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Preface

The radiobiological effectiveness (RBE) of neutrons has become the subject

of some heated discussions in both scientific and radiation-protection

oriented communities. This has become especially so since the realization

that neutron exposures of A-bomb survivors in Hiroshima were considerably

lower than previously assumed, thus "devaluating" the importance of what we

thought was a solid human data base. At the same time, more recent data

from radiobiological research appeared to indicate that, at least: for some

biological endpoints, the RBE of neutrons at low doses and low dose

rates was increased dramatically compared to the RUE at higher dose and dose

rates. As a consequence, the protection of health against neutrons became a

subject of some urgency.

The objective of this Workshop, which was held at the Department of Energy

Headquarters, Germantown, Maryland, on April 9, 1985, was to evaluate the

existing data base in order to determine the need for additional research in

this field. In view of the wide range in neutron RBE's for a number of

endpoints in both _in_ vivo and _iri vitro systems, it is important to know how

this fact should be interpreted in establishing a proper Quality Factor (Q)

to be applied to the absorbed dose in order to arrive at a dose-equivalent

limit tor neutron exposure. It has become clear that this interpretation, to

a large extent, is limited by a lack of insight into the mechanisms of

damage and repair for both high- and low-LET radiations, but also, by

lacking knowledge with respect to the relationships between (and within) the

in vivo and in vitro data.



-iii-

By bringing together researchers, health physicists, and members of advisory

committees on this subject, we hoped to be able to assess the status of our

knowledge, together with its impact on standard setting. At the same time,

we hoped that this process would provide us with information on how we

should proceed as to the directions of further research, and needed levels

of effort. We were not disappointed. Our plans for a collaborative

interlaboratory research project aimed at providing policy makers with the

required knowledge for basing decisions in the field of health protection

against neutrons assisted immeasurably by the discussions that are reflected

in this reporc.

I would like to express my sincere gratitude to all participants in this

Workshop, and especially to all those researchers who have made such

invaluable contributions to understanding this complex field of scientific

endeavor.

J. W. Thiessen, M.D.
Acting Associate Director for Health
and Environmental Research

Office of Energy Research
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I. Introduction \

The Department of Energy (DOE) has the responsibility to evaluate the

adequacy of guidelines or standards for protection of individuals and

populations from radiations associated with its operations and activities.

There has recently been growing concern about the biological effectiveness

of neutrons relative to other radiations at low doses and whether or not the

scientific basis warrants changes in the Quality Factor (Q) for neutrons as

some have proposed. A continuing series of Workshops has been supported by

the DOE Office of Health and Environmental Research (OHER) to bring together

those investigators involved in research to identify and evaluate the

potential health risk from low level neutron exposure. Recently those who

are responsible for assessing the exposure and attendant risk from neutron

radiation and those who must reach policy decisions in terms of implementing

proposed and needed changes in permissible exposure have also been involved.

First Workshop

The first of the series of Workshops was conducted at the Oak Ridge National

2
Laboratory (ORNL) in 1978 and was devoted primarily to in-depth evaluation

of the kinds and quality of available biological information that suggested

a need to reappraise the existing neutron safety standards. It was clear

then that human data per se would be inadequate for the assessment and that

data from laboratory experiments would be the primary source of future

information. A large body of biological data was becoming available at

low doses that seemed to question some of the basic principles involved in

evaluation of the relative effectiveness of radiations of different

qualities obtained from data at higher doses. One such example is whether

the effects produced were qualitatively as well as quantitatively different.
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Existing evidence at the cellular and whole animal level, primarily dose-

response data indicated: (1) that neutrons, unlike gamma and X-rays, were

more biologically effective per unit dose at low doses than at high doses,

and (2) that the biological effectiveness per unit dose of neutrons, unlike

gamma or X-rays, increased with decreasing dose-rate or protraction of the

exposure in time. Such evidence was available for certain types of

important genetic effects as well as for carcinogenic effects from studies

conducted at the cellular and whole animal level of organization. Since

explanations for these important differences were not available the research

recommended by the participants of that Workshop emphasized the need to

establish the basic physical, chemical, and biological mechanisms involved,

3
in addition to the acquisition of more reliable data at low doses.

Second Workshop

2
The second Neutron Workshop conducted at Oak Ridge in 1983 emphasized

neutron carcinogenesis specifically and provided a scientific forum for

investigators concerned with the dosimetry, biophysics, and the in vitro and

in vivo aspects of cancer induction by neutrons and other high-LET

radiations. During the interim period 1978-1983 a large body of biological

data at low doses became available from tv?o major research efforts at

Argonne National Laboratory (ANL) and ORNL as well as from some other

sources. Results of those studies had just begun to produce desired

information about life-time tumor induction at low doses and confirmed the

earlier demonstration that neutron dose-response curves bend over at doses

above 10 rad but may be linear below 10 rad. The initial portion of the

response curve for low-LET radiation is probably also linear (RBEM of the
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1963 Committee) . If that is true a maximum RBE should be established by

the linear portion of the curve. Data from both the ANL and OKNL studies

confirmed the finding that above total doses of 20 rad protraction of the

exposure time increases the carcinogenic effectiveness of neutrons*

Consistent data were also obtained for ^n_ vitro cell transformation and for

production of certain tumors in mice and for life-span reduction which

results primarily from production of lethal tumors. Data at lower doses, 10

rad and below, tended to confirm initial linearity of response for both

neutrons and gamma rays indicating a constant maximum value of RBE, i.e.

RBE at low doses for such important endpoints as lifeshortening. The

consensus of the Workshop participants was that the concept of relative

biological effectiveness (RBE) which would probably continue to be used as a

parameter in assessing risk in a crude way is fraught with complications,

many of which are biological in nature. It was suggested that astimates of

risk for neutrons and other high-LET (Linear Energy Transfer) radiations

should be made directly without reference to a standard radiation. It was

also recommended that it would be useful to distinguish between two parallel

research efforts namely dose-response type studies directed to risk

estimation and radiation protection, and studies that attempt to remove or

reduce the uncertainties of estimating risk by providing a better

understanding of the physical, biophysical, chemical, and biological

mechanisms involved.
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European Workshops

European concern about the relative effects of neutrons has paralleled that

in the United States and a series of workshops on neutron dosimetry and on late

effects has been held under German sponsorship at Neuherberg, the latest in

September 1984. Others have been held over the years, at irregular

intervals, by the International Atomic Energy Agency (IAEA). The Commission

of the European Communities (CEC) has also held and supported many such

symposia and workshops, including one specifically on neutron carcinogenesis

at Rijswijk in 1982 , the focus of which was the growing evidence for high

values of neutron RBE at low doses.

Third Workshop

The just completed "Workshop of Radiobiological Effectiveness of Neutrons"

reported here was organized and conducted with emphasis on explaining the

present scientific situation with respect to the effectiveness of high-LET

radiation and possible needed changes in Q to those who are responsible for

operations and who must decide the most plausible methods of implementing

any proposed or recommended modifications of existing guidelines. Unlike

the previous workshops, the 1985 Workshop addressed practical issues and

seemed to be guided by the probability that the Q for neutrons will be

increased with an attendant need to reduce the present Maximum Permissible

Dose (MPD) for the DOE workforce. The participants, as well as the

speakers, represented a variety of scientific disciplines and included

health physicists and others with responsibilities for DOE operations.
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II. (a) ScientificBasis for Modification of Existing Neutron Safety Standard

For some time, there has been a growing concern about the value of Q for

fs 7 ft
occupational exposure to neutrons in the fission spectrum range. ' ' The

presently used value of 10 implies a maximum permissible occupational dose

of 0.5 rad/year. A very small number of individuals involved in operations

within DOE receive more than a faw percent of that dose. Heretofore, the

national and international commissions who recommend guidelines and

standards for protection of workers and the general public against

potentially harmful exposures to radiations have relied heavily on human

data for estimating the potential cancer risk that might result from

radiation exposure. This is still true for low-LET radiations like X- and

gamma rays. However, virtually no human data exist on direct exposure to

neutrons, especially since the reevaluation of the human exposure to

9 10
neutrons in the Japanese populations ' . Therefore, it is necessary to

rely entirely on data from laboratory experimentation to estimate both

genetic and cancer risk that could result from exposure 10 neutrons. It is

useful to note however, that one of the important endpoints studied at low

doses is chromosome aberrations in human lymphocytes and these show high

RBE's for neutrons similar to those for other species. Two speakers at this

Workshop summarized the extensive results of animal studies conducted at

ORNL and at ANL which comprise the largest data base available to evaluate

the relative effectiveness of fission energy neutrons in production of

genetic a..;d somatic effects. Both studies also provided data on the
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influence of dose-race on effectiveness of both neutrons and gamma rays

in production of tumors and certain important types of genetic damage. The

study at ANL also included comparative in_ vitro cell and whole animal

investigations.

The ANL and ORNL studies used different strains of mice and emphasized two

different exposure conditions, dose protraction and dose-rate for continuous

exposure, respectively. It is important that regardless of those

differences the results are in broad agreement on all basic issues

concerning reduction of life span and tumor production. Much of the recent

quantitative data reported at this Workshop were those obtained in the study

conducted at ANL. Special emphasis in the ORNL studies was given to

production of specific tumor types and the differential effectiveness of

neutrons and gamma rays in production of epithelial and connective tissue

tumors. Those data are especially valuable for comparison with available

human data. The ANL data reported here provide direct intercomparison of

results of ^n. vitro and i£ viZ£ carcinogenesis and for certain genetic

effects that are important to estimate genetic risk per £e_ as well as their

possible involvement in the carcinogenic process. Figure _1_ portrays the

ANL data for dose response for reciprocal translocations in mouse

spermatogonial stem cells for fission neutrons and for gamma rays and

includes data for single exposures as well as for exposures to the same

doses when they were received protracted on a once per week regimen. It is

clear that neutrons are 3-4 times as effective as gamma rays for single

acute exposures. Under protracted weekly exposure conditions the RBE may be

increased by a factor of 20 or more depending on the instantaneous dose-rate

used. It is obvious that protraction changes the effectiveness of neutrons
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and gamma rays in opposite directions and that the maximum RBE obtained

while primarily due to the large change in dose effectiveness of the gamma

rays under protracted exposure, is also due to increased effectiveness

of neutrons.

12
Figure 2 shows similar data for life shortening ir days, for exposure

conditions similar to those used to evaluate genetic effects. Life

shortening after low level exposure is due primarily to production of lethal

tumors. As was seen for reciprocal translocations in Figure 1, the

effectiveness of both neutrons and gamma rays is changed by dose protraction

but in opposite directions. It is also noted that the shape of the dose-

response curve for neutrons indicates an increase in effectiveness per unit

dose with decreasing dose below 100 rad. The maximum RBE for life

shortening at low doses based on these data could be as great as 50 or even

13
higher. Neutrons and gamma rays produce tumorigenic responses to dose and

dose rate that mimic the life shortening response although the range of RBE

values is more modest (8-50). Consistently higher values are found for

induction of epithelial tumors and lower values for connective tissue

tumors. This latter variance is observed in all exposure patterns and is

consistent among the data from ORNL and ANL. However, considering all tumor

data from all sources, the range of RBE values is much greater (3-200 or

more).

An important factor in these evaluations is whether the gamma rays are

delivered in a single dose at high dose rate or less effectively at low dose

rate or in multiple fractions. The effects of these differences have been

estimated in some animal systems. Table 1 shows a composite of data
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used to evaluate the dose-rate effectiveness factors (DREF) for gamma ray

production of life shortening and a few specific tumors, observed at autopsy

of exposed animals. These data represent a compilation of information from

ORNL that is not available from human sources but may be useful for

intercomparisons with human data to estimate radiation risk. In a following

section such data have been used to estimate maximum RBE values for neutron

exposure.

It was mentioned earlier in this report that the research program at ANL

included a detailed evaluation of iji vitro cell oncogenic transformation

which used mouse embryo-derived epithelial cells in culture. Those studies

evaluated the same dose and exposure variables used in the described animal

genetic and carcinogenicity studies. It is remarkable that, in general,

similar data were obtained for the basic parameters of importance in

establishing the issues concerning changes in biological effectiveness of

both gamma ray and neutron exposure as a function of dose and dose-rate, and

protracted exposure. Most of the measurements were made at doses where cell

killing was minimal which eliminated the possible effect of this confounding

factor in determining the observed differences in cell transformation

frequencies as a function of dose and dose-rate. The greatest differences

found in the :in_ vitro cell studies as compared to animal studies was a much

larger enhancing effect of reduced dose-rate on the effectiveness of

neutrons, as shown in Figure 3 . That difference results in a larger

estimate of maximum RBE obtained at low dose rates or multiple fractions of

the two radiations; about 70 or more. The cell level studies add a new

facet to basic understanding of the physical, chemical, molecuiar, and
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cellular mechanisms of the effects observed in whole animals and at present

may provide useful support for animal studies for estimation of a maximum

RBE value for neutrons and other high-LET radiations.

Table 1

DOSE-RATE EFFECTIVENESS FACTORS(15)

Endpoint DREF*

Life Shortening in Mice 2

Myeloid Leukemia in Mice 2-7

Thymic Lymphoma in Mice 6

Ovarian Tumors in M'.ce 5-7

Mammary Adenocarcinoma in Mice 2

Lung Adenocarcinoma in Mice 3

Harderian Tumors in Mice 3

Pituitary Tumors in Mice 5

Thyroid Tumors in Rats 10

Mammary Adenocarcinoma in Rats 4

Mean = 4.6

*DREF is slope of acute gamma-ray curve (linear fit) divided by slope of
chronic gamma-ray curve.

Although the emphasis of this Workshop was on neutron exposure, two recent

studies suggest that what we learn about neutrons as a model high-LET

radiation, might also apply to higher-LET radiations. Preliminary evidence

was presented that production of Harderian gland tumors in mice by heavy-

ions follows a similar dose-response relationship as that produced by
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neutrons. Also, recent evidence was reported that demonstrates a sizable

increase in effectiveness of radium-224 alpha particles in bone tumor

production for protracted exposures as compared with single exposures.

II. (b) Estimation of Neutron Cancer Risk for Man

Regardless of the quantity and quality of laboratory-derived experimental

data relating to RBE for establishing a Q value for neutrons, its value is

increased if it is based on human experience, human endpoints or can be

related to human risk estimation. One of the speakers at the recent

Workshop presented a method which combined the use of animal data presented

by other speakers participating in the Workshop with human cancer data

available from Hiroshima and Nagasaki to derive limits for neutron Q values

as well as comparative risk coefficients for neutrons. It was proposed that

three interlinking methods can provide such estimates.

(1) The neutron risk coefficient for human cancer is estimated by

multiplying maximum neutron RBE's obtained from experimental animals, as

19
shown in Table 2 , with gamma ray risk coefficients obtained from Hiroshima

and Nagasaki using the dose-rate effectiveness factors shown in Table 1.
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Table 2

ESTIMATES OF MAXIMUM NEUTRON RBE19

Endpoint RBE

Thyraic Lymphoma in RFM Mice 14

Pituitary Tumors in RFM Mice 59

Harderian Tumors in RFM Mice 36

Lung Tumors in RFM Mice a>

Lung Adenocarcinoma in BALB/c Mice 60

Mammary Adenocarcinoma in BALB/c Mice 33

Ovarian Tumors in BALB/c Mice 8

Median = 35

*RBE is initial slope of the acute (25 rad/min) fission neutron curve
divided by the slope of the chronic (8.3 rad/day) gamma-ray curve.

(2) The neutron risk coefficient for human cancer is estimated by combining

neutron RBE's obtained in experimental animals at 10 rad of neutrons (single

dose gamma ray data as a base) with acute gamma ray data for human cancer

obtained from Hiroshima and Nagasaki.

(3) An upper limit estimate of the neutron risk coefficients for human

cancer is obtained by using a model endpoint (chromosome dicentric

aberrations in human lymphocytes) which shows a large neutron RBE. The

neutron curve is then estimated by normalizing the gamma ray curve for

dicentrics to the gamma ray data for human cancer, and then letting the

neutron curve for dicentrics predict the neutron curve for human cancer.
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This approach has led to a prediction of a maximum neutron Q value of about

30 with a probable mean value of about 12. This is based on an

historically acceptable maximum lifetime risk of 2.5%; in addition,, this

will result in Q values of less than 1.0 for gamma rays. Dr. Straume, who

proposed this approach, also described its potential usefulness in

estimating lifetime cancer risk for radiations of different qualities using

the present maximum permissible dose limits for the occupational sector.

20
Those estimates are shown in Table 3. Although these estimates are

preliminary, they do suggest that a large reduction in the maximum

permissible dose for neutrons may not be warranted. It must be remembered

that the current maximum allowable exposure to a worker is 0.5 rad/year,

which, over the working lifetime of 50 years, would result in a maximum

total dose of 25 rads. We have no significant experimental data that mimics

this type of exposure regime.

The BEIR III report of the National Academy of Science/National Research

Council (NAS/NRC)21 issued in 1982, is particularly significant at this

point in the sequence. Apparently as the result of differences in opinion

on how the human data or radiation carcinogenesis should be interpreted, the

group decided that risk coefficients for low LET radiation were

insufficiently well known to warrant providing values for the region below

10 rads. Not even "upper limit" values were to be given, as had often been

the practice in prior reports. This means that we have no reliable risk

coefficients in the low exposure region, for man, for any radiation

quality. Those estimates that are made, for example by the recent NIH

2?
Working Group , must be inferred from data at higher doses.
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Table 3

OUR BEST ESTIMATES AT PRESENT DOSE LIMITa

Lifetime cancer Risk

0.7 MEV Neutrons ^3
3
H Beta Rays ^3

250 KVP X Rays <\,£

Gamma Rays ^1

0.5 rad/yr for neutrons and 5 rem/yr for the others from age 18 to 68 yrs.

To age 75 yrs.

III. Recommended Change in Q by National and International Committees

It is well established by a number of biological studies such as those

reported at the most recent Workshop that the maximum RBE for neutrons is

higher than that accounted for by the present Q value of 10. As early as

1979 a special Task Group was established by the International Commission on

Radiation Protection (ICRP) and International Commission on Radiation Units

and Measurements (ICRU) to evaluate the need to increase Q values for

neutrons, and to report changes that might be required to align Q values with

The tenuous nature of our ability to provide "risk coefficients" for
low dose exposure was emphasized in a letter report received from
Dr. Victor Bond.

In addition to the presentation by Dr. Sinclair, Much of the philosophy
expressed in this Section was transmitted to us by Dr. Harald Rossi in the
form of a letter report.
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experimental data for maximum RBE, especially at low doses and dose rates*

It is important to note that i'l many of the recent studies at low doses, the

RBE of gamma rays was evaluated and may be a factor of two less than that

for X-rays, the commonly used tasis for low LET radiation. Coupled with

that complication but not separate from it, is that related to reduction of

gamma ray effectiveness at low dose-rate which could be at least a factor of

2.5 and the enhancement of neutron effectiveness which ts likely to be at

least a factor of 2.0. Thus, the overall maximum RBE may well be about 50

for fractionated neutrons vs fractionated gamma rays under conditions most

relevant to human exposure.

Or. Sinclair, one of the representatives of the aforementioned ICRP-ICRU

Task Group, presented the following table (Table 4) summarizing the values

of RBE derived by the Task Group and used as a basis in their

considerations. He noted that the Task Group believed that these data were

well represented by a ratio of 0.5:1:25 for gamma rays, x-rays, and fast

neutrons respectively. Heavy ions of optimum energy and alpha particles

were not substantially different from fast neutrons. He also emphasized

that a draft report was submitted to the two Commissions and might be

substantially modified as a result of considerations and comments by the

various Commission members. However, he also noted that as a result of the

report, the ICRP was issuing a statement which recommended that Q for

neutrons be increased from 10 to 20.
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Table 4

Ranges of Experimentally Derived Values for
Maximum RJBE

Biological End Points Range of RBE_
1 •••'" ' ID3X

Tumor Production - Mice 3-200
Life Span Shortening - Mice 15-45
Animal Cell Transformation 35-70
Cytogenetic Effects (animal) 40-50
Genetic Effects (animal) 10-45
Cataract Formation (animal) 25-200

The National Council on Radiation Protection and Measurements (NCRP) is also

studying the effectiveness of high LET radiations following the statement of

1980 and its Scientific Committee 40 was in the late stages of preparing a

report tor Council review.

IV. Risk Management Considerations in Department Operations and Activities

There is a difference in philosophy used in risk assessment and risk

management. The former uses factual data to identify the hazards associated

with exposure and to quantitate the dose-response. When this is coupled

with an assessment of a possible human exposure the associated health risk

can be estimated within a known range of uncertainty.

Risk management, on the other hand, uses the results of risk assessment and

couples them with engineering data and with social, economic, and political

concerns to reach a policy decision among possible alternative regulatory

actions. Obviously, any increase proposed in the Q value for neutrons

carries wiuh it a reduction in the maximum permissible dose for workers who

could be exposed to that radiation this could have an impact on operations

of DOE. Although recommended changes are not large, the total possible
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impact on DOE operations does not seem to have been evaluated. For example,

it is not yet established whether enforcement or documentation of individual

exposure is required and/or whether the actual mixed gamma-ray neutron

exposure monitoring is developed adequately for routine application. Also,

it is not clear how the proposed changes in maximum permissible dose will

require changes in operational procedures.

A number of operational alternatives is available for implementing possible

reductions of the maximum permissible dose to workers involved in

Departmental operations. New facilities could be designed and constructed

that would meet a set of new criteria for worker protection and would

necessitate delays in production and testing of strategic military

materials. Ways and means to automate strategic processes could be

developed and implemented with sizable attendant costs and delays.

Reduction in individual worker exposure could be accomplished by multiplying

the workforce in numerical proportion to the reduction of the maximum

permissible dose per unit time. Such a change could necessitate improved

methodology for monitoring the amount of radiation exposure for many more

individual workers than are presently monitored. The emphasis on neutron

versus total neutron-gamma ray exposure may require additional development

in dosimetry and will possibly need more sensitive methods for neutron-

specific dosimetry.
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Tables 5 and 6 provide preliminary evidence for the possible impact of- a

five-fold change in Q which would lead to an increase in dose equivalents to

certain segments of the workforce in operations of the Department.

Obviously, such a change would increase the number of persons receiving a

significant fraction of the maximum permissible dose. Table 6 was presented

to demonstrate that a five-fold increase in Q would likewise increase the

likelihood that existing neutron dosimeters would not detect the total

neutron dose received by some workers. Again, it is emphasized that the

recommended changes in Q reported at this Workshop are in the range of 2-

2.5, so the impact would be substantially l?.ss and may be minimal.

Table 5

ANNUAL NEUTRON DOSE EQUIVALENT FOR DOE CONTRACTORS PERFORMING DEFENSE WORK

Range of Neutron
Dose Equivalents

Number of Persons
Exposed to Neutrons

19,400

207

67

5

4

0

Number Over 5 rem Limit

Existing Limits

<0.5 rem

0.5 -

1 -

2 -

3 -

4 -

0

1

2

3

4

5

Factor of 5
Increase in Q

<2.5

2.5

5

10

15

20

rem

- 5

- 10

- 15

- 20

- 25

76
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Table 6

NEUTRON DOSE EQUIVALENT WHICH WOULD NOT BE DETECTED USING PERSONNEL NEUTRON

DOSIMETERS

Undetected Dose Equivalent

Quality Factor Increased
Existing Limits by a Factor of 5

Best Existing Dosimeter 20 mrem 100 mrem

Worst Existing Dosimeter 210 mrem 1050 mrem

Average for all 1X)E 50 mrem 250 mrem
Contractors

All of the above criteria for possible implementation of new guidelines for

worker protection are under investigation in various programs of the

Department. Studies have been conducted to estimate the economic impact of

increases in Q values of 3.6 and 10-fold which showed 10-65 million dollars

per year increased cost for Departmental, notably defense, activities.

Those increases did not include development of new facilities but did

involve major improvements. Mow the Department would implement a 2, 2.5, jr

5-fold increase in Q value was not discussed at this Workshop.

V. Recommendations for Future Research

Unlike previous Workshops this one did not devote much of its effort to

deliberations of research needs for neutron radiobiology in general, since

it was a relatively brief, one-day meeting, mainly informational in

character. The very nature of the Workshop did, however, suggest certain

kinds of definition of research needs for risk assessment versus those kinds
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of research, which are essentially basic or theoretical radiobiology which

can remove or reduce the uncertainties in risk assessment. It is clear that

much work is needed on the spatial relationship of energy deposition of

radiations of different qualities and particularly how these relate to the

biological effects. Thus, both measurements and modeling are required to

provide descriptions of the nature of the interaction of various ionizing

particles and cells. The following suggestions were not explicitly

discussed as part of the Workshop but were derived from the foregoing

summary of the presentations.

Basic Studies on Mechanisms

1. Studies of LET dependence for oncogene activation and movement of

relevant transposable elements could provide insights into mechanisms. The

evidence that the mechanisms of the induction of chromosomal aberration by

neutrons differs from that by low-LET radiation indicates that the LET

dependence of the mechanisms of chromosome aberrations should be studied

further.

2. There are newly developed methods in cellular and molecular genetics

that are of a short-term duration and of sufficient radiosensitivity to

resolve the question of whether a constant RBE exists at doses of less than

1 rad (lOmGy) for neutrons. Mammalian cell systems should be exploited to

obtain such information, but it must be remembered that the whole animal may

moderate these responses.



-20-

3. Research in theoretical radiobiology proposed in previous workshops

should be continued on an integrated physical, physical chemical, molecular,

and cellular basis (iji vitro and in_ vivo where possible) to establish the

mechanism(s) of biological damage and repair for high-LET radiations, by a

qualified group.

Risk Estimation and Radiation Protection

1. Research should be supported which attempts to resolve the differences

in efficiency of high and low-LET radiations for biological endpoints such

as in vitro cell transformation and oji vivo tumor production. Implanted

organ and tissue systems and cell clones seem well adapted to such studies.

2. Since human risk for neutron-induced cancer will probably have to come

from animal data there is a need for more experimental studies Co determine

the initial slope of dose-response curves both for high and low LET

radiations. The techniques of biological measurement have only recently

reached down into the dose range of 1 rad or less for neutrons. There are

still very few data for low-LET radiations for corresponding low doses (15-

50 rad range) and these should be emphasized. Such determinations require

various exposure regimens and perhaps some species other than mice.

3. New methods for neutron and mixed neutron-gamma ray measurement and

dosimetry should be developed for research and personnel monitoring and for

the estimation of organ doses under complex irradiation conditions.

Concerted efforts should be made to improve analysis of radiobiological

damage to exposed human populations.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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