposed to

neutrons because of the different nature of the bomb from that of the one

dropped on Nagasaki (Table III), 2) the fraction of the total dose that was

due to fission neutrons was considered sufficient to give a range of exposure

levels, and therefore the possibility of deriving dose-response relationships,

and 3) although the number of iv^es of leukemias in Hiroshima attributed to

radiation was small the number of total cancers would be greater by a factor

of perhaps 5, thus, giving the epidemiological study a robustness, an

attribute much desired by epidemiologists.

The sense of security that the promise of future data for cancer

mortality at Hiroshima had given was reinforced by two papers (3, 4). In the

second of these papers Rossi and Mays attempted the first analysis of

separating out the effects of low- and high-LET radiation on the Hiroshima

population. The neutron effect was obtained by subtraction of the effect

that could be attributed to the low-LET radiation based on the data from

survivors at Nagasaki where the contribution of neutrons to the total doses

was negligible.

The results had, and are still havi.. a considerable impact. The

lifetime incidence of excess leukemia frOiL exposure to a neutron dose to the

bone marrow of 25 rad (the maximum permissible cumulative dose permitted over

a 50-year occupation exposure) was estimated to be 2$, considerably greater

than the natural incidence. The risk for leukemia was multiplied by 5 to

obtain the risk for solid cancers-. It was suggested that "the predicted life

span incidence of all deaths from induced malignancies would be 10? compared

with a natural lifetime incidence of fatal malignancy of about 18?." This



risk the authors considered unacceptably high.

Although the conclusions by Rossi and Mays are now moot the paper was

important because it was the first attenpt to extract the effects of neutrons

from data obtained from people exposed to mixed radiation qualities.

Secondly, despite various criticisms (5-9) it provided a stick with which to

beat upon the commissions to get the question of Quality Factors to the fore

(10).

t Hiroshima and

About this time KCRP Committee *IO was taking up the question of high-LET

radiation late effects having taken the previous seven or so years examining

dose-rate effects. The committee set out with the hope and belief that in he

case of neutron-induced cancer that data from survivors at Hiroshima would

become available and form the kernel of the committee's report. Thus, it was

obvious that the dosinetry at Hiroshima was a central issue. The problems

were appreciated by those intimately involved and some outsiders, such as

Dean Kaul but it required the impetus of the practical requirement to provide

the means to proceed with the necessary studies. In 1976 it was deemed

necessary by NCRP to set up a task group under the chairmanship of Dr. Harold

Wyckoff and consisting of initially C. C. Eisenheuer, W. C. Roesch, M. L.

Randolph, and J. B. Storer (P. Harris and L. Spencer joined the committee

later) to examine the basis of the T65 dose estimates at Nagasaki and

Hiroshima,

In 1977 the task group reported that although the basis of the estimate

of the kermas at the two cities had been changed in the 1965 report from that

previously used in 1957 the reasons for the change were not explained in



detail. A major change was that in T65D the relaxation length of the

rays at Hiroshima were shorter by some 100 meters than at Nagasaki.

Previously the relaxation lengths had been considered the same.

Incidentally, the T65D were revised in 1968 to take into account the

relocation of the epicenter at Nagasaki and those do3es are referred to as

T65DR.

Later when the revisions of the dosinetry became publicized it was

interesting how many in the radiation community had not realized that the T

of T65D really meant tentative. The good sense of that designation by Auxier

became clear. John Auxier named his book about the project that resulted in

the T65D doses Ichiban, which in Japanese means "the most important" or "the

best," it was the importance of the doses to the ABCCs studies of the exposed

populations that Auxier had in mind when he selected the title (12).

There were many reasons for difficulties in estimating the neutron doses

including the uniqueness of "Little Boy." However, studies continued to be

carried out after the publication of the T65 dose estimates on some of the

unresolved questions by a number of workers such as G. D. Kerr and J. V. Pace

at ORNL, J. S. Malik and W. E. Preeg at LASL as well as D. C. laul, R. J.

Jarka and J. Harcum (see 11). The new calculations made in 1976 and 1977 by

Preeg (LAND Kaul, now with Science Applications, Inc. and Kerr and Pace,

ORNL indicated a need for a review of the T65D estimates.

As a result of the NCRP's task group report and the importance of

the precision of the neutron dosimetry to Committee HOfs work, V. K. Sinclair,

the President of NCRP requested ERDA (this agency was the first stage of the

metamorphosis, or sadly, perhaps apotosis from ASC to DOE) to provide funds

to allow a reexamination of the dosimetry and report on the details of



the 1965 revision. As a result of this action a systematic revision of the

dosimetry of the atomic bomb Has undertaken by Kerr and colleagues at ORNL.

In 1980 as a result of considerable pressure, NCRP felt obliged to

issue a statement (13); not surprisingly there was also pressure for that

well-tested obstetrical attitude - wait and see. The NCRP sought a route

between the Scylla of not doing anything and the Charybdis of over-reacting.

NCRP published a statement in February 1980, which in essence said that based

on Rossi and Mays paper, it expected that some change in the protection

standard for neutrons would be required but what exactly the change should be

was not yet clear. The National Radiological Protection Board took about two

years to come to ouch the same conclusion but uncharacteristically took many

more words to say so than had their U. S. colleagues (14).

Now, as with any good play, the scenario cried out for new characters and

a sub plot and we were not to be disappointed.

It was realized that a major increase in the QFs for high-LET radiations

could present problems in radiation protection for the facilities involved in

weapons fabrication that could be costly. The concern at Livermore National

Laboratory was sufficient to stimulate a study of the dosimetry at Hiroshima

and Nagasaki by W. E. Loewe and Mendelsohn. The release of their report on

the reassessment of doses (15) came as a surprise even to those close to the

studies of the atomic bomb survivors. The conclusion by the LLHL group was

that the T65 neutron doses in Hiroshima were too high, for example, at 2 km

perhaps nine times too high and that the gamma ray doses were low by about a

factor of four. Even when the uncertainties of a factor of two were taken

into account the results suggested a significant departure from the T65D

estimates.
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The first time that all, or most of, the increasing niaiber of players in

this saga of determining the doses and their effects in the survivors at

Hiroshima and Nagaski met together was in Minneapolis in 1981. The forum was

a Symposium organized by the Late Effects Group of North America and NCRP in

memory of George A. Sacher at the 29th Annual Meeting of the Radiation

Research Society (16). By one of those strange coincidences just across from

the meeting place was a restaurant named Ichiban. It is not recorded whether

it lived up to its name - the best.

At this meeting it became clear that there was a considerable degree of

agreement between the calculation of the neutron exposures in Hiroshima and

Nagasaki made by Kaul, Loewe, Pace and Kerr (17). Nevertheless, there was

much to be done and study groups were set up in this country and Japan.

Today there are about 13 laboratories involved. Also, the inevitable review

and oversight committees were appointed. Already, the proceedings of three

workshops have appeared (17-19).

Analyses have been made of the effects on the new dosiiaetry of the risk

estimates of induced cancer by adjusting the dose scale but this is

inappropriate because exposed persons will not necessarily remain in the same

dose group. There will have to be patience before it is clear what

information about neutron effects can be gleaned and how the new dosimetry

influences the current risk estimates. If it is possible to pool some of the

low dose groups in Hiroshima and Nagasaki then the confidence limits of the

risk estimates for low doses of the low-LET radiation will be improved

greatly.

It is widely held now that the information about the carcinogenic

effects of neutrons in the Hiroshima survivors will not be sufficient for the



determination of neutron risk estimates. But there are differences in the

effects in survivors in the two cities that may be related to the differences

in radiation quality: 1) The decline in excess ri3k of leukemia was earlier

in Nagasaki and was complete by about 1970 but in Hiroshima the excess risk

was still present in 1978 (20), 2) an excess incidence of lens opacities in

survivors in Hiroshima but not in Nagasaki (21), and 3) there are also

greater excesses of cancer and chromosome aberrations in the Hiroshima

survivors compared to those in Nagasaki. However, until the dose groups are

correctly defined it is not clear that these differences can be attributed to

the differences in the radiation qualities of the exposures.

Quality Factor for Neutrons

The quality factor was the factor that ICRU recommended "by which

absorbed doses are to be multiplied to obtain for the purposes of radiation

protection a quantity that expresses on a common scale for all ionizing

radiations the irradiation incurred by exposed persons." (22). As indicated

above the factor was held to have a dependence upon LET. The factor is

dimensionless, is singular for any particular radiation, and its product with

the absorbed dose is called the dose equivalent. The relationship of Q to

LET appears to be a matter of faith and many would be happier with a

dependence of Q on linear energy density. A relationship of RBE to Q is

considered more acceptable but since the diversity of RBE values for even a

single biological effect, such as cancer induction, is great the selection of

one Q factor becomes a matter of judgement. RBE3 vary with dose, dose rate

and fractionation and are tissue-dependent. These factors affect the neutron

responses but in the main they affect the low-LET radiation responses even
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more so. Thus, RBEs increase with decreasing dose and dose rate because the

effect of the low-LET or reference radiation decreases.

The advantage of direct risk estimates of high-LET radiation effects are

obvious but that possibility must await further information. The hope of

obtaining risk estimates for neutron effects based on data from Hiroshima has

been dashed, at least temporarily, so, the Commissions mist resort to

experimental data much of which D. Grahn has reviewed in the previous paper

(22).

Since experimental data must be used and extrapolations made, either

across species or from effects on cells to those on other tissues, the use of

RBEs may have an advantage. It could be argued that RBE values can be

extrapolated across species more appropriately than the direct risk

estimates.

The BBE is the inverse ratio of the absorbed dose of the radiation under

study to the absorbed dose of the reference radiation to produce the same

biological effect. For example, in the use of neutron radiation and gamma

rays as the reference

D to produce effect A
RBE = —*•

Dn t o Produce effect A

However, it is the EBE at low doses that is of concern for protection

standards. Both theory (23) and analysis of experimental data (24) indicate

that at low doses the RBE will become constant and can be considered a

maximum value or RBEm that can be determined from the ratio of the

initial slopes of the responses ( coefficients) to neutrons and the

reference radiation



While it is RBE values that are required, the neutron dose-response

curves bend over at low doses, about 10-20 rad. Since no model has been

derived that describes the complete dose-response curves the initial slopes

have to be obtained by direct determination - not a trivial task.

It can be seen from Table 4 that the RBE values for the relevant

experimental data have a wide range. The great variation in RBE values makes

the choice of a value for Q a matter of consummate judgement. The subject of

neutron effects has been well reviewed (25, 26).

Human chromosome data have the advantage that no extrapolation across

species is required and with the increasing evidence of the association of

chromosome aberrations and certain cancers their relevance increases. The

data in Table 5 reveal: 1) the significant difference in RBE between gamma

and X rays, confirming previous reports (28), 2) the dependence of neutron

energy for the induction of chromosome aberrations, and 3) a higher MJE for

fission neutrons than alpha particles. Currently the QF for alpha particles

is 20.

The carcinogenic effects are the determining factors in protection

standards concerned with low doses and protracted exposures. Nevertheless,

there are so-called nonstochastic effects that are important and for which

there are inadequate neutron data.

G. Silini, who was to have given this paper, and UNSCEAR have reviewed

recently (29, 30) the non-neoplastic effects of radiation and it is

striking how little can yet be said about the influence of radiation

quality.

In 1982S Mole (31) drew attention to the effects on brain development

that occurred in fetuses exposed to the radiation from the atomic boabs. It
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has been found that very low doses of radiation incurred by a fetus between

8-15 weeks of gestational age cause mental retardation. The findings of

Otake and Schull suggest a probability of mental retardation of O.H% per rad

(1cGy) (32). Although most of the retarded subjects are in Hiroshima it has

not been possible to determine the influence of radiation quality.

Cataract is another radiation-induced late effect for which there are

insufficient data for protection standards especially for protracted low-LET

radiation and for high-LET radiation in general. Hopefully, there will be

continued careful followup of radiotherapy patients for whom doses to the

eyes are known.

In conclusion the adoption of the ALARA principle (as low as reasonably

attainable) in the field of radiation protection is suitably in keeping with

the Hippocratic philosophy - primum non nocere - above all do no harm.
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Table I

HBE of Ionizing Particles

Average specific
ionization (ion
pairs per micron

of water) R.B.E.

Average linear
energy transfer
to water (keV
per micron)

100 or less

100 to 200

200 to 650

650 to 1500

1500 to 5000

1

1 to 2

2 to 5

5 to 10

10 to 20

3.5 or less

3.5 to 7.0

7.0 to 23

23 to 53

53 to 175

Table II

The Relationship of QF

LET
(keV/y in water)

3.5 or less

3.5-7.0

7.0-23

23-53

53-175

to LET

QF

1

1-2

2-5

5-10

10-20
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Table III

Atomic Bombs

Yield (kT)

Type of Bomb

Number of Survivors
Alive in 1950

Hiroshima
(Little Boy)

15 ±2.5

Gun
Cranium
Metal Shielding

60, 482

Table IV

Estimates of Neutron Effects

Nagasaki
(Fat Man)

21 ±2

Implosion
Plutonium
Hydrogenous Shielding

19, 37*

End Pcint RBE

Life Shortening (mice) 4-45

Tumor Induction (mice) 0->200

Chromosome Aberrations (human) 15-53
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Table V

RBE Values for Chromosome Aberrations in Hunan Lymphocytes

60Co Y Kays 1
(reference radiation)

250 kVp X Rays 3

14.7 MeV Neutrons 17

2 5 2Cf Neutrons 38

Fission Neutrons 46
(E = 0.9 MeV)

Fission Neutrons 53
(E = 0.7 MeV)

2 3 9Pu Alpha Particles 24
(5.15 MeV)

The RBE values are based on the ratios of the a coefficients
of the linear-quadratic fits to the data for the specific
radiation and the reference radiation, namely Co y rays.
The data are taken from a review of the work by many workers (27).


