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1. INTRODUCTION - E.V. Osborne

The mission of the Health Sciences Division is:

Scientific knowledge and technology needed for
radiological protection in Canada.

The mission follows from two fundamental beliefs:

The desired standard of radiological safety can
only be achieved if the protection is soundly
based on the scientific knowledge.

As the lead agency in nuclear technology in Canada,
AECL has the responsibility to carry out the
multidisciplined research needed to provide the
scientific basis for radiological safety.

Several changes have taken place in the last year that have had a significant
impact on the Division, both scientifically and administratively. The
overall mission, however, remains as above.

At the start of the year, Health Sciences Division, encompassing Radiation
Biology Branch, Environmental Research Branch, and Dosimetric Research
Branch, was associated with the basic physics research divisions in an
operating unit, Physics and Health Sciences. On 1990 July 1, AECL Research
was restructured and Health Sciences Division became part of the operating
unit, Environmental Sciences and Waste Management. The Environmental
Research Branch was transferred to a new Division, Environmental
Technologies. This report is for the new Health Sciences Division with the
two Branches, Dosimetric Research and Radiation Biology.

A further significant change in th. year was that of source of funding.
Until the end of 1989, most of the v earch and development in the Division
was funded entirely by AECL. A small part was performed under contract for
other agencies. Dosimetric Research, in addition, provided the dosimetry
service to the laboratories at Chalk River. During 1990 most of the support
for the research and development was subsumed into the funding envelope of
the CANDU Owners Group (COG). COG is a partnership between AECL Research and
the electric utilities in Ontario, Quebec and New Brunswick. The directions
of the programs are therefore shifting to accommodate more of the needs of
the operating nuclear utilities. As previously, the intent is to undertake a
mixture of long-term research programs addressing national needs in
radiological protection and shorter-term programs addressing more specific
needs of the nuclear utilities and AECL operations.
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This progress report differs from previous reports in that it covers the
calendar year 1990, whereas previous ones were semi-annual. The longer
reporting period has been chosen to allow a more comprehensive and
comprehendible style of reporting. The intent is to provide a broader
scientific audience with an understandable account of the progress made.

All the scientific research activities of the Division are reported.
The source(s) of funding for particular programs are noted with each program.
Instances where support during the year was directly from AECL Research and
also from COG (which includes 50% AECL Research) are noted explicitly.

1.1 Seminar Speakers - Health & Environment Seminar Committee

RADICALS, TRANSFORMS AND HEAVY ATOMS
John S. Katsaras, University of Guelph, GUELPH, Ontario
1990 January 22

GLOBAL CHANGE; DIRECTIONS WITHIN THE GEOLOGICAL SURVEY OF CANADA
Alan V. Morgan, University of Waterloo, WATERLOO, Ontario
1990 March 01

USE OF RADIOGENIC ISOTOPES IN THE STUDY OF SALINE WATERS
Robert H. McNutt, McMaster University, HAMILTON, Ontario
1990 April 10

HOW HEALTHY OR SICK ARE WE, GENETICALLY SPEAKING
K. Sankaranarayanan, Leiden University, THE NETHERLANDS
1990 May 03

QUANTIFYING SOURCES OF AQUATIC CONTAMINANTS: AN APPLICATION OF
MASS BALANCE MODELS, Miriam Diamond, University of Toronto,
TORONTO, Ontario
1990 May 07

PROSPERITY AND SUSTAINABLE DEVELOPMENT - CANADA'S FUTURE
J. Fraser Mustard, Canadian Institute for Advanced Research,
TORONTO, Ontario
1990 May 16

MODELLING LONG RANGE ATMOSPHERIC TRANSPORT
Pierre Du Breuil & Real D'Amours, Canadian Meteorological Centre,
MONTREAL, Quebec
1990 June 07
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BIOLOGICAL DOSIMETRY OF INTERNAL RADIONUCLIDES
Dandamudi V. Rao, University of Medicine & Dentistry of New
Jersey, Newark, N.J.
1990 OCTOBER 04

THE CONTINUING DEVELOPMENT OF THE CONCEPT OF DAMAGE INDUCED
REPAIR IN EUKARYOTES
John Calkins, King Faisal Specialist Hospital & Research Centre,
Riyadh, Kindgom of Saudi Arabia
1990 November 01

DNA SUPERCOILING, RADIATION SENSITIVITY AND RADIATION MODIFIERS
C.E, Swenberg, Armed Forces Radiobiology Research Institute,
Bethesda, Maryland, U.S.A.
1990 November 09

DOSIMETRY OF OPTICAL RADIATION IN TISSUE
Brian C. Wilson, Hamilton Regional Cancer Centre, Hamilton,
Ontario
1990 November 15

RESEARCH IN HEALTH EFFECTS AND RISK ASSESSVi?NT
B.L. Cohen, University of Pittsburgh, Pittsburgh, PA
1990 December 06
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2. DOSIKETRIC RESEARCH BRANCH
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2.,1 Staff

Branch Manager

Secretary

Professional Staff

V.
B.
E.
S.
K.
A.
P.

G. Cross
E. Heinmiller1

S. Lamothe
H. Linauskas
Szornel*
Trivedi
S. Yuen

R.G.C. McElroy

C.A. Butler

Technical Staff

J.D.
M.H.

Brunette
DeAbreu2

Duong3

N.O.
R.G.
S.E.
J.F.
A.B.
W.F.
R.A.
C.E.

Freedman
Gallagher
Gardner
Moore
Ohno5

Richter
Surette
Thibeau

M.J. Vood

Students

D. Chaput
P. Kirchberger
M. Kolios
R. Nagra

Local University of Ottawa
National Concordia University
National University of Waterloo
National McMaster University

S'0.05.14 to 90.08.31
90.05.22 to 90.08.31
90.04.30 to 90.08.16
Ç0.05.07 to 90.08.31

Attached Staff

G. Covper
J. Lavson
M. Legare

Deep River Science Academy
Atomic Energy Control Board

89.09.11, continuing
SO.04.30 to 90.08.31
S'0.05.22 to 90.09.15

Transferred to the Branch 1990 March 12.
Permanent staff 1990 March 12.
Joined the Branch 1990 September 24.
Seconded fron Radiation & Industrial Safety Branch 1990 August 13.
Retired 1990 September 28.
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2.2 Mission

The Dosimetric Research Branch supports the overall mijsion of the
Health Sciences Division, which is to provide the scientific knowledge and
technology needed for radiological protection in Canada.

This mission follows from two fundamental beliefs:

The desired standard of radiological safety car. only be achieved if
the protection is soundly based on scientific knowledge.

As the lead agency in nuclear technology in Canada, AECL has the
responsibility to carry out the multidisciplined research needed to
provide the scientific basis for radiological safety.

The specific mission of the Dosimetric Research Branch--improved
knowledge and technologies in radiation dosimetry, and the provision of high-
quality dosimetric services--is accomplished through the pursuit of three
general objectives. These are:

to perform high-quality research and development on dosimetry in
order to enhance the radiation safety of AECL employees, the
Canadian nuclear worker and the general public.

to share the AECL-developed dosimetry expertise with the
international radiation protection community, the Canadian nuclear
industry and the general public to increase the standards of
radiation protection.

to provide a complete personal dosimetry service and dosiaetry
expertise to AECL employees and external customers of a quality
that is beyond reproach.

The research and development activities provide necessary support
to the dosimetry services provided by the branch. They anticipate future
needs. The existence of research opportunities allows us to keep the
highly qualified personnel required to cope with those rare situations when
a problem occurs in the dosimetry services. Furthermore, operational
experience alone is insufficient to meet future needs in a changing
environment such as Chalk River.

The dosimetry service serves to focus the research activities. In
general, the research activities undertaken are those that have direct
relevance to the needs of the Canadian Nuclear Industry, AECL, and the
international radiation protection community.

All branch members are expected to contribute to all objectives of
the branch. In addition, their activities must be consistent with the
overall mission of AECL Research, to perform world-class research,
development and engineering to advance nuclear science and technology and
to lead in the commercialization of this technology through viable products
and services for the maximum benefit of Canadians.
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2.3

The activities of the Dosimetric Research Branch during 1990 are
described in the following sections. Funding for the research programs is
provided by AECL Research alone, by AECL Research and the nuclear utilities
through the CANDU Owner's Group (COG), and by AECL Research and the Canadian
Fusion Fuels Technology Project (CFFTP). Other organizations, such as the
Atomic Energy Control Board (AECB), fully or partially support individual
projects. The Branch undertakes these latter projects, a? well as other
commercial and business activities, when they are compatible with the general
objectives of its dosimetry research programs.

The dosimetry service functions of the branch are funded internally
by AECL Research.

Strong research efforts are maintained in those areas of radiation
protection relevant to the Canadian nuclear industry.

The measurement of radiation with thermoluminescent elements made
from LiF(Mg,Cu,P) has several advantages over measurements made with other
thermoluminescent materials. Dosimeters containing these materials are
capable of much higher sensitivity for detecting photon and beta radiations.
This enhanced sensitivity, combined with our ability to fabricate dosimeters
with very thin layers of the LiF(Mg,Cu,P), has been the focus of several
dosimeter development projects. As a general purpose dosimeter, with a factor
of 25 in improved sensitivity compared to LiF(Mg,Ti) TLDs, the LiF(Mg,Cu,P)
material may be preferred for radiation dosimetry under the new
recommendations proposed by the ICRP. Similarly, the ability to fabricate a
very thin dosimeter with adequate sensitivity will make a better extremity
dosimeter.

Data necessary to determine doses from radioactive contamination of
the skin, either as "hot particle" sources or extended sources distributed
over the surface of the skin, have been calculated for a large number of
radionuclides. These new data, determined by Monte Carlo methods, consider
the more realistic situation of including air backscatter in the depth dose
distributions. Previous tabulations that consider the source in a homogeneous
media can result in overestimations of the dose at 7 mg/cm2 depth of between
30 and 35Z for many radionuclides.

Tritium is an important radionuclide in the Canadian nuclear
environment. Expertise in tritium dosimetry has been applied to the radiation
protection problems associated with the recovery of tritium from irradiated
heavy water, and tritium production and handling in fusion power research.
Experiments are being conducted on the hazards and dosimetry of skin
contamination from tritium resulting from HT/T2-contaminated aetal surfaces in
process systems and pump oils from vacuum systems used in tritium-handling
facilities. These studies will lead to better estimates of skin doses and
effective doses arising from contamination incidents as well as to bioassays
that can be used to detect and evaluate such incidents.

Theoretical and experimental work on passive diffusion sanolers for
tritium-in-air has • .dicated tha» these devices can also be used in outdoor
environments to measure concentrations of tritium down to 0.5 Bq/m3. They
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should prove valuable in tritium handling facilities, particularly in
emergency planning and emergency monitoring.

Modeling the behaviour of radionuclides in the body Is a conponent of
many branch projects and is important in testing our understanding of the
dosimetry associated vith radionuclide intakes. GENMOD, a computer code
designed to model uptake and distribution in the body following intakes of
radionuclides, has been successfully transferred to operate on personal
computers. In the current version, many enhancements have been added that
increase its flexibility in both research and operational radiation protection
applications.

In other areas of internal dosimetry, data obtained from Chalk River
Laboratories' employee monitoring program indicate that the current ICRP model
for cerium metabolism does not accurately predict urinary excretion rates for
some inhalation intakes. A model that more accurately depicts the
relationship between cerium retention and urinary excretion is being studied
with this data set. The results of this work will add significantly to the
limited information that exists on the metabolism of rare earth elements in
man.

The dose to the fetus from occupational intakes of radionuclides by
the mother is difficult to assess with current knowledge. A program in fetal
dosimetry, within the framework of occupational exposures, has been initiated.
The initial focus will be on tritium. Animal experiments have been designed
to address the significance of organically-bound tritium in both the fetus and
the mother.

The chemical separation of radioactive elements from urine can form
the basis of an economical bioassay program for a large number of workers, if
the methods of chemical separation and counting can be implemented with a high
degree of automation. Following demonstration of the concept for the use of
high performance liquid chromatography and low background liquid scintillation
spectrometry, equipment has been set up that will enable an ongoing
development program in advanced bioassay techniques.

Electron spin resonance (ESR) is being developed for possible use in
situations where close must be determined by means other than by standard
dosimeters. Measurements studying the free radical concentrations in sucrose
and dextrose indicate that these concentrations are proportional to the dose
received in the low dose range of 0.5 to 5 Gy.

Biological dosimetry can provide a means of measuring both the
physical dose received and the biologically effective dose that remains after
cellular repair. An effect of gamma irradiation on the binding of cell
surface antigens to monoclonal bodies has been measured at relatively low
doses. The delay in losses of monoclonal antibodies following irradiation
indicates that immunological changes in cellular membranes of human blood
cells has the potential to be used as a biological indicator of dose. Effort
in this area has been in collaboration with Radiation Biology Branch and is
described in the Radiation Biology section.

The branch is actively working to increase the co-operation and
collaboration with outside research groups and agencies. During 1990,
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E.S. Lamothe has been appointed to an AECB review panel on fetal dosimetry,
and continues in her position on the translation committee of the CRPA; S.H.
Linauskas continues his work contributing to the IAEA document entitled
"Direct Methods for the Measurement of Radionuclides in Man"; R.G.C. McElroy
has beer, elected as a director of the CRFA, is contributing to the ANSI review
committee working on revising the standard for tritium bioassay, has agreed to
be group leader of activity 5, Human Dosimetry, in the proposal to the
International Energy Agency, "Tritium Safety and Environmental Effects", and
is a member of the ACRP working group on surface contamination. The branch
has agreed to contribute to and participate in a collaborative research
program involving AECL, AECB, OH and CFFTP on tritium surface contact
dosimetry. Branch members continue to contribute to the ICRU (W.G. Cross),
the IEC (R.G.C. McElroy) and the AECB working group on external dosiaetry
(P.S. Yuen). Two students from the radiation protection program from McMaster
University worked in the branch this last summer. R. Nagra was working on
qualification tests of the Chalk River TLD system while M. Legare was working
on tritium dosimetry. Ms. Legare was actually employed by the ASCB but spent
some of her time at Chalk River.
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2.4 Neutron Dosimetry

A major part of the work on this program during 1990 and planned for
1991 is an evaluation of the capabilities and limitations of neutron dosiaetry
system (in particular of CR-39 damage track dosimeters) for use around CANDU
reactors. It also includes improvements in the CR-39 dosiaetry system used at
AECL.

2.4.1 Estimates of Neutron Spectra Around CANDU Reactors

V.G. Cross and A.R. Arneja
Funded by AECL Research and COG.

Since no neutron dosimeter has a response that is independent of
energy over the whole range of Interest, evaluation of a dosimetry system
requires some knowledge of the neutron spectra involved. Approximate
information on neutron spectra around CANDU reactors is being assembled from
(a) spectral measurements at a limited number of locations, made by R. Facey
and others1 and (b) estimates based on knowledge of the neutron sources and
shielding materials that the neutrons traverse to reach areas where people may
receive exposures.

Reactors moderated and cooled by heavy water have an additional
neutron source as compared with light water reactors, namely neutrons from
photodisintegration of deuterium by gamma rays from fission products and 16N.
There are three main neutron sources around Ontario Hydro reactors: (1)
leakage from the reactor core through the end shielding and fuelling channels,
(2) photoneutrons and delayed neutrons from heavy water in the primary cooling
system (pipes, pumps and heat exchangers ("boilers")), (3) the cooling system
for the heavy water moderator. The primary coolant contains fission products
in the coolant, while neutrons from 17N will come from both the coolant and
the moderator.

Measurements of some of these spectra were made1 with a Delta
spectrometer similar to that described by Longworth2. For the great Majority
of these measured spectra, most of the fast neutron dose equivalent cones from
neutrons with energies above 80 keV, and thus within the range over which the
CR-39 dosimeters developed at AECL have a reasonably flat response. However,
some of these spectra may be significantly in error, due to neutrons incident
over a broad range of directions. This work is continuing.

2.4.2 Survey of Characteristics of Bubble Detectors

V.G. Cross and A.R. Arneja
Funded by AECL Research and COG.

Bubble detectors or superheated-drop detectors provide a possible
alternative or complement to CR-39 dosimeters. The capabilities and
limitations of recently marketed forms of these detectors have been studied,
to assess their usefulness around CANDU reactors. In comparison with CR-39

R.A. Facey, Sixth DOE Workshop on Personnel Neutron Dosimetry,
1977, p. 85.

J.P. Longworth, Central Electricity Generating Board Report
RD/B/N1416 (1970).
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systems the main advantages of bubble detectors are immediate dose read-out,
higher sensitivity and, in some circumstances, better angular response. Their
disadvantages as personal dosimeters are their limited integration period,
restricted range of doses, lack of thermal neutron response and higher cost.
Independence of sensitivity on temperature is important around these reactors
and this can now be achieved, but at an increased cost and complications in
use. This study is continuing.

2.4.3 Linearity of CR-39 Dosimeters

V.G. Cross and A.R. Arneja
Funded by AECL Research and COG.

In the 1989/90 European Neutron Dosimetry Intercomparison (organized
by EURADOS/CENDOS) many participants reported track densities that were a non-
linear function of the fluxes provided. These occurred at relatively low
track densities - veil below those at which overlap of tracks could be
significant. We also have observed such non-linearities. They occurred for 5
MeV neutrons, 252Cf neutrons and Am-Be neutrons, but not for fluxes of alpha
particles at comparable track densities. A new batch of CR-39 with a lover
background gave a linear response. It is possible that the non-linearities
arise fro* fluctuations of background in different pieces of CR-39 from the
same sheet. A possible alternative is that one tends to overlook more very
small tracks as the track density increases. This vould not be expected for
alpha particles, for vhich track sizes are much more uniform than for
neutrons.

2.4.4 Neutron Fields Above the NRU Reactor

V.G. Cross, A.R. Arneja, and B.L. Wolfgram (Radiation & Industrial
Safety Branch)
Funded by AECL Research.

Neutron surveys, made in 1990 February by the Radiation & Industrial
Safety Branch, around the NRU reactor shoved fields of 100 to 200 /iSv/h above
the upper deck plate and above the shielded Ul and U2 loops. The Dosimetrie
Research Branch was asked to help in identifying the origin of these fields.
Since the field along the loops vas nearly independent of distance from the
reactor and vas concentrated near the pipe of the loop that carried vater avay
from the reactor, the field evidently came from the loop vater rather than by
scattering from the region above the reactor. The gamma-ray spectrum of
samples of loop vater shoved more than 40 lines attributable to fission
products by their energies and half lives. From the intensities of these
lines and the known fission product yields, ve calculated the amounts present
of those fission products likely to be responsible for delayed neutron
emission (87Br, 88Br, 89Br, 1 3 7 I , 1 3 8I) but vhich have half lives too short to
ba observed by sampling. The results accounted for about half the observed
neutron emission. The discrepancy may have resulted from loss of noble gases
from the samples.

Subsequent measurements, taken vhen the loop vater no longer cooled
reactor rods, shoved that most of the neutron emission fro* these loops
disappeared. However, the neutron fields directly above the reactor vere
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nearly unchanged, and it is likely that these represent leakage through the
various holes that penetrate the reactor shielding.

During these investigations, comparative measurements of neutron dose
equivalents were made with moderator-sphere survey Meters, CR-39 and bubble
detector dosimeters. It was concluded that for these neutron spectra and
radiation directions the survey meters and bubble detectors overestimated the
dose equivalents by about a factor of 1.5 while the CR-39 underestimated then
by a factor of 2 as a result of its angular response.

2.4.5 International Intercomparison of CR-39 Neutron Dosimetry

A.R. Arneja and V.G. Cross
Funded by AECL Research and COG.

Chalk River Laboratories has participated in an intercomparison of
neutron dose equivalent measurements along vith a number of European
laboratories. Irradiations were made at PTB (Braunschweig) and GSF
(Neuherburg-Hunich). The dosimeters are being processed.

2.5 Photon Dos1metry

The photon dosimetry research program has the objective of
identifying the control and compliance needs and technical problems in photon
dosimetry, and then developing dosimetry technology to satisfy the identified
needs, or investigating and solving the related problems. It is a continuing
program that encompasses all aspects of photon dosimetry that contributes to
an effective radiation protection program for Canadian nuclear workers.

2.5.1 Development of an Improved Extremity Dosimeter

P.S. Yuen and W.F. Richter
Funded by AECL Research and COG.

It was recently learned that thin (5 mg/cm2) LiF(Mg,Cu,P) TLDs,
(designated GR-200F) are commercially available. The manufacturer of the GR-
200F TLDs claimed the following advantages: high sensitivity, thin, low
detectable threshold, high sensitivity to low-energy beta-rays, and excellent
batch homogeneity. These properties are ideal for extremity (finger)
dosimeters. A project has been launched to develop a finger-dosimeter badge
incorporating the GR-200F TLDs. This project consists of four phases: (1) the
evaluation of GR-200F LiF(Mg,Cu,P) dosimeter elements, (2) the development of
holder-ring with a thin window for housing the thin dosimeter element, (3)
field trial and (4) report.

Phase 1 of the development has been completed. The evaluation
results are summarized below.
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RESULTS

The responses of a batch of 41 dosimeters
was within 12Z of the nean at 95X confidence
level.

The detection limit3, defined as the dose
limit that has a 95Z chance of yielding a
response above the critical level, was
0.07 mSv.

The dosimeter response was linear froa about
1 mGy up to 10 Gy (see Figure 2.5.1.1).

In 10 irradiation/reading cycles, each at
10 mGy, the maximum coefficient of variation
of doses measured by individual dosimeters
was less than 8Z.

Residue was measured at different pre-dose
levels and was found to be insignificant
below 100 mGy (see Figure 2.5.1.2).

Fading is not detectable within 50 days.

When dosimeters were exposed to fluorescent
light of 1250 Lux, they yielded readings
equivalent to 0.03 mGy/h.

At photon energies between 30 and 1250 keV,
the dosimeter response varied vithin 25Z of
that at 662 keV (137Cs).

Between 0 to 60 degree angle of incidence,
the dosimeter response varied vithin 7Z of
that at normal incidence.

Vith a dosimeter window thickness of
1.7 mg/cm2, the response to beta rays of
9 0Sr/9 0 Y ) 2 0 4 T 1 and natural uraniiw varied
within 10Z.

The test results in Phase 1 are very encouraging, and Phase 2 is now
in progress.

L.A. Currie. "Limits for Qualitative Detection and Quantitative
Determination". Analytical Chemistry 40 No. 3 (1968) 586-593.
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Figure 2.5.1.1 Results of linearity test showing the dosimeter response
being linear between 1 and 104 aGy.
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Figure 2.5.1.2 Measured residue showing that the residue is insignificant
for pre-doses less than 100 nGy.
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2.5.2 Development of a Microcomputer-Controlled TLD Reader

V.F. Richter and P.S. Yuen
Funded by ASCL Research and COG.

Most Canadian TLD processors are using systems based on the TLD
reader originally developed at Chalk River Laboratories. The new Chalk River
TLD reader under development is designed to serve as a prototype for future
designs. They vill be microcomputer-controlled, easier to operate, more
versatile, and vill simplify the meeting of quality assurance objectives in
monitoring programs. In addition to direct software control of the reader
operation, real-time calculation of doses and glow curves vill be performed.
Electronic storage of calibration factors and dose result files vill simplify
the vork of adding the results to databases. Hardware changes include the
incorporation of stepping motor for fine positioning of TLD plaques and a
liquid light guide to further enhance sensitivity.

Design of the prototype reader has been completed. Assembly of the
hardvare and software development is progressing in parallel.

2.5.3 Type-Testing of LiF(Hg,Cu,P) TLD

P.S. Yuen and V.F. Richter
Funded by AECL Research and COG.

The TLD commonly used by most Canadian TLD processors is LiF(Mg,Ti).
Recent vork shows that a newly developed TLD material, LiF(Mg,Cu,P), is
approximately 25 times more sensitive than the currently used LiF(Mg,Ti).
This higher sensitivity lowers the minimum detectable dose substantially.
Also, the powder form of this new material, when deposited on an adhesive
base, is particularly desirable for the measurement of skin (shallow) doses
due to beta rays.

Two methods of fabricating the skin-dose element have been
established. Our licensee, Scintrex Ltd. of Concord, Ontario, has produced
sample dosimeter elements by each method. These two sets of dosimeter
elements are now being evaluated for performance and durability. On the basis
of this evaluation, one method vill be chosen as the preferred manufacturing
method. A new set of plaques will then bt manufactured and tested. These
further tests vill include type-testing similar to those tests being
considered by the IEC5 and a field trial in the workplace.

2.5.4 Type-Testing of Chalk River Laboratories Sensitized LiF(HgfTi)
TLD System

P.S. Yuen, R. Nagra and V.F. Richter
Funded by AECL Research.

AECB Document C-1064stipulates that a TLD processor must produce
evidence that its TLD system meets quality assurance requirements. One
approach is to type-test the TLD system against defined acceptance criteria.

AECB Consultative Document C-106 (draft), "Technical & Quality
Assurance Specifications for Dosimetry Services", 1989 April.
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Since the type-tests specified in early drafts of C-106 were based on those
outlined in the IEC45B(CO)77 Document5, tests were conducted against the
acceptance criteria in this document. These tests include (a) detection
threshold, (b) effect of self irradiation, (c) homogeneity, (d)
reproducibility, (e) linearity, (f) residue, (g) effect of light exposure, (h)
photon energy response, and (i) photon angular dependence.

The acceptance criteria for whole-body dose are as follows.

Test Acceptance Criterion

(a) Detection Threshold

(b) Self Irradiation

(c) Homogeneity

(d) Reproducibility

(e) Linearity

(f) Residue

(g) Light Exposure

The detection threshold shall not exceed:
0.5 mSv for skin-dose system
0.1 mSv for deep-dose system.

After a storage period of 30 days, the zero
point shall not exceed the following values:
0.5 mSv for skin-dose system
0.1 mSv for deep-dose system.

The evaluated value for any one dosimeter in a
batch shall not differ from the evaluated
value for any other dosimeter in the batch by
more than 30Z for a dose equal to ten times
the required minimum detection threshold
limit.

The coefficient of variation of the evaluated
value shall not exceed 7.5Z for each dosimeter
separately and all n dosimeters collectively
for a dose of 10 mSv.

The response shall not vary by more than 10Z
over the following ranges:
0.5 mSv to 1 Sv for skin-dose system
0.1 mSv to 1 Sv for deep-dose system.

After irradiation and subsequent reading with
100 mSv, the minimum detection threshold shall
not be exceeded and the response shall not
change by more than 107 at a level of 2 mSv.

After irradiation and subsequent reading with
10 fflSv, the minimum detection threshold shall
not be exceeded and the response shall not
change by more than 10Z at level of 0.2 mSv.

As a result of exposure to light for one day,
the zero point shall not change by more than
the maximum allowable detection threshold and

International Electrotechnical Commission Document IEC45B(C0)77
(draft), "Thermoluminescence Dosimetry for Personal and
Environmental Monitoring", 1987 June.
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(h) Photon Energy Response

(i) Photon Angular Response

for exposure for one week the evaluated value
shall not differ from the evaluated value of
dosimeters kept in the dark by sore than 10Z.

When irradiated with photons in the range 15
keV to 3.0 MeV, the evaluated value shall not
differ from the conventional true value by
more than 30Z.

When irradiated with photons of 65 keV the
mean value of the responses at angles of
incidence of 0°, 20°, 40°, 60° from normal
shall not differ from the corresponding
response for normal incidence by more than
15Z.

The type-tests have been completed. The results shoved that all the
above acceptance criteria are met. Figures 2.5.4.1 (reproducibillty) and
2.5.4.2 (photon energy dependence) are typical test results.

2.5.5 Detection of Neutrons by TLD

P.S. Yuen and W.F. Richter
Funded by AECL Research.

The TLD badge used at Chalk River Laboratories consists of two TLD
chips. The thick chip is made of TLD-100, while the thin chip is made of
TLD-700. The TLD-700 is insensitive to neutrons while the TLD-100,
containing a small amount of eLi, responds to thermal neutrons. Therefore, a
higher reading on the thick chip (TLD-100), compared with the thin chip (TLD-
700), is an indication of the presence of neutrons. In any real measurement
situation, however, there are small errors in the doses measured by the tvo
TLD chips. A criterion, in terms of the ratio of doses measured by these tvo
chips, has to be determined before the presence of thermal neutrons can be
flagged reliably. Based on statistical analyses, a ratio of 1.36 is
proposed. Experiments to test this criterion are in progress.

In addition, the isotopic composition of all TLD plaques in use at
Chalk River Laboratories has been verified.
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2.5.6 Maintenance/Improvement of Thertnoluminescent Dosimetry Facilities

A.H. Ohno and P.S. Yuen
Funded by AECL Research.

Our major thermoluminescence dosimetry facilities Include the
irradiation facilities and TLD reader system6. These facilities receive
constant Maintenance and improvements.

The following improvement and maintenance of facilities has been
completed in 1990:

* Irradiation Facilities

(a) An old 60Co source was replaced with a 7.5 GBq source so that the
required source strength is restored.

(b) A 370 GBq 137Cs source was added to the source castle to provide a high
dose-rate field.

(c) A timer/control was designed and constructed to control photon exposure
time automatically so that a sample can be irradiated to the exact
exposure without the attention of an operator.

* TLD Reader System

(a) A new TLD plaque storage castle for minimizing background radiation vas
fabricated and commissioned.

(b) A timer/control system was designed, constructed, and commissioned for
controlling the irradiation time of TLD chips by a natural uranium beta
source so that the irradiation can be terminated automatically in off-
hours.

2.6 Beta Rav Dosimetry

The overall objective of this work is to develop methods of
determining beta ray doses and to understand the factors that determine the
accuracy of such determinations. Our recent work has focussed on calculation
of tables of dose distributions around point and plane beta ray emitters that
are of interest for radiation protection and biomedical applications.

2.6.1 Beta Depth Dose Distributions

V.G. Cross, N.O. Freedman, and P.Y. Wong (Mathematics & Computation
Branch)
Funded by AECL Research and COG.

Nearly all existing calculations of doses from beta contamination
distributed over the surface of the skin have been derived by integrating
point-source dose distributions for a homogeneous medium. These results
overestimate skin doses because they assume backseattering from non-existent
tissue behind the source. Ve have used Monte Carlo methods to calculate depth

A.R. Jones and V.F. Richter. "A Personnel Dosimetry System
Using Sensitized Lithium Fluoride TLDs". Rad. Prot. Dosim. 3.
No. 3 (1982) 135-M2.
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dose distributions from isotropic sources on an air-water boundary.
Calculations were also made at a vacuum-waler boundary, as an aid in
understanding the effects of backscattering from the air. Initial
calculations were made with the SANDYL7code but these have been repeated using
the CYLTRAN-P8£ode, which includes a number of recent improvements in Bethods
and cross sections.

Air backscattering has an almost negligible effect for beta rays that
have ranges in air much greater than the dimensions of the contaminated area,
but becomes increasingly important as the beta energy decreases or as the area
of contamination becomes larger. Distributions were calculated for more than
120 beta ray and conversion electron emitters, as well as fcr monoenergetic
electrons from 0.025 to 10 HeV, for circular source areas of 100 cm2 and 1
cm2. The latter area is recommended by the ICkP for averaging the dose from
"point" sources - e.g.s "hot particles".

For the nominal "skin dose" at a depth of 7 ing-cur2, backscatter from
the air contributes less than 3% of the dose from a 1 cm2 contaminated area,
but up to 15£ for an area of 100 cm2. In contrast, backscatter from water or
tissue increases the skin dose by 30 to 36Z for many nuclides, and the tables
of Kocher and Eckerman9, based on a homogeneous medium, overestimate skin
doses by such amounts. An analytical expression has been derived for the skin
dose rate per Bq/cm2, as a function of maximum beta energy. A paper Is in
preparation.

Dose distributions have also been calculated around point isotropic
sources in a homogeneous water medium, which are of importance for internal
dosimetry. Distributions for monoenergetic electrons calculated by Berger in
197310 have recently been shown to have errors that result in systematic
shifts of the maxima to greater distances11. A new set of such tables has
been calculated using the CYLTRAN-P code. Our distributions are intermediate
between those of Berger and those obtained recently by Simpkin12 who used a
basically different Monte Carlo code (EGS4). The monoenergetic electron
results have been averaged over the spectra of 147 beta emitters. It is
planned to publish these distributions as an AECL report.

We have previously calculated depth dose distributions for beta rays
incident normally on the skin, as would be approximately the situation for a

7 H.M. Colbert. Sandia National Laboratories Report SLL-74-0012,
1974.

8 J.A. Halbleib and T.A. Mehlhorn. Sandia National Laboratories
Report SAND-84-0573, 1984.

9 D.C. Kocher and X.F. Eckerman, Health Physics 53 (1987) 135.

10 M.J. Berger, U.S. Nat. Bur. Standards Report NBSIR-73-107
(1973).

11 S.R. Seltzer in "Monte Carlo Transport of Electrons and Photons
below 50 MeV, Plenum Press, New York (1989).

12 D.J. Simpkin and T.R. Hackie, Med. Phys. H (1990) 179.



2-21

beta source at some distance from the body13. Since nornal incidence and
isotropic incidence represent extremes of practical incident angular
distributions, they demonstrate the limits on depth doses from intermediate
geometrical arrangements, e.g., for beta contamination on loose clothing.

2.7 Tritium Measurement and Dosimetry

Tritium is a by-product in pressurized heavy-water reactors (PHWR).
With Canada's use of PHWR technology in its research and power reactor
programs, radiation safety associated vith tritium is important. The
Dosimetric Research Branch maintains ongoing research programs in the
measurement of tritium and its dosimetry. The program also contributes to
Canada's focus on tritium technology in international efforts to develop
fusion power.

2.7.1 Environmental Passive-Sampler Field Trial - Chalk River

M.J. Wood and W.J.G. Workman (Environmental Research Branch)
Funded by AECL Research and CFFTP.

The use of passive-diffusion samplers for measuring HTO in the
workplace has become a common practice in many Canadian nuclear facilities14
>15. In light of the effectiveness and simplicity of these devices, an
experimental program has been established to evaluate their performance in
outdoor applications where the use of mechanical tritium samplers is not
practical. For this purpose, a long-term field trial was initiated in which
an active ("reference") tritium sampler is used to sample air from the same
outdoor location as a group of passive diffusion samplers.

A reference tritium sampler was constructed to sample air at flow
rates from 20 mL/min up to 3 L/min. Operation at the low flow rates allowed
for extended sampling periods of up to one month using three HTO sampling
traps each containing 170 g DRIERITE (sampler can accommodate four 170 g
traps). An on-line battery backup is provided in the event of a power
failure.

In each experiment a large sample housing containing the passive
samplers (see Fig. 2.7.1.1) was positioned near the reference sampler which
was located in an adjacent building. Air was drawn to the reference sampler
from the sample housing through 3 m of polyethylene tubing. Temperature and
humidity probes measuring conditions inside the sample housing were connected
to a data logger located inside the building.

13 W.G. Cross, P.Y. Wong and N.O. Freedman, Rad. Prot. Dosim., to
be published.

14 Dr. J. Stephenson. Ontario Hydro, Safety Services Department,
Personal communication (1991).

15 M.J. Wood. "Field Evaluation of Passive HTO-in-Air Samplers at
Chalk River Laboratories". AECL Report, AECL-10358 (in
preparation).
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Figure 2.7.1.1 Passive HTO diffusion sampler field trial setup. The
holder lid slides up for servicing of passive sampler.
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The field trial started on 1990 September 2, and results from four
one-month sampling periods have been collected. Passive diffusion samplers
with nominal sampling rates of 1 and 5 L of air per day are being evaluated.
The 1 L/day samplers are less sensitive than the 5 L/day samplers; however,
the low flow rate samplers can be used over a longer sampling period before
the sampling sink comes into equilibrium with the atmospheric HTO. Good
agreement between the passive-sampler measurements and the reference sampler
have been observed, with the majority of the results agreeing within ± 20Z.

2.7.2 Model Validation of Passive Diffusion Samplers

M.J. Wood and R.G.C. McElroy
Funded by AECL Research and COG.

A model to describe the performance of passive HTO-in-air samplers
has been developed and compared with experimental results. Figure 2.7.2.1
shows the theoretical performance of these diffusion samplers with initial
charges, of 1 and 10 mL of H20 at 20°C and at different humidities.
Superimposed on Fig. 2.7.2.1 are the theoretical detection limits for HTO-in-
air concentrations when the samples are counted for different counting tines
in a liquid scintillation counter. The theoretical sampling time and the
sampling efficiencies required to detect HTO-in-air concentrations down to 0.5
Bq/m3 can also be obtained from the curves. Experiments carried out to date
agree well with the theoretical results; however, many long-term exposure
experiments, conducted under variable environmental conditions, are required
to validate the current model.

2.7.3 Passive Total Tritium-in-Air Sampler

M.J. Wood, R.G.C. McElroy and K.H. Whitlock (Health Sciences
Division)
Funded by AECL Research and CFFTP.

Work has continued on the design of passive tritium-in-air samplers
capable of detecting both HT and HTO in air. Our total-tritium passive
samplers consist of a normal HTO passive sampler with a small amount of wet-
proofed catalyst16 suspended from the underside of the sampler lid. HT
entering the sampler is oxidized by the catalyst and trapped in the water in
the bottom of the sampler along with any HTO entering the sampler. An
exposure chamber was designed and fabricated for exposing the passive samplers
in a well-controlled manner. Experiments with the chamber have verified that
the passive total tritium samplers efficiently collect both HTO and HT (in the
form of HTO).

16 W.A. Seddon, K.T. Chuang, W.J. Holtslander, and J.P. Butler.
"Wet-proofed Catalysts: A New and Effective Solution for
Hydrogen Isotope Separation and Hydrogen/Oxygen Recombination".
Proc. ASME Energy Sources Technology Conf. and Exhibition (84-
PET-11), New Orleans, LA (1984 February).
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The samplers are approximately twice as sensitive to HT as to HTO
because of the difference in the diffusion rates of the two gases. The
difference of sampling rates, however, can be taken into account when
calculating HT- and HTO-in-air concentrations. A second sampler, sensitive to
HTO only, is required and the difference between this sampler and the total
tritium sampler can be used to estimate the HT-in-air concentration. The
performance of the samplers have been characterized and a paper documenting
this work is being prepared.

2.7.4 Evaluation of Berthold LB 110 Tritium-in-Air Monitor

M.J. Wood
Funded by AECL Research.

An evaluation of the Berthold model LB 110 tritiua-in-air Monitor, on
loan from Labserco Limited, was carried out in 1989. The Berthold instrument
tested was found to be more appropriate than ion-chamber-based tritiu«-in-air
monitors for sampling tritium in areas where high gamma fields exist.
However, the Berthold instrument exhibited significant memory after being
exposed to HTO; much worse than that expected for an ionization chamber. The
final report has now been issued. Comments from Labserco have been
incorporated.

2.7.5 Tritium Process Monitor

R.A. Surette
Funded by AECL Research and CFFTP.

A prototype tritium process monitor based on a novel type of detector
has been fabricated. This monitor was designed for measuring elemental
tritium process streams in concentrations of 1 GBq/m3 to 10 PBq/«3.
Preliminary tests with tritium at concentrations between 10 GBq/«3 to 10
TBq/m3 in helium and in argon (at atmospheric pressure) indicate that the
response of the monitor is linear (Fig. 2.7.5.1).

A major advantage of this design is the potential for a significant
reduction in memory effects.

A patent is being pursued.

2.7.6 Dosimetry of Skin-Contact Exposure to Tritium-Gas-Contaainated
Stainless-Steel Surfaces

M. Legare and A. Trivedi
Funded by COG.

Experiments with hairless rats have demonstrated that tritium gas can
be converted to organically-bound tritium (OBT) and as tritiated oxide (HTO)
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Tritium in Argon
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Figure 2.7.5.1 Typical response of a prototype tritiua process aonitor for
tritiua in argon.

in the skin after intact skin is brought into contact vith tritium gas
contaminated stainless-steel surfaces. The radiological hazard associated
vith this route of tritiua uptake will be influenced by the distribution and
retention of tritiua in the skin and other organs. The tritiua incorporation
into various organs and cellular components of rat vas determined
experimentally. Most of the activity retained in the body vas in the fora of
organically-bound tritium. The highest concentrations were observed in
exposed skin. Progressively lover concentrations were present in the
unexposed skin, liver, muscle, lung, kidney, spleen, heart, Ind brain. The
majority of the tritiua activity vas associated vith the acid-insoluble
protein fraction (57.51), cellular lipid (291) and vith acid-insoluble protein
(9Z). The incorporated activity into RHA. and DNA vas lov (4.5Z).

On the basis of the experimental results, a dosiaetric model for
HT, T2 skin contamination is being evaluated along vith earlier
observations from human experiments17. The dosiaetric calculations have
suggested that in some situations the dose to skin at the point of contact
may be tfcs Halting factor for radiation-protection purposes. This
inforaation is essential for regulatory purposes particularly in developing
derived Halts for skin-surface contamination.

17 Eakins et al., Health Physics 28 (1975) 213-224.
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2.7.7 Effectiveness of Glove Materials Against Skin Uptake from T2-
Contaminated Surfaces

E.S. Lamothe and J.A. Lavson
Funded by AECL Research.

Early work at Harwell in the late sixties and early
seventies1*'19'20 and recent work at Chalk River21'22 has shown that when
skin is brought into contact with T2-contaminated surfaces, elevated
concentrations of organ'.ally-bound tritiuM (OBT) will be seen in urine and
in skin at the point of contact and that significant skin doses Bight
result (significant in the sense that the skin dose rather than the whole-
body dose Bight be limiting). When various gloves were tested for the
reduction or elimination of skin uptake froa this type of contamination, it
was found that they provided some but not complete protection to the
skin.23 However, in existing tritium-handling facilities, gloves are
extensively used and skin doses are not seen to occur. It was therefore

18 V.P. Hutchinson and J.D. Eakins. "The Radiological Hazards From
Tritium Sorbed on Metal Surfaces; Part 1. The Sorption of
Tritium on Brass", Atomic Energy Research Establishment, Harwell
AERE-R 5680 (1968).

19 J.D. Eakins and V.P. Hutchinson. "The Radiological Hazards From
Tritium Sorbed on Metal Surfaces; Part 2. The Estimation of the
Level of Tritium Contamination on Metal Surfaces by Smearing",
Atomic Energy Research Establishment, Harwell AERE-R 598 (1969).

20 J.D. Eakins, V.P. Hutchinson and A.E. Lally. "The Radiological
Hazards From Tritium Sorbed on Metal Surfaces", Health Physics
28 (1975) 213-224.

21 J.R. Johnson and D.V. Dunford. "Dosimetric Models of H-3 from
Skin Absorption Following Contact with T2-Contaminated
Surfaces", Health Physics 48 (1985) 110.

22 J.R. Johnson and B.F. Peterman. "Metabolism of Tritium Uptake
due to Handling of Metal Surfaces Exposed to Tritiated Hydrogen
Gas", CFFTP-G-87026, AECL Report, AECL-9518 (1987).

23 J.R. Johnson, E.S. Lamothe, J.S. Jackson, and R.G.C. McElroy.
"Metabolism and Dosimetry of Tritium from Tritium Gas
Contaminated Surfaces". Fusion Technology 14 2 (1988) 1147-
1152.
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decided that further studies to reconcile this difference and to better
quantify the protection provided by various gloves vere warranted.

The effectiveness of various glove Materials in reducing or
eliminating the permeation of tritium from T2-contaminated stainless-steel
planchets vas re-evaluated using two distinct methods. The first consisted
of measuring the amount of HTO and OBT in urine and skin samples obtained
from glove-covered rats exposed to T2-contaminated stainless steel. The
ratio of OBT content in the urine of the controls to that of the protected
animal is the protection factor. The second test, based on ASTM method
F739-8124, measured .the elapsed time (the breakthrough point) for detection
of activity inside the glove and the rate of tritium permeation through the
glove.

Some representative results are presented in Table 2.7.7.1.

Table 2.7.7.1 Determination of glove effectiveness vith time. The
protection factor is defined as the ratio of the OBT
content in the urine of the controls to that of the
protected animals. Each data point represents the
average for five animals.

Glove Material

Latex
(0.60 mm)

Latex
(0.2 mm)

Neoprene
(0.7 mm)

Neox
(0.6 mm)

Nitrile
(0.4 mm)

PVC Vinyl
(2 layers 0.3 mm)

• Average for eight

Exposure Time

2
5
15

2
5
15

2
5
15

2
5
15

2
5
15

2
5
15

animals.

Protectior

68 ±
64 ±
80 ±

19 ±
29 ±
17 ±

133 ±
26 ±
45 ±

39 ±
17 ±
26 ±

262 ±
108 ±
18 ±

37 ±
25 ±
23 ±

i Factor

27
13
24

11
6
5

67
5
13

16
5
16

183
43 •
7

11
18
9

24 N.V. Henry and C.N. Schlatter. "The Development of a Standard
Method for Evaluating Chemical Protective Clothing to Permeation
by Hazardous Liquids." Am. Ind. Hyg. Assoc. J. 42 (1981).



2-29

All of the tested gloves afford some but not complete protection
to the skin, with no significant change in protection with periods of 2, 5
and 15 minutes of exposure. The 0.58 ± 0.02 mm thick latex gloves provided
the best protection with a worst-case protection factor of 64 ± 13.

2.7.8 Bioassay Methods for Organically-Bound Tritium in Biological
Samples

A. Trivedi, J.V. Leon and S.H. Linauskas
Funded by AECL Research and CFFTP.

The direct measurement of organically-bound tritium (OBT) in urine
or other biological sample may be required in some situations. For
example, OBT in urine serves as a marker for tritium uptake from metal
surfaces.

One technique for analyzing OBT in urine is based on separating
out the HTO fraction using Low Temperature Distillation (LTD). However,
this technique is inadequate for accurate bioassay. The principal reason
is that the concentration of OBT in urine is determined from the difference
between total tritium and HTO in the sample. This leads to large
uncertainties in estimates at high HTO to OBT ratios, or when measurements
are made near the detection limits of liquid-scintillation counters. To
improve the sensitivity and accuracy of the bioassays, we have developed a
method whereby the OBT component is concentrated by repeated distillation
and vacuum evaporation.

Approximately 3.5 g/100 mL urine of solid residue is obtained from
the process, which, when combusted in an oxygen bomb, produces about 0.5 DIL
combustion water per gram of residue. Using modern LSC cocktails, which
are capable of being used with sample:cocktail ratios of 1:1, the
equivalent of 500 mL urine can be counted in a single 20 mL liquid-
scintillation vial. This is an improvement of 2500 in the figure of
merit25 when compared to direct counting of urine. Further improvements
can be achieved using low-background liquid-scintillation counters.

25 Figure of merit is defined as:

B

where e is the counting efficiency
V is the sample volume

and B is the background count rate.
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2.7.9 Dosimetry of Percutaneous Absorption of Tritiated Pump Oil

A. Trivedi, T. Duong, and J.V. Leon
Funded by AECL Research and CFFTP.

Tritium has been detected in the oil used for lubricating roughing
pumps in tokamaks and other tritium-handling facilities. Tritiated
contaninants in oil might pose a radiological hazard if inhaled or absorbed
through skin contact. It is prudent to evaluate the nature of the
potential hazards from such contaminations.

Hairless rats have been exposed to tritiated oil through skin
contact in order to examine the excretion pattern of tritium in urine.
After tritium-gas-contaminated oil (approximately 50 MBq total activity)
was applied to the skin, tritium was rapidly absorbed into the skin. The
preliminary results show that, as expected, the amount of organically-bound
tritium (OBT) in the exposed skin was higher than unexposed skin throughout
the post-exposure examination (up to 40 days). Although the OBT turnover
in the skin has not been examined in detail, the kinetics of both HTO and
OBT retention and excretion show short- and long-term components. In
urine, a much smaller effective time constant was observed for OBT as
compared to HTO. A comparison of the excretion patterns for OBT and HTO
observed in this study and those following exposures to tritium-gas-
contacinated surfaces is consistent with the possibility that the
accumulation of OBT in the skin in the latter study may originate from
tritiated oil as the source of contamination. Analysis of the tritiated
oil prior to application revealed that a significant portion of tritium was
in a non-exchangeable form (NET) (-95Z).

2.7.10 Long-Term Human Retention of Tritium Following an Acute Intake

A. Trivedi, M.M. DeAbreu and T. Duong
Funded by AECB.

The dose to urine has traditionally been used to deteraine the
tritium whole-body dose. However, the whole-body dose not only includes a
dose component due to tritium in body water but also a dose component due
to organically-bound tritium (OBT) retained in the soft tissue. A tritium
whole-body dose calculated on the basis of the integrated tritium
concentration in urine that considers only the first component is thus an
underestimate of the whole-body dose. This is true even when the non-
exponential decay of the tritium-in-urine concentration is explicitly
considered. An analysis by Johnson26 showed that the underestimation is
about 102.

26 J.R. Johnson. "The Estimation of the Effective Dose Equivalent
from Tritiatei Water Exposures Using Tritium Concentrations in
Urine". Rad. Prot. Dosim. 2 No. 4 (1982) 245-247.
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A recent study27, involving occupationally exposed workers,
purports to show the presence of OBT in urine and blood for very long
periods (up to 600 days), and suggest that the dose contribution fro* the
OBT may be much larger than 10Z of the total. Meanwhile, an accidental
acute intake of significant quantities of tritiated water (of the order of
an ALI) by a number of individuals has provided a rare opportunity to
obtain data on the long-term retention of tritium in humans. The bioassay
samples from the exposed individuals have been collected and are being
analysed for OBT and HTO in urine, blood and feces for up to 300 days after
the ingestion. The analysis of samples has shown detectable OBT in urine
and even higher concentrations in blood.

2.8 Internal Dosimetry

Programs in internal dosiraetry focus on two elements important to
the radiation protection of individuals. The first is to maintain a strong
capability in the determination of dose arising from internal contaninants.
This is accomplished through the maintenance and development of
mathematical models and computer codes predicting the behaviour of
radionuclides in the body. The second is to review data obtained from
worker-monitoring programs and other relevant sources to increase our
understanding of radionuclide biokinetics.

2.8.1 Dosimetry of Fetal Tritium Exposures

E.S. Lamothe
Funded by AECL Research and COG.

Tritium, when taken into the body as HTO, is assumed to be
completely, rapidly and uniformly distributed in body water. The placenta does
not act as a barrier to the tritium oxide. An early model developed by Ujeno
and Takimoto23 gave a first approximation of fetal retention of HTO but did
not fit their experimental mouse data very well. It is believed that the
difference was a consequence of assuming a static water balance and water
exchange only, with no allowance for the incorporation of tritiua as OBT or
changes in water balance with time. To address these deficiencies, a new
model for estimating fetal dose as a function of fetal age is being developed.

To assist in the testing of this model, two experiments have been
planned for 1991. The first is an autoradiographic study of tritiua as HTO
incorporated into long-lived fetal tissues in rats such as brain, oocytes and
latent cells of the hemapoeitic system during fetal cell growth. The results
will aid in describing fetal distribution and metabolism of tritiua. The
second experiment will measure fetal-to-maternal tritium-tissue activity
ratios that will be used to refine the fetal dosimetry model for tritiua.

27 K. Rudran. "Significance of in Vivo Organic Binding of Tritiui
Following Intake of Tritiated Water". Rad. Prot. Dosin. 25
(1988) 5-13.

28 Y. Ujeno and R. Takimoto. "Metabolism of Tritiated Water
Foetuses and Newborn Mice". NIRS-K-41 (1987) 219-227.
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2.8.2 A Modified Metabolic Model for Cerium and Lanthanum

E.S. Lamothe
Funded by AECL Research.

Several years ago, activity was detected in the urine of a reactor
operator that exceeded the Chalk River Laboratories derived investigation
level of 2.5 Bq gross beta per day's urinary output. While the
radioactivity in the urine was determined to be 49Sr a.-;d

 X4lCe, no 3 < 3Ce in
the thorax above the MDA of 7 Bq for Chalk River Laboratories' luiy
monitors was detected. The first urine sample was collected within 24
hours of the intake. Since these data are inconsistent with the model
recommended by the ICRP29 but not the one proposed by the NCRP30, a new
"ICRP-type" model (Figure 2.8.2.1) was designed to mimic the NCRP model.
This model was described in a previous progress report31.

Additional data became available in 1990 from five individuals
involved in an inhalation exposure to 1 4 4Ce. These data, which include
values for 1 4 4Ce excretion in urine and lung and body burdens of 1 4 4Ce up
to 360 days after intake, also display higher urinary excretion than would
be predicted on the basis of the ICRP model.

Evaluation of this data set is continuing.

29 International Commission on Radiological Protection. "Limits
for Intakes of Radionuclides by Workers. Oxford: Pergamon
Press, ICRP Publication 30, Part 1, Ann. ICRP 2(3/4) (1979) 94-
95.

30 National Council on Radiation Protection and Measurements.
"Physical, Chemical, and Biological Properties of Radiocerium
Relevant to Radiation Protection Guidelines". NCRP Report No.
60 (1978).

31 AECL Report, PR-PBS-HS-4/AECL-9681, 1987 July 1-December 31.
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Figure 2.8.2.1. Proposed model.

2.8.3 GENMOD

S.H. Linauskas and D.V. Dunford (Mathematics & Computation Branch)
Funded by AECL Research.

The computer code GENMOD uses the methods described in ICRF
Publication 3032 to calculate retention and integrated retention for
selected radionuclides under a variety of exposure conditions. The
metabolic models u&ed to describe retention are solved numerically and the
results are combined with GENMOD's dosimetry factor database to calculate
committed effective dose equivalents and committed dose equivalents to
various organs of the body for a reference one-year old infant and
reference man. Derived quantities such as the Annual Limits on Intake can
be computed with the code.

A major upgrade of Chalk River's computing systems required the
transfer of the MAINSEE and GENM0D-MF codes to the CONTROL DATA CYBER 990
computer. This required some minor changes to the file structure and file
handling routines in the codes to allow operation under the NOS-VE
operating system. Both codes have been available on the Cyber 990 since
1990 September. GENM0D-MF remains the primary research tool for internal
dosimetry and metabolic modeling while the enhancements more suitable for
actual contamination case examinations are incorporated into the PC
version. MAINSEE is used for the generation and maintenance of Specific
Effective Energy (SEE) data files.

32 International Commission on Radiological Protection. "Limits
for Intakes of Radionuclides by Workers." Oxford: Pergamon
Press, ICRP Publication 30, Part 1, Ann. ICRP 2(3/4) (1979).
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Extensive modifications to GENMOD-PC vere undertaken. Several
features of the mainframe version including the capability to determine
committed doses to any point in time as veil as interval (including annual)
effective dose equivalents have been incorporated into the code. Other
technical features now provided are the ability to display integrated organ
activity and organ burdens, past, present and future, based on estimates of
intake determined from input bioassay data; the tritium models for HT and
HTO; and the option of selecting assumed intake times ui the mid and
beginning points of the monitoring interval in Derived Investigation Level
(DIL) calculations. Minor enhancements have been made that allow the
selection of non-SI units for displays; calculation of Derived Air
Concentrations (DAC): and the saving of default operation parameters such
as particle size, calculation times, data library path names, and pulmonary
clearance half-times, into separate operation files. The user interface
has been modified to simplify model editing and provide a more intuitively
obvious menu system for those familiar with internal dosimetry evaluations.

A review of GENMOD-PC (V2.1) was undertaken by a Health Physicist
at the Oak Ridge National Laboratories on behalf of the Health Physics
Society and published in the 1990 December edition of Health Physics33.
The reviewer noted some limitations in the code and its documentation but
indicated that GENMOD-PC was a useful code. GENMOD V3.0, which represents
a significant improvement over V2.1, existed only in a beta version and was
not provided to the reviewer. V3.0 addresses many of the reviewer's
concerns.

A data verification program was instituted for the data contained
in GENMOD-PC's data files. Some required changes were identified. Most of
these were limited to radionuclide halflives and updates to actinide
metabolic model parameters that were published in ICRP Publication 30. A
comparison of derived quantities such as Annual limits on Intake calculated
by GENMOD and those published in the various parts of ICRP Publication 30
will coutinue into next year.

2.9 Biological Dosimetry

The objective of this program is to investigate radiation-induced
changes in biomolecules or whole cells that may be used as indicators of
dose. This has the potential of providing a means of measuring both the
physical dose received and the biologically effective dose that reaains
after the cellular repair.

33 E.M. Bracket. Health Physics 59 No. 6 (1990) 942.
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2.9.1 Bio-Indicators for Radiation Dose Assessment

A. Trivedi
Funded by COG.

A review of the present state of biological dosimetry has been
completed34. This report has reviewed information derived from many
investigations on the use of bio-indicators in dosimetry. The
appropriateness of these bio-indicators for measuring radiation exposures
vere evaluated. The report identifies the importance of the tine course of
early radiation effects for an accurate understanding of the nature of
biochemical and biological injuries. Criteria for the selection of
practical bio-indicators identified the most promising methods. Among them
are monitoring of cell surface markers on the lymphocytes, and the
measurement of free-radical concentrations in bio-organic molecules.

2.9.2 Use of Sugars and Biological Samples in ESR Emergency Dosimetry

A. Trivedi, M. Kolios, C.L. Greenstock (Radiation Biology Branch),
S. Mehta (Radiation Biology Branch), and I. Bonnot (Radiation
Biology Branch)
Funded by COG.

Electron spin resonance (ESR) expertise is currently being
developed for its application in emergency dosimetry. ESR offers a simple
and reliable technique that operates as an indicator of absorbed dose by
measuring the trapped free-radical concentrations in irradiated substances.
ESR dosimetry allows the use of various materials including organic matter
as veil as biological samples because there is no requirement for sample
heating and complicated pre-treatment in measuring the absorbed dose. It
is necessary, however, that the sample be available as a solid so that the
decay of the free-radical concentration is prevented. ESR dosimetry also
permits repeated measurement of the dose.

Widely distributed dry bio-organic materials may be desirable for
accidental dosimetry. Though many organic substances (e.g., aaino acids,
hydroxyapatite in tooth's enamel) are sensitive to radiation, sugar seems
to be one of the best substances for personnel dosimetry (doses above 0.1
Gy). In assessing the capability of ESR in emergency dosiaetry, we have
examined the dose-response relationship, the minimum detectable dose limit,
long-term post-irradiation stability of the ESR signals, the dose rate, and
factors influencing the sensitivity, reproducibility and quantitative
aspects of the technique.

For a range of sugars tested, the signal intensity per unit dose
is greatest in sucrose and dextrose. The concentration of free radicals in
these sugars is observed to be proportional to the dose received from x-ray
and gamma-ray sources. A linear relationship exists between the signal
intensity anr the absorbed dose between 0.5 to 5.0 Gy. Our results have
demonstrated an energy dependence of the ESR signal for x-rays in the range
of 58 to 202 keV. For a single 5 Gy dose of gamma rays, no statistically

34 A. Trivedi. Bio-indicators for Radiation Dose Assessment. AECL
Report, AECL-10245, C- Ik River, Ontario, Canada (1990).
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significant relationship between the dose rate and signal intensity is
observed over a limited range (3 - 30 mGy.min*1). Also, only snail changes
in the signal intensity occurred vhile storing the sample at room
temperature (approximately 8Z). The signal can thus be used as a
retrospective monitor of integrated absorbed dose. The program is also
investigating the use of biological materials (such as human hair, nail and
tooth) for retrospective dosimetry. However, due to individual variability
in the irradiated samples and uncertainty in interpreting the complex ESR
signals, these sample types show less promise.

2.10 Instrumentation and Measurement Techniques

Protecting workers and the public from the hazards of ionizing
radiation requires that the hazard be accurately known. The main objective
of programs in instrumentation for measuring radiation is to establish new
technology and to improve existing methods particularly suited to the
environments in the facilities of AECL Research, and the Canadian nuclear
industry. In addition, where radiation measurement devices are available
commercially, a comprehensive evaluation/support program is in place.

2.10.1 Stack Monitor

R.A. Surette
Funded by AECL Research.

The Chalk River Laboratorier reactor stack effluent nonitor is
used to provide data for verifying that the reactor effluent levels are
acceptably low under routine operating conditions, to call to attention if
the effluent levels are too high, to assist in proper management of an
accidental release and to aid in analyzing the releases of an accident
after the fact. The effluents from the reactors may contain particulate
beta-emitters, radioiodines and radioactive noble gases.

The reactor stack effluent monitor is comprised of three detector
sets - noble gas, radioiodines and particulate detectors. The time
sequencing, data acquisition, release calculation and data logging are all
handled by one controlling computer. The stack monitor can be controlled
through video terminals at various locations around the Chalk River site.
These video terminals present an on-screen menu of selections for access to
the stack release data and monitor control. Further information is
available in "Reactor Stack Effluent Honitor - Topical Review"35.

During 1990, the mass-flow controllers used in the iodine sampling
system malfunctioned due to corrosion caused by exposure to bromine.
Bromine is injected into the sample stream to enhance the collection of the
organic forms of iodine onto the charcoal filter. To ensure that the
bromine corrosion does not continue to cause problems, the charcoal trap
that removes the bromine vapors will henceforth be replaced quarterly.
Prior to the malfunction of the iodine mass-flow controllers, methyl iodide
had been injected into the sampling system. This test indicated that the
iodine monitor provided a high collection efficiency for methyl iodide.

35 AECL Report, PR-PHS-HS-7/AECL-9996, 1989 January 1-June 30.
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The noble gas monitor vas calibrated using NBS traceable gas
standards of 133Xe and iSKr. Two 133Xe sources (1 GBq and 130 GBq) and one
85Kr (12 GBq) were used. Each standard was injected into the sampling line
at a constant rate for a period of about 20 •inutes. These injections
resulted in "stack equivalent" release rales of 1.4 x 103 MBq-MeV=s-1, 1.5
x 105 MBq.MeV.s1 and 2.1 x 103 MBq-MeV-s1 for the 1 GBq, 130 GBq and 12
GBq sources, respectively. The integrated total release was calculated and
compared with the standards. On this basis, a calibration factor was
determined for both the low- and high-range detectors.

The particulate monitor has been calibrated with six 90Sr/90Y NBS
traceable standard sources (covering about 5 decades) prepared by the
Nuclear Detector and Metrology Section at Chalk River. These 90Sr/90Y
sources were physically similar to the particulate sampling filters and
maintained normal sample counting geometry. A counting efficiency has been
calculated for each detector and the software setpoints changed
appropriately.

During the time that the iodine monitor was disabled due 10 mass-
flow controller failure, it was noted that software would not generate a
new RAM file at the start of each day. The cause was identified and the
software was modified to correct this problem. New EPROHs with the
corrected software were generated and installed in the computer.

2.10.2 Doorway Monitor

V.F. Richter
Funded by AECL Research.

A doorway monitor, designed to detect lower contamination levels
than monitors currently in service, has been installed on Lane #4 in
Building 401, at the Chalk River site. This new monitor is being
evaluated, and minor adjustments have been made. Installation of units in
other locations - the remaining lanes in Building 401 and at the active-
area gate - is awaiting approval from R & IS Branch.

2.10.3 Instrument Acquisition

K. Szornel
Funded by AECL Research.

The objective of this program is to upgrade the radiation
protection instrumentation used in the Radiation & Industrial Safety Branch
at Chalk River. There are two major components in this program.
Instrument replacement involves evaluation of existing inventories,
identification of instruments needing replacement, selection and evaluation
of replacement candidates, and final recommendations for procurement. A
second part of the program deals with the development of guidelines and
criteria for benchmark evaluation of instruments for ongoing and future
equipment replacement.

The initial focus of the program has been on contamination
monitors. A report comparing two specific contamination instruments has
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been prepared along with the final recommendations. Work is continuing on
replacements for nore specialized instruments.

Special application contamination meters, the MAB ProCONT and
Berthold LB122 vere purchased for evaluation. They operate with
proportional counters, have thin windows and large detection areas, and are
capable of discriminating between alpha and beta activities and provide
some discrimination against high photon backgrounds.

Draft documents outlining guidelines and test criteria for gamma
survey meters and contamination meters have been produced and are currently
undergoing internal review.

2.11 Bioassav and In Vivo Counting Development

This continuing program is aimed at improving the methods used in
the identification and measurement of radionuclides in excreta, people, the
workplace, and the environment. Emphasis is currently being placed on the
adaptation of high performance liquid chromatography (HPLC) techniques,
developed by AECL Research, to analyse urine samples in routine excreta
bioassays.

2.11.1 HPLC Development

J.V. Leon and S.H. Linauskas
Funded by AECL Research and COG.

The chemical separation capability provided by HPLC technology,
coupled with the low background and energy spectrometry capacity of modern
liquid scintillation counters has the potential of providing discrimination
between radionuclides similar to that attained with HPGe detectors. Since
both the chemical separation and counting components can be implemented
with a high degree of automation, routine screening for radionuclide
intakes by excreta bioassay can become far more economical. The ability to
detect a broad range of radionuclides including pure beta emitters is an
additional advantage in large-scale intake screening. A major limitation
in screening with whole-body counting systems is the inability to detect
Sr, Y, and Pm, which exist in mixed fission product contamination.

Limitations associated with excreta bioassays still remain due to
variability in the solubility of compounds and elements within the body,
and their elimination fractions via urine and feces. However, the
improvement in detection capabilities even for poor candidates for urine
monitoring such as cerium (see Figure 2.11.1.1) indicates the value of the
technology.
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System components were received in 1990 March (funded by AECL
Research). Work during the year has been Halted to configuring the pumps,
UV detector, column, and eluent delivery and sample-injection systems to
perform post-column derivitization-high performance liquid chromatography
(PCD-HPLC). Preliminary experiments using inactive solutions of selected
rare-earth elements have been conducted to establish eluent gradient
specifications. Good resolution with a stable baseline, vhich is an
important requirement in separating radionuclides of variable toxicity, has
generally been achieved. Approximately 30 minutes of sample eluation is
required to separate most of the rare-earth elements that- are likely to be
of interest in a urinalysis program (Figure 2.11.1.2). Operation for the
separation of single elements such as Pm, Ce and Y can be optimized to
reduce this time, and will be the focus of some of the work during the next
year.
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2.11.2 Liquid-Scintillation Counting Spectrometry

S.H. Llnauskas and J.V. Leon
Funded by AECL Research and COG.

A Quantalus 1220 low-level liquid-scintillation spectrometer
equipped with pulse-shape analysis capabilities for alpha-beta
discrimination vas purchased and delivered to the Lov Background Building
in 1990 December (funded by AECL Research). Installation and initial
commissioning by the Finnish manufacturer is scheduled for 1991 January 14-
18. With this acquisition, the detection limits necessary for low-level
counting in bioassay and environmental monitoring will be available.
Figure of merit36 improvements between 4 and 20 are expected when
comparisons are made to other liquid-scintillation counters. Since various
liquid-scintillation counting systems are available within the
organizational group, a comparative study has been initiated to document
the counter's performance capabilities. Most of the radionuclides (137Cs,
60Co, 1 3 1 I , 90Sr/90Y, "«Ce/"«Pr, 147Pm, 106Rh, 1 4C, 3H) to be used have
been obtained. Solution calibrations are being conducted by the Standards
Group in the Nuclear Physics Branch.

2.12 Dosimetry Services

2.12.1 Bioassay Monitoring

S.H. Linauskas, S.E. Gardner, J.F. Moore and M.M. DeAbreu
Funded by AECL Research.

A 9 0Y bioassay program was implemented to support operational
health-physics activities for pilot-scale production of 9 0T. With a
halflife of only a few days and little excretion via urine, limits were
imposed restricting production of insoluble compounds in the product.
Intakes of such compounds could not have been detected. Most urine-
monitoring programs for mixed fission products are based on monitoring at
fixed intervals; however, such a monitoring scheme was unsuitable in this
case. Production and product-handling schedules were co-ordinated to
ensure that the Derived Investigation Levels for urine monitoring could be
detected. The eventual special-monitoring program established for *°Y
(sample submission immediately followed operations where an intake was
possible) posed fewer logistic difficulties than expected.

The sample-analysis portion of the HTO passive-sampler analysis
program associated with the environmental monitoring of remaining
structures of the decommissioned NPD reactor facility was transferred to
the bioassay laboratory. The additional responsibility of sampler
preparation, data recording and reporting will be assumed once the
additional quality assurance specifications for the bioassay laboratory can
be met.

Due to the low demand for total uranium analysis and the usual
need to identify the enrichment level for uranium when a positive

36 Figure of merit Is defined in section 2.7.8.
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analytical result is obtained in the bioassay program, the obsolete uranium
fluorinetry equipment vas removed from service. All uranium bioassay will
now be conducted by chemical separation and gross alpha counting or alpha
spectrometry.

An intake of 144Ce by an employee demonstrated a significant
fraction of the retained activity vas excreted via urine. This required
the characterization of the chemical recoveries (>80Z) ror the rare-earth
group separation method and the calibration of the gas lo\ proportion..':
counters and liquid scintillation counters for 144Ce detection. Setae
advantages in the use of the liquid-scintillation counting techniques wore
realized, particularly with the elimination of the uncertainty associated
with self absorption in the solid precipitate obtained from the oxalate co-
precipitation method used in the analysis. As expected, HPGe gamma
spectrometry did not provide sufficient sensitivity in detecting the cerium
in the sample precipitate beyond the first fev days after the intake.

Results from one of the two 1990 HTO-in-urine intercomparison
studies sponsored by Health and Welfare Canada were received. While our
results were well within the acceptance criteria, a small negative bias in
some of our measurement results was apparent. The cause of this bias will
be examined further with the receipt of the results of the second set of
intercomparison results. The best performance in terms of ranking (2nd)
was achieved with tritium concentrations of 1.2 x 107 Bq/L, which is near
the administrative control level of Caution used in the tritium bioassay
program.

2.12.2 In Vivo Monitoring

S.H. Linauskas, J.D. Brunette, E. Arvisais (Medical Branch), and
N. Shamess (Medical Branch)
Funded by AECL Research.

Planned decommissioning activities involving the dismantling of
structures contaminated with a combination of actinide and fission product
activity prompted an examination of the future n«?eds of the in vivo
monitoring capabilities at Chalk River Laboratories. An upgrade to measure
transuranic elements by replacing one of the phoswich-detector-based lung
counters with HPGe detectors and establishing the ability to aeasure tissue
thickness, particularly the chest wall, were deemed important requirements
to support future site activities. Preliminary specifications and cost
estimates for a 4-6 detector array of HPGe detectors were prepared.
Hardware requirements for ultrasound monitoring equipment were identified
and experts in the use of ultrasound for chest-wall measurements were
contacted.

In vivo monitoring of all new Chalk River Laboratories employees
has started. The purpose of the program is to add to the database of
phoswich detector lung count spectrum for unexposed individuals.

Calibrations of the scanning bed whole-body counter and dual
phoswich detector lung counter for 144Ce/144Pr detection were conducted to
determine retention in an individual internally contaminated with about
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1/10 of an ALI of 144Ce. The calibration factors measured were 2.5 x 10"4

cps/Bq whole-body burden and 5.7 x 10"3 cps/Bq lung burden, respectively,
for the two systems.

Recalibration of the phoswich detector lung counters for low
enriched uranium (19.5Z) was started by using the Chalk River Laboratories
thorax phantom. The work will be completed with the loan of the Lawrence
Livermore Realistic Phantom following our participation in Health and
Welfare Canada's 1990 Canadian in vivo facility intercomparison program.
Intercompariscn activities are scheduled for 1991 January.

2.12.3 TLD Service

B.E. Heinniller
Funded by AECL Research.

Employee exposures to external sources of gamma and beta radiation
are monitored by the use of thermolumlnescent dosimeters (TLDs). Each
personal dosimeter badge contains two TLDs: one, which is covered only by
a thin layer of plastic, records the dose received by the skin of the body;
the other, covered by a 2 mm thick aluminum absorber, records the dose
received by the whole body at tissue depths greater than 5.4 mm. All of
AECL's atomic radiation workers are required to wear a personal dosimeter
badge while at work.

In addition, the badges housing the TLD chips may contain track-
etch CR-39 detectors for the detection of fast, intermediate, and thermal
neutrons. CR-39 is added to any employee's badge w^ere it is felt that
there is the potential for significant exposure to neutron fields. CR-39
use has expanded to include more workers in reactor operations and support
personnel as well as reactor users from the Neutron and Solid State Physics
Branch.

Extremity exposures (normally to the hands) are measured by Teflon
discs impregnated with a thermoluminescent material (LiF). Employees are
required to wear these dosimeters if they are expected to receive a dose to
their extremities in excess of the dose recorded by their personal
dosimeter badge. Reactor maintenance has resulted in an increase in demand
for this service.

Any two-week external penetrating dose that is (before "off-hours"
site background subtraction) less than that determined as the site
background, is entered into the database as zero. The large number of zero
annual cumulative doses (designated as "not exposed" in the annual safety
report) is thus indicative of a small negative systematic error. Changes
have been effected in the handling of plaques used in the determination of
site background. More such plaques are now used and they remain vith the
field plaques whenever the field plaques are in their respective reader
magazines. As well, detection threshold tests on each plaque have been
completed. It is expected that these actions will eliminate the "not
exposed" artifact heretofore reported.
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Dosimeter plaques employ LiP chips of different isotopic sake-up,
the thin chip being 6Li-depleted and the thick chip having the natural
isotopic make-up of lithium. A thick-chip reading much in excess of the
respective thin-chip reading is considered unlikely other than by
6Li(n,a)3H reactions due to exposure to albedo or direct thermal neutrons
(see 2.5.5). In such cases, the CR-39 reading is expedited to verify the
neutron exposure. Tests vere undertaken to verify the isotopic make-up of
every TLD chip used in the Chalk River Laboratories dosimetry program. Of
the tests completed, eight badges were found with an i;,otopic maka-^p
inappropriate for the preliminary detection of neutron exposures. These
were removed from service.

As a further part of the implementation of quality assurance in
the TLD service, a graduate student vas hired to undertake type-testing in
conformance with the International Electrotechnical Commission Sub-
committee 45B Draft - "Thermoluminesence Dosimetry for Personal and
Environmental Monitoring" (see 2.5.4.).

Because of the importance attached to the retention of the primary
TLD records, calibration factors, and manual entries, archiving options for
long-term storage are being re-assessed. Mainframe magnetic tape, in
addition to PC optical disk, is being considered. Also, with the imminent
disappearance of NOS and the 7-track tape drive, conversion of old archive
tapes has be^un.

An arrangement has been made to provide dosimetry services for the
AECL CANDU personnel involved in decommissioning work at Chalk River
Laboratories. In addition to the standard irsue service for compliance
monitoring, additional building-specific (as opposed to employee-specific)
dose assessment will be offered.

2.12.4 Dosimetry Database and Reporting System

B.E. Heinmiller and D.V. Dunford (Mathematics & Computation
Branch)
Funded by AECL Research.

AECL Research exercises close control over employee exposures to
radiation. Personal dose histories are updated for atomic radiation
workers when the dosimetry for the two-week monitoring period has been
completed. This information is available at any time to the enployee, and
is reported to supervisors and radiation protection staff on a need-to-know
basis so that all are aware of and use the information in planning and
making work assignments. Employee dose equivalents are also recorded in
the National Dose Registry operated by Health and Velfare Canada.

The Chalk River Dosimetry Database (CDD) has been designed and
updated to perform the function of maintenance of personnel doses for all
monitored AECL Research employees. The database system also functions as a
report generator for routine fortnightly reports, quarterly reports, annual
reports, and ad hoc reports.

The current form of the dosimetry database is the result of the
evolution of a batch-oriented system with an interactive interface to
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facilitate batch-job submission. The future fora of the dosimetry database
is under review. The decision on the choice of a database management
system is coupled to a decision on the choice of computer hardware. In the
interim, NOS/VK utilities are being looked at as an expedient way of making
the system more interactive. The ultimate goal is to have a system that is
not only secure and robust, but also one that lends itself to timely
response to any ad hoc requests for personnel dose data. It is also
intended that the database be a more integral part of the quality assurance
program for both internal and external dosimetry.

With the advent of NOS/VE and the impending disappearance of NOS
as the operating system on the CYBER, conversion of all of the dosimetry
database code was undertaken. Codes used to prepare data for entry into
the database as well as the database code itself required conversion.
Coincident with these conversions were changes in the database code
attaching the personnel information. These changes were necessary in order
to accommodate a new human resources information database installed on site
VAX computer systems. All codes necessary for the processing of database
information have been converted with the exception of the code used to
produce the tape of dose data sent annually tc the National Dose Registry.
This still requires a re-definition of the mapping of our occupation codes
(which have all changed structure in the new Human Resources Information
System) to those required for input to the National Dose Registry.

2.12.5 Neutron Dosimetry Service

A.R. Arneja and V.G. Cross
Funded by AECL Research.

During 1990, the number of Chalk River Laboratories workers
provided with CR-39 neutron dosimeters increased considerably. This
increase resulted from requests from individual branches, from the
Radiation & Industrial Safety Branch, and from the policy of providing
neutron dosimeters to anyone whose TLD badge readings indicated a possible
thermal neutron dose. Over the second six-month neutron dosimeter period
(Hay - October), 350 workers were given CR-39 dosimeters, as compared with
about 150 in 1989. Of these, 239 received doses less than 200 nSv (20
mrem) for the six-month period. The highest recorded dose was 1.85 mSv
(185 mrem).

The TLD badge contains one detector that is sensitive to both
gamma radiation and thermal neutrons and a second one sensitive only to
gamma rays. If the two-week dose indicated by the neutron-sensitive TLD
exceeds that given by the neutron-insensitive TLD by a factor of 1.36 or
more, the difference is attributed to thermal neutrons. If the individual
is wearing a neutron dosimeter, this is read; if not, one is provided. A
comparison of such CR-39 readings and TLD readings shows that the neutron-
sensitive TLD consistently over-responds to thermal neutron doses by a
factor of 10. Although most significant fast neutron doses are accompanied
by measurable thermal neutrons, this is not invariably the case,
particularly when a person is exposed close to an unshielded source.
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2.12.6 Quality Assurance

E.S. Lamothe
Funded by AECL Research.

A major effort has been spent on revising existing a^d writing nev
documentation in order to meet quality assurance requirements for the Chalk
River Laboratories dosimetry services. The writing of the Level 2 and 3
documents has been progressing in parallel.

The Level 2 document - Dosimetric Research Branch - Quality
Assurance Program for Dosimetry Services - outlines the basic rules that
will apply to both the internal and external dosimetry service. Presently
at the internal review and approval stage, it is designed to meet the
technical and quality assurance specifications of the Atomic Energy Control
Board (AECB) consultative document C-1064.

The three documents - TLD Manual, Bioassay Manual and In Vivo
Monitoring Manual are the Level 3 working documents that give the detailed
procedures that will be used by the dosimetry services. Resources required
to produce the documentation are extensive, and will continue to disrupt
other activities as the 1991 July completion date approaches.

2.13 External Activities

2.13.1 External Dosimetry Working Group

P.S. Yuen

A meeting of the External Dosimetry Working Group was held at
Atomic Energy Control Board (AECB), Ottawa, on 1990 April 24-25. The
primary objective of this meeting was to discuss a draft report on the
intercomparison of skin dose measured by the five Canadian TLD processors
in a set of experiments conducted at Chalk River Laboratories, and Ontario
Hydro.

There was an attempt to set up a protocol to test the feasibility
of interchanging dosimeter plaques for the purpose of emergency backup
reading. Technical details of the dosimetry systems used by individual
member organizations were discussed. It soon became clear, however, that a
universal lnterchangeability is not possible because of substantial
differences in the system architectures. It was decided that paired
members will plan and conduct test experiments between themselves. Since
Chalk River Laboratories and Bureau of Radiation Monitoring Devices of
Health and Welfare Canada were paired in the last meeting, these two
organizations would arrange a test between themselves on a later date.

The working group recognized that the new ICRU quantities are
quickly gaining international acceptance in dosimetry. These new
quantities include the Individual Dose Equivalents, Penetrating and
Superficial, Ambient Dose Equivalent and Directional Dose Equivalent. The
question of whether the Individual Dose Equivalents should be adopted by
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each Canadian processor was raised and discussed. It was felt that each
organization should investigate the suitability of its TLD system for the
estimation of these tvo ICRU quantities before making any commitment.
Subsequently, It was decided that Chalk River Laboratories would submit a
proposal to the Vorking Group for conducting a series of experiments, as a
joint project, for the investigation.

2.13.2 Implementation of New ICRU Dose Equivalent Quantities

W.G. Cross

A revised draft of the third in the series of ICRU reports that
describe the new dose equivalent quantities and their practical
determination37 was prepared by a Sub Committee and submitted to the ICRU
early in 1990. Comments and suggested changes by the ICRU are being taken
into account and a second revision of this report will be submitted to the
main Commission of the ICRU in August.

2.13.3 ANSI Tritium Standard

R.G.C. McElroy

A committee has been formed to revise ANSI N13.14 - 1983,
"American National Standard for dosimetry - internal dosimetry programs for
tritium exposure - minimum requirements" under the chairmanship of V.C.
Inkret of Los Alamos National Laboratory. The committee comprises members
from Pacific Northwest Laboratories, Los Alamos National Laboratory, Health
and Welfare Canada, Chalk River Laboratories, Monsanto Research Corp.,
Ontario Hydro and a private consultant. A productive first meeting was
held in conjunction with the Health Physics Society mid-year meeting in
February and a second meeting was held in conjunction with the annual
Conference on Bioassay, Analytical and Environmental Radiochemistry in
October. Good progress is being made and it seems likely that the final
document will increase the harmony among American, Canadian and ICRP
recommendat1ons.

2.14 Implication of the ICRP 1990 Recommendations (Publication 601

B.E. Heinmiller
Funded by AECL Research and COG.

This program was established to evaluate the implications for
external and internal dosimetry of compliance with anticipated regulatory
or control limits consistent with the new ICRP recommendations.

Proposed recommendations, consisting of a draft report dated 1990
February, were circulated by the ICRP for comment. Submissions were Bade
by many organizations throughout the world. The Dosimetric Research Branch
submitted comments through the Director of Health Sciences Division. A
revision of the first draft of the recommendations was approved by the ICRP
committee and appeared as a draft dated 1990 November. These

37 AECL Report, PR-PHS-HS-8, 1989 July 1-December 31.
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recommendations, without substantial change, are expected to be published
as ICRP Publication 60.

The assignment of tissue weighting factors to the esophagus
requires that specific effective energies (SEE's) for the source-target
combinations used in internal dosimetry calculations be determined.
Historically, this type of data has been made available to the
international health physics and medical communities by the Oak Ri^e
National Laboratories, which has developed the mathematical human phantom
and Monte Carlo codes used to generate the SEE tables. The esophagus is
not expected to have any significant impact on the determination of derived
quantities such as the ALL Consequently, until such time as new SEE
tables are generated, incorporation of the esophagus into internal
dosimetry models can be accomplished by using surrogate tissues to estimate
SEE values. Work will begin in 1991 January on modelling the esophagus and
modifying GENMOD data files to include the new tissue weighting factors.

A general assessment of the implications of the recommendations
for reactor workers and for the general public was prepared in response to
a request for this information. This assessment was written to be
understood by a lay public readership.

A talk entitled "Basis for the Proposed Recommendations of the
ICRP 1990" was delivered at the Nuclear Science and Engineering Symposium
at McHaster University in October.

The Environmental Sciences and Waste Management group involved in
the modelling of high-level waste disposal submitted a request for an
estimate of the time and effort involved in the recalculation of dose
conversion factors in light of the new ICRP recommendations. In response
to this request, the algorithms and data output from the original EDEFIS
runs (used to calculate effective dose equivalent from contaminated media)
were examined to determine the required effort in recalculating the
external dose conversion factors.

2.15 Publications and Presentations

2.15.1 Publications

BIO-INDICATORS FOR RADIATION DOSE ASSESSMENT
A. Trivedi
AECL-10245 (1990)

LITERATURE REVIEW OF THE STUDIES ON UPTAKE, RETENTION AND DISTRIBUTION OP
RADIONUCLIDES BY THE FETUS
E.S. Lamothe
Atomic Energy Control Board Report, INFO-0332 (1990)

LUNG DOSIMETRY OF THOROTRAST PATIENTS
W. Hofmann, J.R. Johnson and N.0. Freedman
Health Physics 59 No. 6 (1990) 777-790, AECL-10296.
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THE INVOLVEMENT OP TOPOISOHERASES AND DNA POLYMERASE I IN THE MECHANISM OF
INDUCED THERMAL AND RADIATION RESISTANCE IN YEAST
D.R. Borehan, A. Trivedi and R.E.J. Mitchel
Rad. Res. 123 (1990) 203-212

2.15.2 Lectures, Presentations, Abstracts

A NEUTRON PERSONAL DOSIMETER SYSTEM USING CR-39 DAMAGE TRACK DETECTORS
V.G. Cross and A.R. Arneja
Presented by V.G. Cross at the Annual Meeting of Canadian Radiation
Protection Association, Saint John, New Brunswick, 1990 June 12-14.

BASIS FOR THE PROPOSED RECOMMENDATIONS OF THE ICRP 1990
B.E. Heinmiller
Presented at the Nuclear Science and Engineering Symposium, McMaster
University, 1990 October.

BETA-RAY DEPTH DOSE DISTRIBUTIONS FROM INCIDENT BEAMS AND SKIN
CONTAMINATION
V.G. Cross, P.Y. Vong, and N.O. Freedman
Presented by V.G. Cross at the Health Physics Society Meeting, Anaheim,
California, 1990 June 24-28.

EVALUATION OF GR-200 LiF(Mg,Cu,P) ELEMENTS AS EXTREMITY DOSIMETERS
P.S. Yuen
Poster presentation at the Annual Meeting of Canadian Radiation Protection
Association, Saint John, New Brunswick, 1990 June 12-14.

INFLUENCING THE HEAT-INDUCED CELLULAR RESPONSE IN YEAST BY ALTERING THE
MEMBRANE ERGOSTEROL LEVEL
A. Trivedi and E.R. Tustanoff
Presented at the RRS/NAHG meeting in New Orleans, USA, 1990 April 8-12.

MONITORING FOR INTAKES OF RADIONUCLIDES
S.H. Linauskas
Presented at the Annual Radiation Protection Course, Chalk River
Laboratories, 1990 September.

THE DOSIMETRY OF IONIZING RADIATION: RADIATION PHYSICS
R.G.C. McElroy
Presented at the Annual Radiation Protection Course, Chalk River
Laboratories, 1990 September.

THE DOSIHETRY OF IONIZING RADIATION: DOSIMETRIC QUANTITIES
R.G.C. McElroy
Presented at the Annual Radiation Protection Course, Chalk River
Laboratories, 1990 September.
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RADIATION DETECTION AND EXTERNAL DOSIHETRY
B.E. Heinmiller
Presented at the Annual Radiation Protection Course, Chalk River
Laboratories, 1990 September.

USING HAIR AS A BIOLOGICAL INDICATOR FOR SKIN CONTAMINATION
A. Trivedi, C.A. Barr and J.V. Leon
Presented at the RRS/NAHG meeting in New Orleans, USA, 1990 April 8-12.
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3.2 OVERVIEW
P. Unrau

The mission of Radiation Biology Branch (RBB) is to produce improved
understanding of the effects of radiation and related environmental agents
on living systems. Two major objectives have been defined: understanding
the factors that affect biological responses to ionizing radiation and the
resulting biological consequences, and application of new biological
knowledge and technologies toward improvement of radiation protection for
workers and the public. A third objective is to use our increased
knowledge to address specific concerns in health protection and care. Our
expertise in dealing with well characterized genotoxins such as ionizing
radiation provide substantial conceptual and methodological insights in
dealing with other environmental toxins or carcinogens.

RBB programs are organized within conceptual frameworks of DNA
damage/repair and multi-stage carcinogenesis. Our overview proceeds from
the processes of interactions of endogenous and exogenous factors with DNA
(the cellular hereditary material) to overt consequences in humans and
other living organisms.

Because of the central role of DNA in determining both genetic and somatic
functions, we consider that an understanding of effects on DNA is central
to understanding the effects of ionizing radiation and other genotoxins.
We are therefore particularly concerned with those biological systems which
ensure genetic fidelity, and those consequences which arise after genotoxic
interactions with the DNA have occurred. Furthermore, as damage causes
alterations in DNA structure or function, alternative dosimetric systems
can be developed to measure such damage directly.

As the informational content of the DNA depends upon biochemical and
biological systems, it would be expected, and has been observed, that
"spontaneous" changes in DNA ("biological noise") may occur, leading to
biological consequences without exogenous causes. These consequences
parallel those induced in DNA by radiation or other genotoxic agents. For
both spontaneous and induced damage, it has been observed that DNA repair
systems and biological surveillance systems act to reduce the probability
of biological consequences. Innate structural considerations of DNA
topology act to control such parameters as access of free radicals to the
DNA. If DNA damage occurs, pre-existing and inducible repair systems, and
other downstream biological mechanisms, can be observed to affect
biological consequences. Sections of this report will deal with structural
and other considerations of genotoxin action, and with the induction and
action of DNA repair systems and of other protective mechanisms. Assays
for DNA damage and for its immediate consequences are described.

Repaired DNA damage may have no significant biological consequence, but
misrepaired damage may result in cellular harm measurable at the cellular
level by means described below. The development of such assays
may find applications in clinical diagnostic and health care related fields
including cancer treatment. Cell-based assays also provide information on
the intrinsic genetic and consequent somatic variability in individuals;
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understanding the size and source of this variability is a key to
understanding the relative roles of spontaneous and induced DNA damage
leading to genetic and somatic harm in populations. This information can
be directly applied in interpreting the results of epidemiological studies
of the health of AECL's workforce and the general public.

The primary detrimental effect of ionizing radiation in humans is the
transformation of a normal cell to a malignant cell. While the risk of
radiation-induced cancer is conventionally established from radiation dose,
it is known that many physical and biological processes potentially can
alter the overall effect of a given radiation exposure. Recent evidence
indicates that cancer is a multistep process, and while the initial DNA
damage caused by radiation or other carcinogens is a necessary event, the
extent of damage is only remotely related to the risk of cancer formation.
Cancer is a biological response to DNA damage and all the steps in
carcinogenesis depends on biological processes. It is therefore the
probability of the DNA damage combined with the probability of each
individual biological event which occurs subsequent to DNA damage that
determines the ultimate probability of cancer formation.

Various steps in the carcinogenesis process have been distinguished. A
normal cell, upon exposure to ionizing radiation, becomes a malignancy
through a series of individual biological processes. The first step is
believed to require a genetic change in the cell's DNA: a specific
mutation that "initiates" the carcinogenic process. There are two
(subsequent) promotion steps, thought to involve processes that allow
expression of that genetic change (stage I) and uncontrolled cell division
(stage II), at which point a benign tumor can appear. Then a progression
step occurs; it likely involves another genetic change that gives the cell
the ability to invade other tissue. At this point the cell is a real
cancer cell. Replication of that cancer cell creates a clinically
observable cancer unless the immune surveillance system recognizes and
kills the cell prior to that point. Radiation (and other physical or
chemical agents) can have an effect at any of these intermediate steps.
Clearly, the overall risk of converting a normal cell into a cancer depends
on the probability of each individual step and the variability of each step
alters that risk. A general understanding of the risk of radiation-
induced carcinogenesis must therefore consider the probability of each
step.

The idea that individual variations in genotoxin responses represent the
interactions of hereditary with environmental agents has important
implications for future research directions. The powerful methods of
molecular biology are increasingly being used to learn about variations at
the individual level. These include the presence or absence of a
particular DNA sequence or gene, the presence or absence of a particular
disease organism, and individual response to particular environmental
stresses.

We know that significant variations exist among individuals for such basic
biological parameters as DNA synthesis accuracy, repair capabilities for
spontaneous and induced DNA damage, and even personal lifestyles as they
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affect risk. We are developing direct assays of the amounts of damage at
the DNA level (using modern molecular biological methods) to correlate with
other parameters such as repair capacity, cancer predisposition or cell
survival. Such studies will provide data about individuals, and give us an
ability to respond to concerns about the effects of radiation and other
genotoxins for concerned individuals.

3.3 DOSE ESTIMATION BY ELECTRON SPIN RESONANCE
C.L. Greenstock, A. Trivedi1 A. Tchen1 and I. Bonnot
Funded by AECL Research and COG

This collaborative project with DRB is reported in their section of this
Progress Report.

3.4 MOLECULAR AND PHYSICAL APPROACHES TO THE STRUCTURE AND GENETIC
FUNCTION OF DNA THAT DETERMINE CELLULAR RADIORESPONSE

Two important factors that affect the cellular response to ionizing
radiation are the accessibility of DNA to damage and repair, and the
intrinsic radioresistance of the cell. Using biotechnological tools we are
now able to examine these factors at the molecular level as a part of our
program to understand cellular response to ionizing radiation. Our first
interest is to look for specific factors which may affect radioresponse,
concentrating on components of chromatin structure. Chromatin structure is
postulated to be involved in radiosensitivity by making DNA more or less
accessible to radical damage or to repair enzymes. Histones are considered
to play a fundamental role in chromatin structure as they not only form the
protein core which will bind DNA and form the nucleosome, but also because
histone variants have been associated with actively-transcribed chromatin.
It is known that actively-transcribed chromatin is repaired faster than the
bulk of the DNA. Would the expression of histone variants also affect
repair and as a consequence affect radiation survival? Establishment of
the technology necessary for these studies in our branch will allow us to
approach similar studies on other genes of interest like the ones involved
in DNA repair.

Our second interest is in radioresistance, a subject on which little
information concerning the molecular basis is available. It is interesting
not only from the aspect of tumour radioresistance but also for the
possibility of finding new biological radioprotectors. Initially,
radioresistant cell line(s) will be established and they will be used for
the isolation and characterization of genes involved in the radioresistance
process. Identification of possible mechanisms for the expression of these
genes will enable us to search for regulatory substances which could
potentially behave as biological protectors. Another interesting aspect is
to verify whether the genes involved in the radioresistance process are
also involved in the observed differences in individual sensitivities to
radiation (see Sect. 3.6.1)

1Dosimetric Research Branch, Chalk River Laboratories
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Detecting radiation-induced chemical and structural changes in biomolecules
is a major technical challenge. Ten mGy produces only a small number of
lesions in the approximately 6X109 base pairs present in the DNA of a human
cell genome; by studying radiation effects on secondary and tertiary DNA
structure it may be possible to detect the effects of such small numbers of
lesions directly on living cells. The in vitro study of radiation-induced
conformational changes in DNA is possible using a fluorescent lifetime
spectrometer (FLI). Interrogation light pulses, and collection, counting,
and storage of fluorescence decay signals allow deconvolution of these
signals to provide information about the conformation and conformational
changes of the DNA molecule. Specifically, exponential decay profiles of
in situ fluorescent probes provides information about the local microscopic
environmental, intermolecular interactions, and the structure and
conformation of the target macromolecule.

3.4.1 Histone Gene Expression and Radioresponse
Sonia deToledo, R.J. Matusik1 and E.A. Azzam
Supported by AECL Research and COG

The objective of this research is to verify the effect of chromatin
components, specifically histone variants, on the radioresponse of
mammalian cells. To date we have successfully inserted a cDNA fragment
containing the full coding sequence of the histone variant H2AM gene into a
plasmid vector. This vector has all the elements necessary to direct the
synthesis of the mRNA coding for the histone variant and thereby allows the
expression of this gene without the normal cellular control on its
expression. We are outlining here the direction that future work will take
in regard to this construct. It will be checked for proper insertion of the
cDNA and then will be transfected in a cell line (HeLa cells or CHO cells).
This transfection will be performed in the presence of another plasmid
containing a marker that will enable selection for cells that have taken up
DNA. The selected colonies then will be checked for the expression of the
gene of interest. In order to verify the possible influence of this gene
on radioresponse, parental and transfected cell lines will be compared for
their relative survival after irradiation.

3.4.2 Molecular Aspects of Induced Radioresistance
Sonia deToledo and E.A. Azzam
Supported by AECL Research and COG

The objectives here are to generate radioresistant cell lines, to identify
gene(s) involved in radioresistance (in the sense of increased "tolerance"
to a given amount of radiation damage), to identify the mechanism(s)
responsible for the expression of these genes and to search for possible
inducers for the sort of genes that could potentially behave as biological
radioprotectors (by diminishing the amount of radiation-induced damage that
the cell is forced to deal with).

faculty of Medicine, University of Manitoba
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The human fibroblast cell line GM1522 is being used to generate
radioresistant cells. Survival colonies have been isolated from cells
submitted to 6, 8 or 10 Gy. They are currently being cultivated and will
subsequently be submitted to "selection" doses of X-rays to progressively
enrich the content of radioresistant cells.

Once a radioresistant cell line is established, two different approaches
will be taken to study genes involved in radioresistance. The first is to
look for messages which are differentially expressed in the parental and
radioresistant cells, using subtractive hybridization techniques. In this
case cDNA from the radioresistant cells is prepared by "back-translating"
mRNA into DNA using reverse transcriptase. This "radioresistant" cDNA is
hybridized to mRNA from the parental cells. The messages common to both
populations will hybridize and the resulting double-stranded molecules will
bind to hydroxyapatite. The messages present only in the radioresistant
population will not have a counterpart in the parental cell population and
will remain single-stranded. These single-stranded molecules do not bind
to hydroxyapatite and will be used to construct a subtracted library. This
library will be screened and the differentially expressed clones will be
sequenced and compared to known sequences in a data bank.

The second approach is to transfect DNA from the radioresistant cells into
rodent recipient cells and select these cells for radioresistance. The
selected transfected colonies are analysed for the presence of foreign DNA
and their response to radiation damage checked. A recipient cell line
which shows the presence of foreign DNA and radioresistance will be used to
generate a genomic library. This library will be screened for foreign DNA
and the isolated clones characterized, sequenced and compared to data bank
sequences. Once gene(s) that confer radioresistance are characterized the
next step is to verify the mechanisms which regulate the expression of
these genes. The analysis of the genomic sequences can give some
indications of possible regulatory factors. The characterization of
induction factors will be specially interesting as they may potentially be
considered as biological protectors against radiation damage.

3.4.3 Fluorescence Lifetime Studies of DNA
C.L. Greenstock, D. Adams, B. Smith and L.D Johnson
Supported by AECL Research and COG

The fluorescence lifetime instrument (FLI) has been used to study DNA in
various mammalian cell lines. DNA undergoes major changes within the cell
cycle, in response to stress, or during metabolic function and regulatory
control. Hence, it has been important to collect reference data on
undamaged cells before studying the effects of ionizing radiation damage.
Table 3.4-1 shows data from a study in which the effects of a topoisomerase
poisoning drug, adriamycin, was compared for its effects on fluorescence
lifetime profiles in drug-resistant (P338/3) versus drug-sensitive (P338/4)
mouse leukemia cells.
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Table 3.4-1

Fluorescence lifetime analysis of adriamycin treatment of
drug-resistant (topoisomerase II deficient) P388/3 and

-sensitive P388/4 mouse leukemia cells

Treatment

5 min1

24 hrs

Cell line

P388/3

P388/4

P388/3

P388/4

Treatment
Ti t %int

2.20
8.89

24.16

1.33
6.65
24.05

1.05
5.46

23.75

1.89
6.08

0.10
1.31
0.12

0.18
0.71
0.20

0.37
0.24
0.17

0.35
0.20

7.3
11.1
82.9

4.6
10.2
85.3

7.6
32.8
59.6

19.7
80.3

Ti

2.09
8.72

24.41

2.04
8.60
23.89

1.59
6.58

24.77

2.02
6.87
24.75

Control
+

0.51
1.30
0.25

0.26
2.82
0.26

0.28
0.30
0.22

0.38
0.57
0.18

%int

8.9
12.3
78.8

10.4
15.2
74.4

12.8
35.4
51.7

9.2
22.3
68.5

5 min treatment (ljtg mL"1) followed by 24 h incubation.

The appearance of a decrease in the major 24 ns lifetime component in the
drug-sensitive cells together with appearance of a new shorter lived
approximately 5 ns component suggests that DNA in P338/4 cells in the
presence of adriamycin is more mobile and potentially damaged. Figure 3.4-
1 shows data from cells from a normal and an AT donor. The small
difference in fluorescence decay kinetics may indicate that the DNA
conformation is less flexible in AT than in normal cells. These
differences indicate that conformational changes can be measured in DNA
using FLI, opening the way to investigating the nature of these changes and
the effects of ionizing radiation.
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Figure 3.4-1 Fluorescent lifetime profiles of ethidium bromide-
stained cells. Cells from an AT patient show a higher
proportion of a long-lived component suggesting a
different, less flexible DNA structure than in normal
cells.

3.5 ALTERING THE CARCINOGENIC RISK OF RADIATION;
STRESS-INDUCED CHANGES IN DNA STRUCTURE AND IN CELL BIOLOGY

Radiation-induced carcinogenesis is a multistage process that is ultimately
a consequence of genetic alteration. The steps of the various stages of
carcinogenesis that have been distinguished are given in Figure 3.5-1.

NORMAL CELL
• CARCINOGEN

INITIATION

LATENT
PERIOD

PROMOTION STAGE I

PROMOTION STAGE II (TUMOR)

PROGRESSION (CARCINOMA CELL)

I
DISEASE DEVELOPMENT

CELL
DEATH

NATURAL
KILLER
CELLS

CANCER

Figure 3.5-1 Diagrammatic representation of the stages involved in
the transformation of a normal cell to a cancer cell.
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Cellular events that influence DNA susceptibility to structural
modification may therefore alter the risk of cellular initiation, an early
step in the carcinogenesis pathway. In most organisms, various stresses
are known to elicit a highly conserved response called the "stress
response". This stress response perturbs DNA structural organization, and
modulates normal gene expression. Stress-induced changes to DNA can occur
at several levels: direct molecular damage to the primary structure,
physical changes to the secondary structure, or enzymatic modification of
the tertiary structure. Stresses such as ionizing radiation and certain
chemical agents can directly damage the DNA primary structure. Heat or
heavy metal stress may indirectly affect DNA secondary structure. Finally,
gene activity itself, including normal metabolism or DNA repair, controls
DNA tertiary structure. These modifications to DNA structure will
ultimately affect initial damage, damage repair, or gene responsiveness to
damage. The resulting perturbations to DNA therefore vary the cellular
risk of transformation to a malignant state. We are investigating the
mechanisms that control normal DNA structure and function. In particular,
we are interested in agents that induce changes in DNA structure and
therefore may influence risk following a potentially carcinogenic event.

The multistage process of carcinogenesis (Fig. 3.5-1) indicates that the
risk of converting a normal cell into an overt cancer depends on the
probability of each step in the pathway. In addition to the forementioned
experiments relating to altering the risk associated with DNA damage and
the initici,.ion steps, we are also conducting experiments directed toward
understanding the contribution of the other steps to the overall risk.
These include animal experiments testing potential modifiers of the immune
surveillance system (and the consequence for overall risk of cancer),
comparing the risk of radiation-induced lung cancer to that of radiation
initiation of lung cells, and experiments with human blood cells that
examine subtle changes in cell surface receptors in response to low doses
of radiation, a possible means not only of biological dosiraetry but also of
radiation interference with cell-cell communication and immune system
response.

3.5.1 Initial DNA Damage
R.E.J. Mitchel, D.R. Boreham, R. McCann, S. Laffrenier and
R.A. Newman1

Funded by AECL Research and COG

Ionizing radiation damages DNA mainly via free radicals generated either
directly in the DNA or derived from the surrounding water. With low LET
radiation most of the damage is believed to originate from water-derived
radicals. Since most of the cellular DNA is in a highly condensed state,
wrapped around and shielded by proteins such as histones, these other
molecules can protect the DNA from damage by acting as replaceable free
radical scavengers. If, however, the DNA structure changes and the DNA
becomes less associated with these "protective" molecules, the probability
of free radical damage at DNA by any given dose nay increase.

1 M.D. Anderson, Cancer Center, University of Texas
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We are testing the possibility that agents that cause cellular stress may
temporarily cause significant alterations in DNA structure and thereby
temporarily increase the risk of DNA damage from DNA damaging agents. To
demonstrate that any increased DNA damage actually results from alterations
in DNA structure, we are using the chemical chemotherapeutic agent
bleomycin, which causes DNA strand breaks by a free radical mechanism after
it binds to DNA. Increased accessibility of the agent to DNA therefore
results in increased DNA damage. In addition to bleomycin, we have also
used an analogue of this drug, Liblomycin. Liblomycin damages DNA in a
manner similar to bleomycin but this agent has vary bulky aromatic
hydrocarbon side groups which should reduce its DNA intercalation ability.
This agent was used to probe the size of stress induced alterations in DNA
structure.

We have used heat as a cellular stress and measured DNA damage by a DNA
unwinding assay. After a heat stress we have shown that DNA damage is
increased in human lymphoblastoid cells subsequently exposed to bleomycin.

We have shown that there are two mechanisms responsible for this increase.
A heat treatment decreased, temporarily, the ability of the cells to repair
damage due to either ionizing radiation or bleomycin. Therefore the net
amount of damage remaining, after a prolonged exposure to either radiation
or bleomycin at 37°C, was increased, since less is removed during the
exposure time. However, when DNA damage was generated by bleomycin at 0°C,
where DNA repair processes are inhibited by the low temperature, heat
treated cells still experienced more damage than untreated cells,
indicating an increased accessibility of the drug to the DNA. The same
experiment done with the much larger Liblomycin gave the same result
indicating the domains of altered DNA structure are quite large.

When these experiments were repeated with ionizing radiation, there was no
detectable difference in initial DNA damage between heated and unheated
cells irradiated at 0"C, where no repair occurs. This result indicates
that certain sections of DNA preferentially bind the drugs and it is also
these sections that are structurally altered by a stress. Ionizing
radiation produces truly random DNA damage, and increased damage at a
structurally altered site cannot be detected against the bulk of the random
damage at unaltered sites. The results suggest, however, that at least
certain sites in DNA are structurally altered by stress and that these are
potentially more susceptible to DNA damage. Hence, risk of damage to DNA
may not be locationally random and may further be altered by cellular
stress prior to exposure to DNA damaging agents.
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3.5.2 Identification of DNA Lesions that Signal Induction of Increased
Radiation Resistance
D.R. Boreham, R.E.J. Mitchel, R. McCann, S. Laffrenier and
R.A. Newman
Funded by AECL Research and COG

DNA damage must be repaired (and structural organization of DNA restored)
for normal cellular functions to proceed. Stimulation or induction of DNA
repair systems will therefore confer increased resistance of these cellular
functions to DNA damaging agents. The overall theme of our research adopts
this operational approach and additionally anticipates that increased
resistance to carcinogens (including ionizing radiation) can be induced by
a prior non-lethal exposure to certain agents. Induced resistance could
lower carcinogenic risk at the level of initiation by reducing the overall
number of potentially carcinogenic DNA lesions remaining after an exposure.

We have used the yeast Saccharomvces cerevisiae to examine inducible
radiation resistance, which in this case is indicative of increased DNA
recombinational repair capacity. To investigate the molecular signal for
induced radiation resistance, the quality of radiation and the
corresponding DNA lesions most efficient at inducing radiation resistance
were tested. From a comparison of equivalent radiation-inducing doses of
high-LET (Linear Energy Transfer) neutrons with low-LET T-rays, it was
apparent that radiation quality affected the induction response. Low-LET
radiation is known to produce a higher ratio of DNA single strand to double
strand breaks, per unit dose, compared with high-LET radiation. In our
experiments, low-LET r-rays induced higher levels of radiation resistance,
per unit dose, suggesting that single strand breaks are more effective
inducing lesions. We have also examined the signalling efficiency of DNA
lesions produced by hydroxyl radicals. It was concluded that hydroxyl
radical damage was an important inducing lesion for inducing the radiation
resistance.

In another approach, we assessed the effect of stress-induced resistance on
the capacity of yeast cells to repair chemically-generated mutagenic DNA
lesions. We have demonstrated in yeast that the overall mutation frequency
produced by a DNA alkylating agent (MNNG) decreased with increasing (prior)
gamma-radiation dose. (As noted above, gamma-radiation was more efficient
than neutrons at inducing DNA repair capacity when survival was used as the
test.) The results using suppression of MNNG-generated mutation as an
endpoint further supported this contention: low-LET gamma-radiation was
more efficient than high-LET neutrons at inducing DNA repair capacity
(Figure 3.5-2). The results indicate that radiation quality alters the
probability of radiation-induced cancer directly by the type of lesions
produced and indirectly by variable induction of repair processes.
Different types of ionizing radiation may induce higher levels of DNA
repair and consequently produce fewer carcinogenic initiation events.
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Figure 3.5-2 Radiation dose-dependent reduction in MNNG-generated
mutations in yeast exposed to either "/-rays ( ) or
neutrons (o) (in 0 2). The cells were treated with MNNG
(20 lig/mL, 30 minutes) immediately after radiation
exposure.

3.5.3 DNA Topology and Regulation of Induced DNA Repair
D.R. Boreham, R.E.J. Mitchel, R. McCann and S. Laffrenier
Funded by AECL Research and COG

Variable induction of repair processes have been observed with radiations
of different LET. The genetic regulation of this phenomenon was postulated
to be a result of disruption of DNA tertiary structure following radiation-
induced DNA strand breaks. Our experiments have tested the idea that
perturbations to normal DNA supercoiling, resulting from either heat or
radiation stress, might alter normal gene expression. Certain genes are
known to be regulated by DNA supercoiling; DNA repair genes responsive to
supercoiling may be the mechanism for regulation of stress-induced DNA
repair.

DNA topoisomerases are nuclear enzymes that maintain and modify DNA
topology. We have used DNA topoisomerase deficient mutants to investigate
the involvement of these enzymes in the mechanism of radiation resistance.
The absence of topoisomerase I (topi) activity in yeast mutants conferred
radioresistance compared with wild-type cells. Heat stress was shown to
induce radiation resistance in wild-type cells but could not induce further
radiation resistance in the already radioresistance topi mutants.
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Nevertheless, both topoisomerase I-deficient cells and all heat-induced
radioresistant cells could still be induced to higher radioresistance by an
additional inducing dose of ionizing radiation.

Topoisomerase II, like topoisomerase I, also regulates DNA super- coiling.
It functions by creating and resealing DNA double strand breaks, unlike
topoisomerase I which operates through a single strand break mechanism.
Topoisomerase II-deficient mutants (topll) did not show any changed
resistance or response to radiation-induced radioresistance. Because topi
and topll mutants demonstrated different responses, it was concluded that the
mechanism of regulation of heat-induced radiation resistance was associated
with topi function. Radiation-induced resistance functioned independently of
topoisomerase activity.

MODEL OF INDUCED RESISTANCE

RESPONSE INDUCED

-THERMAL TOLERANCE
•RADIATION RESISTANCE PROTEIN >•
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Figure 3.5-3 Model demonstrating that the mechanism of induced thermal
tolerance and radiation resistance could be regulated by
perturbation to DNA topology.
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These results demonstrated that the inducible DNA repair mechanism responds
differentially to radiation and heat and that topoisomerase I function is
necessary to repress heat-induced radioresistance. We concluded that the
actual inducing signal for the induction of radiation resistance was a
disruption to normal DNA topology caused by radiation-induced DNA strand
breaks. Figure 3.5-3 shows a model we have proposed to explain the
regulation of repair genes by DNA supercoiling. Supercoiled DNA is packaged
into several higher orders of structure. DNA wraps around histone proteins
to form nucleosomes. Nucleosomes are bundled into regular repetitive arrays
known as chromatin fibres which are further organized into looped domains
that project from the backbone of the chromosome (63). Topoisomerases
control DNA topology and maintain normal supercoiling. Genes involved in the
mechanisms of thermal tolerance and radiation resistance are suppressed under
normal supercoil tension. Heat, ionizing radiation, or topoisomerase I
deficiency generates localized changes in DNA topology that causes the
supercoiled domain to unwind. This melts the DNA double helix, activates a
particular gene, and produces a protein that may regulate the respective
mechanism.

3.5.4 Stimulation of Clonogenic Ability by Radiation:
A "Triggered" Repair Response?
M. Einspenner, C.L. Greenstock, K.L. Gale, D. Adams, B.P. Smith,
and N.E. Gentner
Funded by AECL Research and COG

Mammalian cells have built-in systems to monitor external stresses and to
induce protective responses in order to optimize the benefit to risk ratio in
an ever-changing potentially-harmful environment. Since ionizing radiation,
which is always present in the natural environment, acts primarily by
damaging cellular DNA, and since DNA damage is repairable enzymatically,
there is the conceptual framework for inducible repair mechanisms or adaptive
processes occurring at initially low levels of radiation exposure providing a
net beneficial effect against subsequent higher radiation doses. Practical
examples of such a possible inducible or adaptive response have been observed
as an increased survival, as determined by colony-forming ability, of
mammalian cells following radiation doses in the 0.1 to 0.25 Gy range. This
phenomenon, which has been called the "Lazarus Effect", has been investigated
using the flow cytometer, and sorted dead cells (incapable of forming
colonies) following low dose irradiation show a significant enhancement in
survival as measured by a stimulated colony-forming ability.

Survival curves based on colony-forming ability (CFA) implicitly assume that
every colony produced after treatment is derived only from cells that would
form colonies in the absence of treatment. We have clear evidence, based on
stimulation of clonogenicity above "100% survival" by low doses of ionizing
radiation, that this inherent assumption is not necessarily correct. For
example, in conventional survival assays on primary fibroblast lines,
relatively low doses (0.1-0.4 Gy) can produce apparent survival values as
high as 170%. This is only possible if some control (untreated) cells, that
were not clonogenic in the absence of insult, are "rescued" (stimulated to
produce colonies) by relatively low r-ray exposures. In effect, the plating
efficiency (PE) is raised.
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We have also demonstrated "resurrection" (PE>100%) of flow-sorted "dead" Raji
cells (Burkitt lymphoma) by low doses.

Fibroblast cells have been cell cycle analysed with the flow cytometer over
several days post-trypsinization. A significant increase (4-5X) occurs in
the number of cells in S phase at 24 hours post-trypsinization. This
observation suggests that pursuit of other avenues of stimulating a
"adaptive" response would also be productive. These considerations may
affect such radiobiological parameters as dose-rate effects, RBE values and
the existence or not of a shoulder on survival curves.

We consider these results to be consistent with the existence of an induced
or "triggered" repair capability in mammalian cells. It seems there is a
threshold(s) at which induced or "triggered" repair occurs and this implies
that survival is a discontinuous function of dose. It then becomes
impossible to predict the response on one side of the threshold from response
on the other side. In radiobiology, ultimately we must be able to predict
responses. To do so we must know where these thresholds occur.

3.5.5 The Response of Human Cell Surface Receptors to Radiation:
Biological Dosimetry
Yindong Xu, A. Trivedi, C.L. Greenstock and R.E.J. Mitchel
Funded by COG

We are exploring the possibility of using circulating human lymphocytes as
biological dosimeters for radiation exposure. All lymphocytes express a
variety of cell surface receptors that recognize and bind the various
intercellular communication and control molecules; other cell surface
structures may serve intracellular regulatory or structural functions. These
receptors and structures can act as antigens and bind monoclonal antibodies
directed against them. When the monoclonal antibody is labelled with a
fluorescent molecule, the quantity and distribution of the antibody bound to
the cell surface can be visualized and quantified.

We have examined several monoclonal antibodies for changes in binding to
human lymphocytes (from normal donors) after exposure of the cells to doses
of gamma radiation in the range 0.01 to 0.25 Gy. We have shown that doses as
low as 0.01 to 0.10 Gy can be detected by the loss of cellular ability to
bind a specific fluorescently-labelled monoclonal antibody, as determined by
flow cytometry or visual observance with a fluorescence microscope. The
observed changes plateau at doses of about 0.50 Gy. Considerable differences
in response have been observed with different cell surface antigens, and
among individual donors as well (with a given antibody). The reasons for the
variations are being explored and various antigen-antibody responses to
radiation are being assessed for their potential as biological dosimeters.

If the observed variability can be understood, the use of cell surface
antigens as biological dosimeters will provide information about the
magnitude of the physical dose inflicted. The dose-response curves for two
monoclonal antibodies tested, specific for either T8 or natural killer (NK)
cells, are shown in Fig. 3.5-4.
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Figure 3.5-4 The loss of fluorescently-labelled monoclonal antibodies
bound to specific surface antigens (T8 and NK) on human
lymphocytes as a function of radiation dose.

These experiments may also provide other insights into the biological
responses of cells to radiation. Since many cellular functions are
modified and controlled by intercellular signals, these results suggest
that that communication may be modified by low doses of radiation.
Specifically tumor promotion is thought to involve such cell surface
signalling processes. The rate of the naturally occurring tumor promotion
process may be altered by such a mechanism. We previously reported that
chronic ionizing radiation exposure acted as a stage I tumor promoter,
possibly by stimulating the natural promotion process.

3.5.6 Electromagnetic Fields and the Risk of Carcinogenesis
R.E.J. Mitchel, J. Jackson, R. McCann, K. Gale, M.E. Bahen,
H. Wyatt, M. Stuckly1 and J. McLean1

Funded by AECL Research, Health and Welfare Canada and the
U.S. Department of Energy

Some epidemiological studies have suggested that exposure of humans to
electromagnetic fields (EMF) can increase risk of cancer, particularly
leukemia and brain tumors. However, not all studies agree that there is any
elevation of risk due to EMF.

At present, no such effects have been demonstrable using an animal model
system and therefore the nature of the biological influence of EMF on
carcinogenesis, if any, remains obscure. To investigate any such influence, a
reproducible laboratory system is necessary. We have begun a series of

1 Health & Welfare Canada, Ottawa, Ontario
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experiments using the two-stage skin tumorigenesis system in SENCAR mice to
provide such a laboratory model. In an earlier experiment we noted that mice
whose skin was chemically initiated (with a polycyclic aromatic hydrocarbon
carcinogen) did not develop tumors when exposed to 60 Hz EMF (20 weeks, 2 mT)
as a tumor promoter, indicating that EMF alone is not a complete tumor
promoter. However, we also noted that mice receiving a similar initiation
exposure followed by chemical tumor promotion showed a significantly enhanced
frequency of enlarged spleens, depressed natural killer cell activity in
spleens and elevated white blood cell counts .if they were exposed to EMF along
with the chemical promoter. We are now repeating these experiments and, as
well, examining the mice for changes in number or rate of growth of skin
tumors related to the EMF exposure. If EMF does indeed act as a kind of tumor
co-promoter, then such exposures may alter the risk of cancer in persons
otherwise exposed to cancer initiating agents like ionizing radiation.

Histological examination of lungs and lung lymph nodes showed that the dust
particles were contained in macrophages. Macrophage localization resulted in
a non-uniform distribution of ore dust in the lungs and lymph nodes. Kidneys
also accumulated uranium burdens, but about 100-fold lower on a wet weight
basis than lungs. Uranium was not detectable in blood. The animals displayed
no significant changes in blood chemistry or cells attributable to the ore
dust exposure. The results of urinalyses were normal. Histological sections
of kidneys did not show any significant indications of ore dust toxicity. The
aerosol dust generators were capable of delivering the targeted levels of
aerosol dust (up to 150 mg/m3) but were highly unstable and unreliable in
their delivery. The procedures and equipment developed for animal handling,
isolation, sanitation, loading and restraint in the exposure chambers were
workable and satisfactory. There were no indications of disease during the
course of the experiment. At the end of the experiment, histology revealed
interstitial pneumonitis in two animals from the high dust level.

3.5.7 Inhaled Uranium Ore Dust in Rats: a Preliminary Study
R.E.J. Mitchel, J. Jackson, M.E. Bahen, J. Murphy,
H. Wyatt and K. Gale
Funded by McLaren Plansearch (Toronto) and AECB

The risk of lung cancer in uranium miners and mill workers arises from the
inhalation of ore dust and radon daughters, as well as from exposure to
external gamma radiation.

Although there is considerable experimental evidence defining the risk of lung
cancer in rats from external gamma radiation or inhalation of radon daughters,
little similar evidence is available with respect to uranium ore dust, in
either the rat or man.

Specifically, no evidence is available for exposures of long duration and
hence the component of risk associated with this exposure is unknown. Chronic
exposure of rats to inhaled uranium ore dust, however, presents potential
experimental difficulties from heavy metal toxicity responses which may
compromise the animal's health and/or life and prevent an estimation of the
risk of lung carcinogenesis. This pilot study was undertaken, therefore, to
assess the possibility of successfully undertaking a chronic (24 month)
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inhalation exposure of rats to estimate the associated risk of lung cancer.
This was a 15 week pilot study and had four main objectives:

- To produce and define aerosol concentrations of uranium ore dust
that, when inhaled, might be exacted to produce lung tumors in rats,
but not to be chemically toxic to the animals in a two year chronic
inhalation study;

- To establish animal handling procedures and protocols that are workable
and acceptable to the local and national committees of the Canadian
Council of Animal Care and that will prevent disease and maintain the
animals' health under the conditions of a two year chronic ore dust
exposure;

- To test equipment suitability and reliability for production and
delivery of aerosol uranium ore dust for inhalation by rats; and

- To evaluate the suitability of 5,6-benzoflavone, a lung tumor promoting
agent, for use in rats inhaling uranium ore dust.

Seventy-two male Sprague Dawley rats, in four groups of 18 animals, were
exposed to four aerosol concentrations of uranium ore dust (approximately 44%
U approximately 5/i aerodynamic diameter); these aerosols were breathed
about 5 h/day, 5 days/week, for 15 weeks. The animals were exposed in
specially constructed, nose-only inhalation chambers. Lung uranium burdens
increased with exposure time and finally reached about 2 mg/animal, without
any indications of saturation at the end by the highest exposure level (Fig.
3 5-5) Tumor promoter (5,6-benzoflavone) injected animals accumulated
similar lung burdens but wet weight indicated edema. Lung lymph nodes
accumulated uranium burdens (on a wet weight tissue basis) that were similar
to the lung burdens.
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This preliminary study has indicated that a longer-term experiment is indeed
feasible. Dust generator modifications to reduce instabilities are underway
along with other minor equipment modifications. We expect to begin a 24
month exposure experiment using 260 animals in late 1991.

These experiments should provide an estimate of the potential overall risk of
lung carcinogenesis associated with the inhalation of uranium ore dust. The
tumor promotion portion of the planned protocol will, in addition, provide an
estimate of the risk of formation of initiated lung cells potentially able to
progress to carcinomas.

3.6 ASSESSMENT OF VARIATION IN THE RESPONSES OF INDIVIDUALS TO IONIZING
RADIATION

In defining the "risk coefficient" for health effects from radiation,
international advisory bodies and national regulatory agencies are forced to
make the implicit assumption that dose is an adequate surrogate for risk,
and to set dose limits accordingly. Since there are genetic conditions in
humans that result in increased sensitivity to ionizing radiation and
related genetically damaging agents, the assumption of equality of risk is
unlikely to be true. Over the past few years some of the research effort in
the Branch has been directed at defining the extent and range of sensitivity
to genotoxins in human populations. An assay developed for this work, the
Growback Assay, is faster and less expensive than earlier procedures for
defining individual sensitivities; this allows radiosensitivity testing (in
vitro) to be performed on a considerable number of donors, thereby providing
an estimate of the range and distribution of population radioresponse.
Since all assays have limitations, effort has also gone into assessing
alternative assays, for example the measurement of frequencies of induced
micronuclei in exposed cells as an indicator of relative harm ("biologically
effective" dose) or the partially automated assessment of levels of
mitochondrial enzyme activity as an indicator of cell viability after
exposure to DNA-damaging agents. Currently work is in progress that is
aimed at developing molecular biological techniques for assessing the
effects of DNA-damaging agents. Such protocols should have a wide range of
applications directly relevant to the determination of how individuals vary
in their cells' responses to ionizing radiation and other related agents,
and may provide a better definition of the range of such capacities in
populations.

3.6.1 Screening Human Populations for Abnormal Radiosensitivity
N.E. Gentner, D.P. Morrison, J-A. Walker, M.W. Werner, D. Cecil,
L. Courchesne, K.L. Gale, L.D. Johnson, T.L. Joyce, L.M. Paterson,
B.P. Smith and A. Wills1

Funded by AECL Research and AECB

The demonstration in the 1970's and 1980's of the existence of inherited
traits characterized by increased propensity to cancer and abnormal
sensitivity to certain genotoxins (both features attributed to reduced
capacity to return damaged DNA to normal) highlighted the importance of
effective DNA repair processes to human well-being.

Environmental Research Branch, Chalk River
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There are some two hundred genetic syndromes that are associated with
increased incidence of cancer (Mulvihill, 1980). Further, a substantial
genetic component in cancer causation was defined in a study by Lynch et al.
(1985) of some two thousand cancer patients. They found that about 6%
exhibited features consonant with a known cancer-prone disorder. Familial
cancer (two or more first degree relatives with cancer at the same site) was
indicated in a further 18% of these cases.

There are strong indications that in some cases abnormal genotoxin
sensitivity is predictive of excess risk, and that environmental agents
contribute to the increase. The UV-sensitive disorder xeroderma pigmentosum
(XP) can be used to illustrate this. A number of distinct forms or genetic
"complementation groups" of XP are known. Each such group is characterized
(in studies of the UV-sensitivity of cell strains derived from individual
patient donors) by a relatively distinct level of sensitivity. There is no
reason to believe that variation in exposure to the relevant etiological
agent is a major factor for the difference in skin cancer risk in different
groups. Rather, the excess risk of sunlight-induced skin cancer for patients
is directly related to the degree of hypersensitivity of the complementation
group to which they belong. Since cancer causation in general is
attributable to both environmental and genetic components, higher-than-normal
exposure in the environmental component is expected to increase, perhaps
disproportionately, the cancer incidence in susceptible persons.

The prototypical ionizing radiation-sensitive genetic disorder is ataxia-
telangiectasia (AT). With AT there is clear concordance between in vivo
radioresponse and in vitro radiosensitivity assays. AT patients with cancer
who were subjected to conventional radiotherapy protocols exhibited highly
adverse, often fatal, complications. Cultured AT cells, whether immortalized
lymphoblastoid lines or primary dermal fibroblast lines, txhibited dose
reduction factor (DRF) values of 2.5-3 for ionizing radiation delivered
acutely in oxia.

National and international committees concerned with risk assessment and
radiation protection have taken these radiobiological considerations
and stated that there likely is a not-insignificantly sized sub-group(s) of
persons who may be untowardly sensitive to ionizing radiation.

Genetic disorders such as XP and AT are relatively rare. Afflicted persons
are incapacitated to a degree incompatible with the performance of normal
work, and rarely enter a situation where occupational exposure (and possibly
enhanced susceptibility thereto) becomes of concern. Rather, the major
societal ill-health detriment accruing to the presence of such mutations
relates to their disease-predisposing tendency in heterozygotes (carriers).
There is evidence for increased skin cancer incidence in XP heterozygotes,
and for these a correlation is observed with sunlight exposure (i.e. relative
risk increases with increasing sunlight exposure, as for outdoor compared to
indoor occupations and for residence in more southerly compared to more
northerly latitudes). For AT heterozygotes, the relative risk for fatal
cancers is 2-3-fold (2.3 for males, 3.1 for females, this latter including a
relative risk factor of about 7 for breast cancer). The degree to which this
excess risk is related to environmental or occupational exposure to ionizing
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radiation or radiomimetic agents is not known. The prudent assumption for
radiation protection purposes is that such persons may be more at risk, per
unit dose, for radiogenic cancer than is the case for radionormal persons.
Swift e_t al. (1986) has estimated that some 3% of the population (range:
0.8-7%) likely are carriers of AT mutations.

Given the large number of genes associated with DNA repair in lower
organisms, it is possible that much of the human population is heterozygous
for at least one gene related to DNA repair. Moreover, as we continued our
study of human disorders associated with cancer proneness and expanded the
size of our reference normal population, it became clear that variation in
individual radiosensitivity was of interest in radiation protection. The
present study, completed in 1990 and summarized here, represents our
assessment of the potential impact, based on a "population genetics"
approach.

This project involved the development of an assay for use in determining the
relative radiosensitivities of lymphoblastoid cell lines (LCLs) derived from
a large number of individual donors, with a view to providing an estimate of
the frequency of individuals of abnormal sensitivity in the population-at-
large. LCLs have been validated as appropriate surrogate cell types to use
for in vitro testing to the extent that their relative carcinogen sensitivity
is like that of cultured fibroblasts from donors with certain genetic
disorders associated with specific sensitivities. Our assay is based on
post-exposure reproductive growth of treated and control cultures. The
response estimator, the "growback ratio" (GBR), is the ratio of the regrowth
rate of the irradiated culture to that of the unirradiated control sample.
The assay was validated using previously established LCLs of known
sensitivity to ionizing radiation. Subsequently, the responses of ceil lines
established from blood samples obtained from individuals in various study
populations were tested for abnormal radiosensitivity. Both acute and
ctuonic gamma-ray exposures were used in the testing and all assays were
conducted blind. Chronic dose delivery appears to offer a slight benefit in
detecting abnormal responses. All of the data depicted here are from chronic
exposure tests.

Our normal donor population consisted of 260 healthy donors without cancer
history or evidence of any genetic syndrome. The GBRs for chronic exposure
of cell lines from these donors are shown in Fig. 3.6-1.

The results for three "normal" subgroups are presented: the CR series is
composed of strains established from apparently healthy donors from the Chalk
River worker population; the SA series are strains established from blood
samples obtained from driver's licence applicants in Riyadh, Saudi Arabia,
and the GM series are strains purchased for validation purposes from the
Coriell Institute for Medical Research (Human Genetic Mutant Cell Repository)
as representative normal lines. The nine known sensitive lines (the AT
series) depicted in Fig. 3.6-1, also purchased, are derived from patients
with the genetic disease ataxia-telangiectasia. The AT lines are included in
this figure to emphasize the extent of the range of sensitivities seen in the
healthy donor lines. Analysis of the data indicates that the range of
variation is greater than would be expected if the responses were normally
distributed. This suggests a genetic basis for variation. An
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Figure 3.6-1 A temporal plot of the GBRs for all the normal cell lines
studied in this work. The CR series are derived from
workers at the ChalV River Laboratories and the SA series
from Saudi Arabian driver's licence applicants. TheGM
series are normal lines obtained from the Coriell
Institute cell respository, as are the sensitive ataxia
telangiectasia lines (AT series) shown here for
comparison.

analysis of the various components showed that there exists substantial
intrinsic (i.e. inter-individual) variation above the experimental variation.
Some 7-8% of strains were significantly radiosensitive (p<0.05). The
existence of such a range of radioresponse indicates that such variations
might indeed be a factor that will have to be taken into account in future
radiation protection philosophy and strategies.

The second phase of this work was the assessment of the relative
sensitivities to ionizing radiation of LCLs derived from a population of
cancer patients. The objective here was to determine whether such a
population might be enriched for individuals of abnormal sensitivity.
Presented in Fig. 3.6-2 are the results obtained from the testing of 253
cancer patient lines, in two separate groups.
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Figure 3.6-2 A temporal plot of the GBRs for cell lines derived from

cancer patients. The CP1 lines are from patients whose
therapy was under way or completed, including some who
showed radiotherapy complications. The CP2 lines are from
newly-diagnosed, pre-therapy patients.

One group, CP2, is made up of 198 lines from newly-diagnosed, pre-therapy
cancer patients and the other, CP1, is comprised of 55 lines from cancer
patients whose treatment was already underway or completed. The range of
sensitivity in the lines in the CP2 group was less wide than for the normal
donor population. It differed from the normal population in that it lacked
the highly hypersensitive and the more radioresistant responses. Abnormal
sensitivity does not appear to be correlated with increased susceptibility to
the spontaneous development of neoplasms. It remains an open question
whether any of the cancers appearing in the general population are
attributable to radiation exposure and an abnormal sensitivity of the
affected individual.

The CP1 group did not represent randomly selected cancer patients. It
included donors who had been judged by at least one oncologist to exhibit
treatment-related complications when subjected to conventional radiotherapy.
As a group the CP1 series of strains appears to be more sensitive to ionizing
radiation than the normal or CP2 strains. The CP1 group included three
donors in whom acute radioreaction had occurred, leading to limitation of
treatment. Lines from these donors exhibited low GBRs, providing some
evidence that the in vitro assay does indeed mirror in vivo donor
radioresponse. It is noteworthy that the tumours in these three patients
showed good regression. These results suggest that patients who develop
treatment-related complications constitute a susceptible subset.
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We also investigated the "stability" of the in vitro measure of
radioresponse; this has not been done in other laboratories. In the course
of this work two (or more) strains were established from 25 Individual donors
at widely separated times. The results for multiple ;ell lines from 25
individuals are presented in Fig. 3.6-3.
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Figure 3.6-3 The GBRs for multiple cell lines derived form 25
individual donors. Adjacent like symbols (open or closed)
indicate separate lines from a single donor.

Adjacent like symbols (open or closed) indicate separate lines from a single
donor. The variations between multiple lines from single donors can be large
but appear to be real. We conclude either that there are uncontrolled
variables in the assay, or (more likely) In strain development, so that
individual susceptibility cannot be reliably estimated from a single cell
line, or that the LCL assay does correlate with actual individual
susceptibility but that this susceptibility varies from time to time. We
have not resolved this question.

References: Mulvihill, J.J. Ann. Int. Med. 92:809-813 (1980)
Lynch, H.T., Lynch, J.F. and Fusaro, R.M. In "Familial

Cancer" (Hj. M Her and W. Webber, eds.), Karger, Basel,
pp. 6-12 (1985)

Swift, M., Morrell, D., Cromartie, E., Chamberlin,
A.R., Skolnlck, M.H. and Bishop, D.T. Am. J. Hum. Genet.
39:573-583 (1986)
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3.6.2 Alternative Assays for the Detection of Abnormal Radiosensitivity in
Human Cell Lines
D.P. Morrison, T.L. Joyce and L.M. Paterson
Funded by AECL Research and COG

The assay of regrov.th of irradiated and control samples of lymphoblastoid
cell lines (LCLs), the Growback Assay, is more amenable to handling large
numbers of cell lines than the assay of survival of colony-forming ability
in fibroblast lines. The latter is the traditional method of choice for
individual sensitivity testing. One drawback of the Growback Assay is that
it requires repeated handling of the cultures during the regrowth phase.
We recognized that a reduction of the technical effort required in this
phase would provide a considerable saving. Further, a partial automation
of the assay would not only reduce time involved but could also improve
the quality of the data by allowing multiple samples to be processed.

With this in mind we adapted ail assay of mitochondrial activity to a
modified growback assay for use with LCLs. In this assay the ability of
cells to reduce enzymatically a yellow tetrazolium salt (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, or MTT) to a purple
formazan precipitate serves as a measure of the number of viable cells.
The use of 96-well microtiter plates and a spectrophotometric plate reader
provides a means to process relatively large numbers of samples.

Initially it was expected that the rate of increase in the amount of
formazan produced from a fixed amount of substrate by the surviving cells
in control and irradiated samples would allow us to determine a rate ratio
equivalent to the growback ratio. Good agreements were found in control
experiments where samples from standard growback cultures were checked for
cell number in the standard manner and separate samples were dispensed to
multiwell plates to measure the relative enzyme activity.

We tried to mimic our standard Growback Assay by setting up, post-
treatment, sets of 5-6 multiwell plates, each plate having two ro>_ of
cells for the unirradiated control cells and for each dose administered to
the irradiated cells. By assaying all of the wells on one plate
immediately and one plate daily thereafter to determine the amount of
formazan produced by the cells in each of the treatment groups, data was
obtained that was expected to reflect the increase in the number of viable
cells, in direct analogy to the standard growback assay. However, the rate
of increase in absorbance was difficult to determine accurately because the
recovery of the cells from treatment and handling was variable. We believe
this to be a function of the relatively small numbers of cells in the
microwell cultures. If the ratio of absorbances at a fixed time after
treatment when cell growth appears to be more stable (3-4 days) is used for
both the multiwell MTT assay and a parallel growback assay, there is
relatively good agreement between the two methods.

To validate this alternative assay we tested a set of human cell lines of
known sensitivities (Table 3.6-1).
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Table 3.6-1

Cell Line

GM2184
GM8436

GM0717

GM2485

GM2344

GM 2449

Pheno tVDe/Geno tVDe

Normal
Ataxia telangiectasia

Ataxia telangiectasia

Xeroderma pigmentosum
Group D
Xeroderma pigmentosum
Group A
Xeroderma pigmentosum
Variant

Sensitivities

None Known
Ionizing radiation,
ni trosoguanidine
Ionizing radiation
nitrosoguanidine
Ultraviolet light

Ultraviolet light

Ultraviolet light

When tested with ultraviolet light, the relative sensitivities were largely
as expected (Fig. 3.6-4).
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Figure 3.6-4 The response of cell lines of known sensitivities
following exposure to 254nm ultraviolet light. The
Absorbance Ratio is the ratio of the absorbance of the
dissolved formazan prouced y the treated cells to that
of unexposed cells after post-treatment incubation for
three days. See Table 3.6-1 and the text for details.
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While the normal and AT cell lines were more resistant than the XP lines,
the absorbance ratios for both of the AT lines fall below those of the
normal line. The XP Group A and D strains tested were similar in heir
high sensitivity and the XP variant, while obviously sensitive, was not
affected to the same extent as the others. Apart from the slight
sensitivity seen for the AT lines, these results are consistent with
findings from other cell types with the same genetic constitutions and
using other assays.

Testing with the alkylating agent N-methyl-N'-nitro-N-nit-rosoguanidine
(MNNG) indicated that the AT lines were extremely sensitive and the XP-GpD
line was intermediate between the normal line and the AT (Fig. 3.6-5).
While the sensitivity of the XP line was somewhat greater than expected,
that of the other two lines is consistent with the published literature.

• GM2184 I
DGW07171
AGM2485

0.0 0.5

MNNG CONCENTRATION (

Figure 3.6-5 The response of three representative cell lines to the
alkylating agent MNNG. See table 3.6-1 ana text for
details.

When a similar set of experiments was run using ionizing radiation as the
test agent, anomalous results were obtained (Fig. 3.6-6). The XP line
tested exhibited a level of sensitivity similar to that of the normal line;
this is consistent with findings from other studies of gamma-ray resistance
in other cell line types derived from XP patients. However, neither of the
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two AT lymphoblastoid cell lines that we tested exhibited any evidence of
enhanced sensitivity to gamna-rays. They appeared as resistant as the
normal and XP lines. It would appear that AT cells irradiated with the
test doses, while apparently reproductively ''dead" (i.e. they do not
divide) as judged by their response in the growback assay, do retain
mitochondrial enzyme activity levels at or above those of apparently normal
cells. We conclude that while the MTT assay may be a research alternative
for detecting sensitivities to certain genotoxic agents (ultraviolet light
and MNNG), for ionizing radiation it apparently will not detect radiation
hypersensitivity of the AT-type at least. Indeed, it may not be valid for
ionizing radiation-induced lethality at all.

o

<

m
O
in
CD

1.0

0.1

• GM2184
AGM8436
DGM0717
OGM2485

2 3

DOSE ( Gy)

Figure 3.6-6 The response of a normal, and XP and two AT lines to
60Co gamma-rays. See Table 3.6-1 and text for details.

Assays based on MTT reduction are currently being used in short-term
testing of potential genotoxins and in the screening of human cell lines
for abnormal sensitivity to DNA-damaging agents. We urge caution and
suggest that for some agents it may produce "false negative" results that
are not consistent with other measures of harm. Moreover, its application
in novel protocols should be preceded by the appropriate validation tests.
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3.6.3 Application of Biotechnological Techniques to Measuring
Radiation Effects
D.P. Morrison, T.L. Joyce, L.M. Paterson, S. Adams and P. Unrau
Funded by AECL Research and COG

In assessing radiation effects in living systems, the usual situation is
that the measured end-point occurs long after the initial irradiation.
While particularly true of the study of late effects of radiation in whole
animal systems, this also holds for model systems involving mammalian cells
in culture. For example, in mutagenesis studies using lymphoblastoid cell
lines the cell cultures, following treatment, are grown for up to 10 days
to allow expression of new mutations before the cells are plated. The
actual scoring of the frequency of mutations takes place a further week or
so later. In such studies there are always concerns about whether the
mutants finally scored truly are representative of the entire treated
population. In many instances the cell types employed in a particular
study are themselves chosen because they "work" in the protocol being used.

Recent advances in molecular biology have made it possible to produce many
copies of specific sequences of DNA and to determine the precise nucleotide
sequence in such amplified material. Application and adaptation of these
technologies could provide a means to measure changes in the genetic
material directly-- a molecular mutation assay. Moreover, its
applicability should not be restricted to any particular organism, tissue
or cell type.

As a first step towards such a system, we have begun to amplify portions of
genes from a variety of sources routinely. The procedure used for the
amplification of defined sequences in cellular DNA involves numerous cycles
of separation of the strands of the DNA, priming for synthesis of the
target sequence with synthetic oligonucleotides complementary to short (18-
20 base) stretches at the extremities of the specific target sequence, and
duplication of the entire target by DNA polymerase extension from the
primers. In this way an exponential increase in the number of copies of a
particular sequence can be obtained for visualization on electrophoresis
gels, and for purification for other procedures. A collection of different
primers has been produced to allow amplification of portions of the human
Factor IX gene (which codes for a blood clotting protein). We can now
routinely amplify specific sequences of this gene as long as 2500 bases.
The experience of this developmental work should allow us to move easily
into other regions of the genome as need arises.

The production of relatively large quantities of known targets has allowed
us to begin to develop our ability to sequence such amplified DNA.
Concomitantly we are working on developing techniques to allow us to
identify a few altered DNA sequences (from among a much larger pool of
molecules of normal sequence). We see this as the key to a successful
assay for mutation. Several procedures have been proposed and the first
experiments have begun.
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The goal is to develop a procedure for assessing the frequency of induced
"genetic" changes by direct interrogation of the DNA of irradiated cells
without the necessity of a long period of cell growth, and potential
selection. An assay of sufficient sensitivity might be adaptable as well
for use as an in vivo dosimeter. If the relationships of measured changes
to dose differ in samples from different individuals, these changes may
still provide a measure of "biologically effective doses". Ultimately we
hope to develop protocols for identifying genetic heterozygosity in
individuals. This in turn might lend itself to molecular epidemiological
studies where the genetic relationship of individuals may be a confounding
variable.

3.6.4 Cytogenetic Dosimetry
J.-A. Walker and K. Gale
Funded by AECL Research and COG

The risk of individual radiation-induced cancer varies within a population.
Variable risk is potentially a function of any step in the carcinogenesis
pathway. Radiation primarily alters normal DNA structure which is an
essential step leading to an initiated cell. Cytogenetic assays are useful
biological endpoints to assess the degree of "biological effective"
radiation-induced DNA damage and repair events, which together directly
influence the probability of cellular initiation.

Interindividual variation in radioresponse as measured by induced levels of
chromosome damage has been reported in several studies. The range of
variation is wide. At one end of the spectrum are the rare genetic
disorders collectively known as chromosome breakage syndromes. Cells from
afflicted individuals are deficient in DNA repair capabilities and
consequently exhibit higher levels of radiation-induced chromosome and
chromatid aberrations than cells from normal persons. Differences between
individuals with respect to levels of unrepaired DNA damage are also
evident in cancer patients and clinically normal persons.

The amount of residual damage can evidently vary in the same individual
tested at different times. In one study, the number of dicentric
chromosomes and acentric fragments was determined in irradiated peripheral
blood cells from one individual, on four separate occasions, over the
course of one year. The frequency of cells with chromosome aberrations
varied significantly.

Similar results have been observed in a study carried out jointly by Chalk
River Laboratories and AEA Technology (Harwell). The reasons for
differences of radiation-induced chromosome damage in cells derived from
the same person at different times are not known. It is possible that such
differences are dependent upon the physiological condition of the
individual at the time of testing. During the intervening time between
samplings, challenges to the immunological system may have occurred,
changing the constitution of the lymphocyte population and consequently the
overall radioresponse. If this is the case, there are important
implications for the use of chromosome aberrations as biological
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dosimeters. But while cytogenetic dosimetry may not be accurate in
predicting physical doses, it may still be of considerable utility in
assessing an individual's susceptibility to radiation-induced damage, and
therefore in prediction of the likely biological consequences of an
exposure.

In a collaborative study (with Dr. C. Roberts, AEA Technology, Harwell
Laboratories), the response of human cells to ionizing radiation exposure
was quantitated using the two cytogenetic endpoints: chromosome
aberrations (dicentrics, acentric fragments and ring chromosomes) and
micronuclei. The following outlines the two techniques used:

Chromosome aberration analysis - Blood samples from six donors were taken
on two occasions separated by a one year interval. Samples were exposed to
test doses of 1.7 Gy (dose rate = 0.162 Gy/min) and 4.0 Gy (dose rate =
0.0035 Gy/min) and prepared for chromosome aberration analysis according to
a standard protocol. Fig. 3.6-7 depicts both interindividual differences
among five strains (AR3# set was omitted because the 1990 4.0 Gy
preparation was unusable) and evidence for intraindividual differences on
repeat testing of donors AR1, AR2, and AR4.

o
AR1 AR2 AR3 AR4 AR5 AR6

STRAIN

Figure 3.6-7 Frequency of chromosome aberrations in irradiated (4.0
Gy chronic exposure) lymphocytes derived from 6
individuals at two sampling times.
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Micronucleus analysis - An alternative Indicator of in vitro effects of
ionizing radiation is the occurrence and quantitatlon of micronuclei, an
aberration connected with the loss of chromosomal material. The six blood
samples received in 1990 ar. prepared for chromosome aberration analysis
were also prepared for enumeration of micronuclei. Correlation between the
chromosome aberration assay and micronucleus assay was evident after
chronic exposure (R - 0.81), but after 1.7 Gy acute treatment the
correlation was not significant (R - 0.23).

The micronucleus (MN) assay may be a useful biological indicator of
radiation-induced carcinogenic risk. To realize the full potential of MN
as a radiation dosimeter, however, the mechanism(s) that underlie
micronucleus formation must be understood. Cells that are sensitive to
killing by ionizing radiation coincidentally exhibit micronuclei. These
cells are also presumably deficient in certain aspects of DNA repair. Thus
the frequency of MN following radiation exposure may be associated with
deficient DNA repair processes and therefore with risk of tumor initiation.

We postulate that the mechanism of MN formation is a function of DNA
structural reorganization during damage repair. There is evidence that
DNA topoisomerases control and regulate DNA structure during DNA repair.
Future studies may be directed at determining the role of topoisomerases
(Type I and II) in the mechanism of radiation-induced MN formation.

3.6.5 Identification of Micronuclei Using Flow Cytometry
M. Einspenner, J.-A. Walker, B.P. Smith and K.L. Gale
Funded by COG

Cells produce micronuclei in response to various stimuli, including
radiation. The formation of micronuclei can be seen and counted
microscopically. However, this is a laborious process and we are
attempting to automate scoring with the flow cytometer. Several avenues
have been examined.

The first was a simple one-step ethidium bromide DNA staining/cell cycle
analysis procedure. Briefly, this allowed us to detect and sort
micronuclei from cytochalasin-blocked cells. Unfortunately, this procedure
only works on the total population of cells (dividing and non-dividing).

To discriminate those micronuclei associated only with dividing cells
requires the detection and subsequent sorting of such cells. Then we could
dissociate the micronuclei, count them, and determine the percentage of
micronuclei per dividing cell. To facilitate this approach we used
dihydroethidium (DHE). DHE is a vital dye which enters cells and (once
there) is dehydrogenated to ethidium by living cells; the ethidium then
intercalates into DNA. We hope this will allow us to sort out dividing
cells Unfortunately, to date our cells seem very refractory to DHE and
require 35X the 'normal' concentration. At this level, double-stranded RNA
also fl<^ojesces and in addition, the dye is not excluded (as it should be)
when the cells are placed in dye-free medium (this leads to indiscriminate
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fluorescence and confounds analysis and sorting.) Another avenue is being
pursued. Briefly, the cells are fixed after first being swelled. After
fixation, RNase is introduced to digest double-stranded RNA. Then the
cells are stained with ethidium. This has provided a much better
resolution.

3.6.6 Carcinogen Sensitivity Testing
B.P. Smith and N.E. Gentner
Funded by AECL Research

The Radiation Biology Branch is regularly sought out by specialist medical
practitioners to perform in vitro carcinogen sensitivity testing as a
definitive clinical hallmark for diagnosis of patients deemed to have
genetic disorders associated with cancer proneness and abnormal sensitivity
to carcinogenic agents, including to ionizing radiation. Accessing and
testing referral patients provides CRL with a source of useful and
interesting cell materials to better understand potential new DNA repair
anomalies as they may impact on the risk, of carcinogenesis. We are briefly
describing four patient responses here to illustrate the feedback we
provide and the potential impact it has on patient management and
lifestyle.

Four individual cultured dermal fibroblast strains were received from
patients, deemed to be photosensitive (suspect xeroderma pigmentosium [XP]
patients) at three institutions: University of Sherbrooke Hospital;
Childrens' Hospital of Eastern Ontario; University of Toronto.

Our results for UV-sensitivity testing (UV-C wavelengths; primarily 253.6
nm from germicidal lamps) of these strains is summarized in Fig. 3.6-8.
The upper graph defines a "normal range", using five fibroblast lines from
normal donors, and a significantly photosensitive responses using two XP
complementation group C strains. The results for two patient's strains,
S9O1OO5 and GAR (lower left graph), show them to be in the normal range.
Strains AR-1 and NEEB (lower right graph) indicate slight hypersensitivity,
compatible at most with the mildly-afflicted "XP Variant" form of the
disorder.
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Figure 3.5-8 The upper graph defines a "normal range", using five fibroblast
lines from normal donors, and a significantly photosensitive
response, using two XP complementation group C strains. The
results for two patient's strains, S901005 and GAR (lower left
graph), show them to be in the normal range. Strains AR-1 and
NEEB (lower right graph) indicate slight hypersensitivity.
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These results have important implications for the patients in terms of
predicting their probable risk of cancer and whether a reasonably normal
lifestyle is possible for them. The sunlight and UV-sensitive disorder XP
exists in a number of different genetic forms or "complementation groups";
each of these has a relatively narrow and characteristic range of UV-
response. For these groups, hypersensitivity, defined by a dose reduction
factor compared to strains from unafflicted donors, ranges from slight for
the variant form up to 12-15 fold for the most severely afflicted forms
(complementation groups A and D) . The increased proper.-, ity to skin
neoplasms, both malignant and non-malignant, is direr.tly related to the
degree of hypersensitivity, and reaches a relative risk of nearly 10 000 in
the severe cases.

Our results serve as an aid and arbiter to clinical judgement, and in these
particular cases indicate that little or no photoprotection is needed: the
patients can comfortably lead relatively normal lifestyles, and need not
be untowardly concerned about early and fatal skin cancers.

3.7 CELLULAR STUDIES OF CYTOTOXICITY ASSOCIATED WITH EXPOSURE TO
BERYLLIUM AND ITS COMPOUNDS
C.L. Greenstock, J-A. Walker, K.L. Gale, B.P. Smith,
M. Einspenner, D. Adams and N.E. Centner
Funded by Canadian Fusion Fuels Technology Program (CFFTP)

In the past year we completed a literature search on the health effects «••:
exposure to beryllium and its compounds, and wrote a review on the subject
for CFFTP. The interest in beryllium in fusion-related research arises
from the current technology of magnetic confinement of a deuterium-tritium
plasma within a graphite-beryllium torus. One of the potential health
hazards p.ay be the cytotoxic effects of beryllium and its compounds used in
the construction of the torus, and released as dust and pyrolysis products
following interaction of the plasma with the walls of the containment
vessel.

Beryllium and its compounds are group 2B carcinogens, "chemicals that are
probably carcinogenic for humans". Epidemiological studies on a number of
human populations exposed to various beryllium compounds have failed to
confirm carcinogenicity. It should be noted that beryllium impounds are
carcinogenic in a number of animal studies, although there is speci»s
specificity.

Beryllium and its compounds are cytotoxic, and a considerable literature
exists documenting acute and chronic berylliosis in various animal species.
It appears that a small percentage of the human population is
hypersensitive to beryllium compounds. This seems largely to be an
autoimmune-related response, and, although reversible and effectively
treated with steroids, is quite unpredictable. Health and safety measures
are required to protect workers and minimize exposure levels. A Canadian
Standard threshold limit value of 2 mg-nT 3 has been established.
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Analytical methods exist for detecting beryllium compounds, but their
sensitivity and reproducibillty need improvement to be more useful for
protection purposes. No reliable, effective bioassay exists. Work aimed
at understanding the mechanisms of beryllium cytotoxicity and
carcinogenicity will aid the development of more effective worker
protection. It is possible that an effective in vitro test can be
developed for pre-employment detection of those likely to delrelop
hypersensitivity.

The review identified several ^pics of mutual interest to AECL and CFFTP.
A research project is underway to study beryllium toxicity and individual
variations in sensitivity to beryllium. We have carried out a series of
tissue culture studies to examine the effects of beryllium chloride on
fibroblasts and LCLs of normal and "repair-deficient" donors. DNA repair
competence appears not to be a factor in differences in beryllium
cytotoxicity. But the type of cultured cell is a major factor:
fibroblasts are much more sensitive than LCLs.

3.8 RBE OF TRITIUM BETA RAYS FOR CAUSES OF DEATH OTHER THAN MYELOID
LEUKEMIA IN MALE CBA/H MICE
D.K. Myers1, J.S. Jackson and D.W. Dunford2

Funded by AECL Research and AECB

Causes of death were examined for 5206 male CBA/H mice which had previously
been treated either with tritiated water or X-rays at comparable doses and
comparable dose rates. Data on induced myeloid leukemia (ML) had been
examined in detail; in a previous report a total of 279 cases of ML were
diagnosed among the 5206 mice used in this experiment and the RBE of
tritium for induction of ML was estimated to be 1.2 + 0.3.

The purpose of the present study was to estimate the RBE of tritium beta-
rays for causes of death other than myeloid leukemia. No consistent values
for tritium RBE were obtained, however. The values were spread over a wide
range for different endpoints, and were generally less reliable than those
for induction of myeloid leukemia. Within the group of 4181 irradiated
mice that did not die of ML, there was however a surprising decrease in the
average time to death from causes other than tumors. These results were
not consistent with the 1982 UNSCEAR conclusions indicating the absence of
non-specific life shortening by radiation exposure at low dose rate. These
results suggest that a further review of the research data on this topic
may be useful, particularly of those data which have been published since
1982.

These results suggest that other end points besides carcinogenesis may need
to be considered when estimating the risk of a radiation exposure.

1 Contract employee
2 Math. & Computation Branch
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3.9 ANIMAL FACILITY OPERATIONS 1990
H. Wyatt, M.E. Bahen, J.W. Murphy and J. Jackson

The animal facility has been utilized for many different experiments during
the reporting period. Animal experiments are important to our research
program and to our ability to obtain research contract revenues. The
operation of this facility was assessed 1990 June 26 by a panel assembled
by the Canadian Council on Animal Care (CCAC). The single major
recommendation was to undertake a feasibility study for a new animal
facility. The preliminary design and estimate was completed in 1990
December. The CCAC's report commended the personnel for their "obvious
concern in regard to animal welfare".

Acting to prevent confounding stresses which might affect experimental
results, various forms of environmental enrichment have been attempted with
the resident rodents. Three forms have met with success. These are
background music (to decrease the stress of sudden noises), "caves" for
mice, and wooden toys for rats to gnaw upon.

To document what infectious agents our colony carries, a base-line survey
was performed in spring of 1990. Whole animal profiles including serology,
parasitology, bacteriology and histopathology were performed. This
monitoring is now done on a routine basis.

3.10 CHALK RIVER FOLLOW-UP STUDY
J.-A. Walker and M.M. Werner
Funded by AECL Research

In 1988 Dr. Kenneth Hare issued a report entitled "The Safety of Ontario
Nuclear Power Reactors" in which he discus-jd the Chalk River
epidemiological data (1). Dr. Hare noted that the standard mortality ratio
(SMR) for cancer among long-term Chalk River employees, while not
statistically significant, had shown a steady rise from 1971-75 to 1981-85.
He further suggested that the increase could be indicative of latenc
cancers. To address these concerns, the follow-up study of long-term Chalk
River employees was extended to 1989 December 31.

The methods used have been described in detail in AECL Report #10293 The
cause-of-death information for long-term employees was obtained from death
certificates issued by the appropriate provincial or state vital statistics
departments. Data collection was restricted to individuals who were either
actively employed at time of death or who had retired from Chalk River
Laboratories (CRL) and were receiving a pension. To ensure that a large
number of deaths was not missed, the vital status of all retired employees
was established. It became apparent that in several cases AECL was not
aotified of an employee's death and consequently these deaths had been
omitted from previous follow-up studies. The current update contains
corrected values for the years 1966-1985. There is no significant
difference between SMRs from the corrected data and the previously
published values.
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The number of observed deaths in each category (cancer, cardiovascular
diseases, violent causes, other causes and all causes combined) were
compared with the number of expected deaths based on provincial data
matched for age distribution and time period. Each comparison is an SMR
and is equivalent to a relative risk. For each SMR the 95% confidence
interval (CI) was calculated.

SMRs for cancer, cardiovascular diseases, external causes, other causes and
all causes by 5-year intervals from 1966-1989 are depicted in Table 3.10-1.

Table 3.10-1

Standard mortality ratios for major causes of death,
males, 1966-1989 by 5-year intervals

Causes of death 1966-70 1971-75 1976-80 1981-85 1986-89

Cancer 0.95 0.72 0.92 1.09 0.72

Cardiovascular

diseases 0.87

Violent causes 0.59

All other causes 0.30

All causes 0.76 0.76 1.01 0.92 0.66

0

0

0

. 8 1

. 5 1

. 8 0

1

0

0

. 1 6

. 6 1

. 8 7

0

0

0

. 8 6

. 6 1

. 9 0

0

0

0

. 7 1

. 8 6

. 4 2

None of the SMRs was significantly different from unity. Cancer mortality,
which (as mentioned) had showed a steady increase for three successive 5-
year periods, dropped for the years 1986-1989. The total number of cancer
deaths in the period 1966-1989 is 153. Individual types of cancer have
been analyzed (Table 3.10-II), and the results indicate no obvious excess
of any type. Similarly, no excess of fatal cancers was evident in a sub-
group of CRL employees who had recorded lifetime doses of more than 0.2 Sv.
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Table 3.10-11

Selec ted cancers causing death among Chalk River
long-term employees, 1966-1989

Type of cancer Observed Expected SMR (9 5% CI)

Buccal cavity & pharynx

Oesophagus

Stomach

Intestines

Rectum

Larynx

Lung

Bone

Skin

Breast

Prostate

Pancreas

Other & unspecified sites

Benign

Leukemia

Multiple myeloma

Other lymphoma

4

4

9

12

7

0

52

0

2

1

17

9

27

0

1

1

7

5.18

4.69

10.24

15.64

6.53

2.52

57.26

0.49

2.46

0.24

11.78

9.52

29.10

1.15

5.91

2.34

6.40

0.

0.

0.

0.
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--
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0.

0.
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0.

0.

1.

77

85

88

77

07

91

81

17

44

95

93

17*

43

09
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(0.84-2.

(0.44-1.
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(0.004-0

(0.01-2.

(0.44-2.

.97)

.17)

67)

34)

21)

21)

92)

.17;

30)

80)

35;

.94)

39)

25)

Total 153 171.45 0.89 (0.76-1.05)

* S t a t i s t i c a l l y s ign i f ican t

We conclude that the hazards of exposure to low levels of low LET radiation
are not grossly underestimated by aethods used in current radiation
protection practices. The conclusion is supported by other studies of
radiation workers.
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