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In translating results from one system to another
(using similar genetic endpoints), a number of sep-
arate extrapolations may have to be made: 1) from
species to species; 2) from experimental doses to
actual environmental doses; 3) from one cell type
to another; 4) from in vitro to in vivo physiologi-
cal conditions; and 5) the biggest and most un-
certain leap, from estimates of mutation frequen-
cies to estimates of genetic disease in humans. The

EXTRAPOLATION MODELS

Several researchers have begun developing mod-
els for extrapolating from one test system to
another (14,15,46,49,61,64,106, 129,130,138). one
of the key features common to all the extrapola-
tion models developed is that a result from a sin-
gle test system would not be used alone to predict
a result in another test system. Instead, results from
several related test systems are correlated and used
together.

Several of the methods described are extensions
or rearrangements of the first extrapolation meth-
od developed by Sobels (1290)—the parallelogram
(130):

The underlying principle is to obtain informa-
tion on genetic damage that is hard to measure
directly, for example mutation in mouse germ
cells, by comparison with endpoints that can be
determined experimentally, e.g., alkylation per
nucleotide in mammalian cells in vitro and in
mouse germ cells, and mutation induction in
mammalian cells in vitro.

Sobels’ parallelogram is illustrated in figure 15.
It is relatively easy to determine the mutation fre-
quency in mouse somatic cells (a quantity called
“A”) upon exposure to a particular chemical muta-
gen in culture. With certain types of chemicals.
(alkylating agents), it is also possible to derive a
measure of the interaction of the mutagen with
the DNA of those cells, which is quantified as
“alkylations per nucleotide” (a quantity called
“A”). Alkylations per nucleotide can also be meas-
ured in mouse germ cells after exposure to the same
mutagen (B’). The relationship of these different
values is then used to calculate the expected mu-
tation frequency in mouse germ cells (B) on ex-

kind of information that would give the biggest
boost to the ability to predict effects in humans
with information from other test systems is know-
ing exactly what kinds of mutations (e.g., point
mutations, chromosomal rearrangements, etc. )
each of the tests detects. The new technologies dis-
cussed in this report may provide this type of in-
formation.

Figure 15.—An Example of a Parallelogram
A’ B’

Alkylations per nucleotide -s--—- Alkylations per nucleotide

A\ B\
Measured mutations -----# Estimated mutations

(Note that the same test system is represented in the vertical
dimension and the same genetic endpoint in the horizontal
dimension.)

SOURCE: F.H.Sobels, “The Parallelogram: An Indirect Approach for the Assess.
ment of Genetic Risks from Chemical Mutagens, " pp. 323-327 in K.C.
Born et al. (eds.), Progress in Mutation Research, vol. 3 (Amsterdam:
Elsevier, 1982).

posure to the same mutagen. A major, untested
assumption is that the ratio of A to A* is propor-
tional to the ratio of B to B‘, i.e., A/A = B/B
If that is true, it is then a matter of simple algebra
to predict the mutation frequency in mouse germ
cells (B) by solving the equation for B, which is
the only unknown quantity.

A similar parallelogram can be used to extrap-
olate results from mouse germ cells to human germ
cells. Mutation frequencies are measured in so-
matic cells of both humans and mice. Germ-cell
mutation frequencies are measured in the mouse
and compared to somatic-cell mutation frequen-
cies in the mouse. Assuming that the ratio of germ-
cell to somatic-cell mutation frequencies is the
same in mice and human beings, germ-cell muta-
tion frequencies in human beings can be predicted
from the measured human somatic-cell mutation
frequencies (64).

Streisinger (138) has proposed a more complex
extrapolation method using two sequential paral-
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lelograms. In the first parallelogram, a measure
of chemical interaction with human germ cell DNA
is estimated from measurements of the effects of
the chemical in human and animal (e.g., monkey)
somatic cells, and a measure of interaction of the
same chemical with germ-cell DNA in the same
animal. In the second parallelogram, the ratio of
a measure of chemical interaction with mouse
germ-cell DNA to mouse germ-cell mutation rates
(from the specific locus test) is used to predict the
human germ-cell mutation rate using the estimated
value of chemical interaction with human germ-
cell DNA from the first parallelogram. This con-
struct embodies several untested assumptions.

Bridges (1980) also developed a more complex
extrapolation model based on the original paral-
lelogram model of Sobels. Based on his approach,
Bridges outlined the types of results needed to fill
information gaps, ultimately to assess the impact
of mutagens at the: 1) molecular; 2) cellular; and
3) whole organism levels in both animals and man.
He suggested studies to determine: 1) the presence
of an effective dose of mutagen at the molecular
level by measuring the concentration of mutagen
in the gonads or blood or the extent of reaction
with DNA, 2) whether there appears to be a rela-
tionship between the presence of the mutagen and
a biological response at the cellular level by meas-
uring somatic mutation frequencies or chromo-
somal changes in lymphocytes; and 3) whether
there is an effect at the whole organism level by

measuring the frequency of heritable genetic
defects, congenital malformations, or fetal loss.

The values Bridges specifies are obtainable in
animal systems. To obtain such values for man,
Bridges suggests that use be made of certain other-
wise normal human populations that are exposed
to large doses of mutagens. Examples of such pop-
ulations are patients treated for diseases, such as
cancer, with drugs that are known to be muta-
genic, and certain occupational cohorts in which
there are known excesses of cancer (1,155). Simul-
taneous studies using the same mutagens could
be carried out in experimental mice to determine
the relative sensitivities of mouse and man to these
mutagens.

Parallelogram models are attractive for their
simplicity and inherent logic. They are appropri-
ate starting points for exploring relationships
among test results when sufficient data become
available to do so. However, the assumptions em-
bodied in parallelogram models—consistent, pre-
dictable relationships among various cell types,
translatable among species—are almost entirel,
untested. The great differences among species
make it unlikely that these parallelogram models
will survive validation studies intact. While they
may continue to be useful research tools for pos-
ing logical questions, they may or may not prove
practical for predicting risks of heritable muta-
tions in human beings.

ATTEMPTS AT QUALITATIVE EXTRAPOLATION

L. Russell and colleagues (106) compared the
results of mutagenicity tests carried out in a vari-
ety of systems other than whole mammals with
results from specific locus tests (SLTs) and herita-
ble translocation tests (HTTs) in mice (see ch. 6
for descriptions of these two tests). The purpose
of the comparison was to find out how well re-
sults of the nongerm-cell tests corresponded to the
qualitative results (positive or negative) of the two
germ-cell tests. The analysis was limited by the
relatively small number of chemicals that have
been tested in either the SLT or the HLT. About
35 chemicals have been tested in one or both of
the germ-cell assays, out of a total of about 2,000

chemicals for which some test results are avail-
able from any system.’

The comparison tests were grouped into 18 cat-
egories and the categories given relative weights
according to their biological relationship to one
of the germ-cell tests. The categories and their
weights are given in table 9. The lowest weighted
category includes tests using prokaryotes, such
as bacteria, directly treated by the suspected muta-
gen. Higher scores signify moving toward higher

‘These test systems are not the focus of this report and are not
described here in detail. Descriptions of these tests can be found
in (88).
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Table 9.—Weighting of Test Results for Presumption of Germ-Line Mutagenicity

Exposure Exposure
not within within
mammalian mammalian
body Weight body Weight Germ cells Weight
Prokaryotes, all endpoints SAL 1 BFT 2
WP-— HMA
Lower eukaryotes, all endpoints YEA
YEP 2
ASP
NEU
Higher eukaryotes, chromosome aberrations PYC 3 DAN 8
DHT
Higher eukaryotes, gene mutations PGM 3 8
Mammals, genetically nondefined endpoints SC1 SC3 6 4
SC2 4 SC4
UDH 8
UDP
Mammals, chromosome aberrations CcYc 5 MNT 7 DLT
CYE CY9 15
CYB 10 CYOo
CY5
Mammals, gene mutations CHO Cv8}
V79 5 MST 10 SPF 15
L51

NOTE’ n general, the weights increase from top to bottom and from left to right in the table, From top to bottom, the tests progress from lower to higher organisms
and from more general endpoints to endpoints of direct relevance to human heritable mutations. From left to right, the categories progress from in vitro tests
in both somatic and germ cells, to in vivo germ-cell tests

Explanation of test symbols.

ASP Aspergillus, all tests

3FT Body fluid tests, all assays

CHO Chinese hamster ovary cells in culture

2YB Mammalian cytogenetics, in vivo, animal bone
marrow

ZYC Mammalian cytogenetics, in vitro, all cell types

CYE Mammalian cytogenetics, in vivo, animal lympho-
cytes or leukocytes

YO Mammalian cytogenetics, in vivo, oocyte or early
ambryo studies

CY5 Mammatian cytogenetics, in vivo, human bone
marrow

ZY8 Mammalian cytogenetics, in vivo, human lympho-

cytes or leukocytes
ZY9 Mammalian cytogenetics, all male germ-cell
studies

DAN Drosophila aneuploidy studies, all tests

DHT Drosophila heritabie transiocation test

DLT Dominant-lethal test in rodents

HMA Host-mediated assay studies

L51 Mouse lymphoma cells in culture, gene muta-
tions at TK locus

MNT Micronucleus test, all species

MST Mouse spot test

NEU Neurospora crassa, all tests

PGM Plant gene mutations, all tests

PYC Plant chromosome studies, all tests

SAL Salmonella histidine reversion tests

SC1 Sister-chromatid exchange, human cells in vitro

SC2 Sister-chromatid exchange, animal cells in vitro

SC3 Sister-chromatid exchange, animals in vivo

SC4 Sister-chromatid exchange, human cells in vivo

5PF Sperm apnormaiues in k. males

SPM Sperm abnormalities in treated animails

SRAL Drosophila sex-linked recessive lethal test

UDH Unscheduled DNA synthesis, human diploid
fibroblasts

UDP Unscheduled DNA synthesis, rat primary
hepatocytes

UDT Unscheduled DNA synthesis, testis in vivo

V79 Chinese hamster lung (V79) cells in culture, all
gene mutation studies

WP _E. coli reverse mutation studies

YEA Saccharomyces cerevisiae, all tests

YEP Schizosaccharomyces pombe, all tests

SOURCE L.B Russell, C S Aaron, F de Serres, et al ,

mammals, toward germ cells, and toward treat-
ment with the chemical in a whole mammal.

A single composite score was calculated for each
chemical tested, adding together scores from each
category in which there were test results. There
is only one score per category regardless of the
number of tests. Positive results are scored as posi-
tive numbers; negative results as negative num-
bers, e.g., an in-vitro somatic-cell chromosome
aberration test with a positive result yields a score
of +5, one with a negative result, a score of —b5.

Russell and colleagues found that nearly all
chemicals that tested positive in either or both the

“Evaluation of Mutagenicity Assays for Purposes of Genetic Risk Assessment,” Mutation Research 134:143-157, 1984

SLT and HTT had high composite scores from
other tests. A number of chemicals with negative
SLT and HTT results also had high, positive com-
posite scores, representing “false positives” in the
comparison tests.

Similar analyses looked separately at the SLT
and HTT and the comparison tests that specifi-
cally detect gene mutations or chromosome aber-
rations, respectively. The results are similar to
those matching the results in all comparison tests
against both mammalian germ-cell assays: high
scores for most chemicals positive in the germ-
cell tests, and a number of false positives.
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In an additional analysis, the comparison tests
are ranked according to how well each predicts
the results of the two germ-cell tests. In general,
the tests in higher numbered categories in the
earlier analyses, i.e., those that are closer biolog-
ically to whole mammal germ-cell tests, had bet-
ter correlations with the SLT and HTT. For the
SLT, the best predictors overall were the mouse
spot test, unscheduled DNA synthesis in mouse
testis, and the micronucleus test. For the HTT,
unscheduled DNA synthesis in testis, the domi-
nant-lethal test, and one lower ranked test, sister-
chromatid exchange in cultured animal cells, were
the strongest predictors.

While it appears that the results of some of the
comparison tests correlate relatively well with the
mammalian germ-cell tests, in fact, not one of these
correlations reaches conventional statistical sig-
nificance, meaning that the tests do not predict
reliability better than chance. The lack of signifi-
cant results is due, in large part, to the small num-
ber of comparisons for many tests, and in part
because of the process for selecting chemicals for
SLT and HTT. From a practical, public policy
standpoint, this is an important finding. The lack
of statistically significant results does not mean
that these comparisons are without value. The
study provides a status report on the quality and
guantity of existing data.

Since the two whole mammal tests (the SLT and
HTT) are relatively expensive and time-consum-
ing, they are usually reserved for testing chemi-
cals highly suspected of causing heritable muta-
tions. The suspicion is based on results of other
tests, specifically the comparison tests examined
in Russell and colleagues’ analysis. It is hardly sur-
prising, therefore, that the comparison test results
are largely positive for chemicals eventually tested
in the mammalian germ-cell assays. Russell and
colleagues took the preponderance of positive re-
sults into account in their analyses.

Many chemicals have been tested in mutage-
nicity assays because, for reasons of chemical
structure or other properties, there is a high likeli-
hood that they will be mutagenic. While these
chemicals have proved useful as laboratory tools,
they are not necessarily useful for drawing con-
clusions about what people are actually exposed
to. W. Russell (111), using the same database used

by L. Russell and colleagues (106), looked exclu-
sively at the 11 “environmental chemicals” (those
found in the home or workplace) that have been
tested in the SLT and examined the results. All
11 are positive in the Drosophila sex-linked lethal
test, the 10 that have been tested are positive in
mammalian somatic-cell tests, and there are a va-
riety of positive results in other test systems. None
of the 11, each of which was tested at very high
doses, is positive in the SLT, suggesting no increase
in mutations in spermatogonia (the pre-meiotic
male germ-cell stage) although several have posi-
tive results in tests of later sperm developmental
stages.

What conclusions can be drawn about the va-
lidity of qualitative extrapolation from various
mutagenicity tests to a risk of heritable mutations
in human beings? The available data give no direct
information about mutagenic effects of chemicals
on human germ cells in vivo. Application to hu-
mans rests on a series of assumptions about the
response of human germ cells in relation to re-
sponses in other types of cells and in other species.

The analysis of the these test results does allow
some generalizations about biologic extrapolation
and about the nature of the available test data-
base. On the first point, there is evidence suggest-
ing that chemicals that test positive in some com-
parison tests for gene mutations or chromosomal
aberrations have a likelihood of being positive in
the SLT or HTT, respectively, but are not invari-
ably so. To date, chemicals testing negative in the
comparison tests have not produced clear posi-
tives in whole mammal germ-cell tests, but the
database supporting this comparison is limited.
Biologically, it seems unlikely that chemicals that
are consistently negative in comparison tests
would, in fact, be germ-cell mutagens in whole
animals. But it is unlikely also that very many
chemicals with negative results in one or two tests
will have been tested in enough systems to allow
an empirical test of that hypothesis.

Both L. Russell’s and W. Russell’s analyses de-
scribed above suggest that a number of chemicals
that test positive in the simpler comparison tests
will be not be shown to cause mutations in sper-
matogonial germ cells. At present, however, it is
impossible to know based on comparison test re-
sults, which chemicals are true human germ-cell
mutagens and which are not.
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A major limitation of the database is that nearly
all tests have been in exposed male animals. Two
strong animal mutagens—radiation and a chemi-
cal agent, ethylnitrosourea—do not appear to
cause heritable mutations in the immature germ
cells of female mice, but the data for females are
not sufficient to draw firm conclusions.

The new technologies described in this report,
which could be used to provide information on
the types of mutations detected by the various
tests, may improve our ability to apply the re-
suits of simpler tests to predicting human risk.

ATTEMPTS AT QUANTITATIVE EXTRAPOLATION

Not surprisingly, quantitative extrapolation is
even less advanced than is qualitative extrapola-
tion. However, there are some data bearing on
quantitative relationships that may eventually be
useful in predicting effects in human beings. First,
there is some information about dose-response
relationships. Second, some preliminary attempts
are being made to determine relationships among
certain corners of the parallelogram models de-
scribed earlier in this chapter. One such effort is
described below.

In an ongoing effort, a group of investigators
is using a parallelogram approach to evaluate the
effects of gamma radiation, cyclophosphamide (a
medical drug) and benzo[a]pyrene (an environ-
mental chemical) on mouse and human cells by
assaying chromosomal aberrations and sister chro-
matid exchanges in mitogen-stimulated peripheral
blood lymphocytes (PBLs). While these investi-
gators have as yet little data, a paper presenting
some preliminary results (170) lays out the rigor-
ous procedures necessary for proper extrapola-
tion of results from different studies of just one
substance to predictions in untested systems. For
instance, in the case of radiation, the authors re-
late an experimental result in irradiated cultured
human PBLs to reports from the literature of the
same chromosomal endpoint (dicentrics) in PBLs
from patients who have received therapeutic ra-
diation. Thus far, these authors have not presented
any conclusions about the relationships they are
studying.

Dose= Response Relationships

Extrapolation from high to low dose, and from
high to low dose rate, requires knowledge of dose-
response relationships. For heritable gene muta-

tions, adequate data on dose-response relation-
ships is limited to the effects of ionizing radiation
and one chemical, ethylnitrosourea (ENU), in male
mice. The available information comes from re-
sults of SLTs in mice, most of the work being done
in a small number of laboratories in different parts
of the world. Radiation and ENU have also been
assayed in many short-term in vivo and in vitro
tests in human somatic cells, so some generaliza-
tions may be drawn about the nature of dose-
response relationships for these two agents. In both
cases, there are independent effects of dose rate
and of total dose. This means that a fixed dose
may cause a different rate of mutations depending
on the intensity of the dose, i.e., a more protracted
administration may result in fewer mutations than
if the total dose is administered at one time.

Radiation

Specific-Locus Test.—In a series of experiments
from the mid-195@ to the present, a range of ra-
diation doses, delivered at a range of dose rates,
has been tested in male mice. Results are avail-
able for both spermatogonial and postspermato-
gonial stages. In spermatids and spermatozoa
(postspermatogonial stages), the dose-response
relationship is generally linear, and there is no ef-
fect of dose rate. This means that approximately
the same mutation rate results from a short, high-
dose exposure and from a chronic, low-dose ex-
posure when the same total dose is given.

In spermatogonia, the early, pre-meiotic stage,
for equal total exposure, radiation given at high
dose rates causes more mutations per unit of dose
than radiation at lower dose rates. At a high dose
rate of 90 Roentgens per minute (R/rein) or inter-
mediate dose rate of 8 R/rein (work cited in 111),
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the mutation rate decreases with decreasing dose
faster than would be predicted by a linear rela-
tionship. At dose rates of 0.8 R/rein or below,
however, the rate of mutations per unit dose ap-
pears to be constant, and without a threshold. At
low dose rates, the dose-response relationship is
linear, and above about 0.8 R/rein, the mutation
rate per unit of dose rises more quickly than would
be predicted by a linear relationship. Above a to-
tal dose of between 600 and 1,000 rem, the muta-
tion rate begins to decline rapidly.

Investigators using the SLT offer an explana-
tion for the observed dose-response patterns (111,
114,115). They postulate that the difference in
dose-rate response between spermatogonia and
postspermatogonial stages is a function of an ac-
tive repair mechanism in metabolically active sper-
matogonial cells, which does not function at later
stages. In the earlier, spermatogonial stages, a
larger percentage of changes can be repaired be-
fore the spermatogonia complete meiosis when ex-
posure is at a lower dose rate than is the case with
an acute, high-dose-rate exposure. In post-sperma-
togonial stages when capacity for repair is low,
the total radiation dose, irrespective of dose rate,
is the determinant of the mutation rate.

Heritable Translocation Test—Generoso and
co-workers (135) have investigated heritable trans-
locations induced by high-dose rate (96 R/rein)
irradiation of spermatogonial stem cells of mice.
They report a linear dose-response relation be-
tween O and 600 R of total irradiation, and repeti-
tion of doses in this range gave additive effects
up to 2,000 R. From these data, the expected in-
crease in heritable translocations at high-dose-rates
is calculated to be about 0.00004 per R.

Cytogenetics.— Waters and colleagues (170) de-
scribe a dose-response relationship for gamma ra-
diation after both in vitro and in vivo irradiation,
using as an endpoint a certain type of chromo-
somal mutation, dicentrics, in PBLs. The in vivo
dose-response, which was derived from reports
in the literature, is linear at lower dose rates, and
quadratic at higher dose rates, meaning that the
increase in the number of dicentrics rises faster
than it would if the relation continued to be lin-
ear. The quadratic component may be explained
by an interaction of mutational events causing

some dicentrics, and the interactions being increas-
ingly more likely as the dose rate increases.

Ethylnitrosourea (ENU)

Specific Locus Test. —As is the case with radia-
tion, both total dose of ENU and dose-rate inde-
pendently affect the mutation rate in mouse sper-
matogonia. Experimental data indicate that the
response at doses below 100 mg/kg of body weight
is “infralinear,” meaning that as the dose is lowered,
the mutation rate drops faster than would be pre-
dicted by a linear relationship. At doses between
100 and 400 mg/kg, the response appears to be
linear (4 1). No threshold was detected over the
range of doses tested, but the possibility of a
threshold at a dose lower than 25 mg/kg (the low-
est single dose tested) is not excluded by the data.

In an experiment examining mutational re-
sponses at different dose rates, the mutation rate
was measured in mice that were given 10 weekly
doses of 10 mg/kg of ENU, and compared with
the mutation rate for a single dose of 100 mg/kg
of ENU. The mutation rate for the fractionated
dose was only about 15 percent of the rate for a
single dose (112).

Russell (111) notes that, in light of information
indicating that ENU reaches germ cells in doses
proportional to injected amounts (see next section),
these results cannot be explained by differences
in metabolic processes. He interprets the infralinear
portion of the dose-response curve and lower mu-
tation rate that follows dose fractionation to be
the result of effective mutational repair systems
in spermatogonia, the same reasoning as in the
case of radiation.

Unscheduled DNA Synthesis in Mouse Sperma-
tids.—Carricarte and Sega (cited in 111) found the
dose-response of “unscheduled DNA synthesis”
in mouse spermatids to be linear over the range
from 10 to 100 mg/kg, the same range over which
W. Russell (111) found an infralinear relationship
in the SLT. Sega (cited in 111) also measured “ad-
duct formation” after injections of ENU, and found
a linear response in the range from 5 to 100 mg/kg.
One conclusion from these observations is that
chemical interaction with DNA may not always
be directly related to the rate of mutation, and
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this presents a major difficulty for Sobels’
parallelogram, described earlier in this chapter.

Sister-Chromatid Exchange and Thioguanine
Resistance.-Jones and colleagues (54) investigated
the dose-response relationship for two somatic-
cell endpoints in whole mice exposed to ENU. The
frequency of sister-chromatid exchange (SCE) and
the frequency of thioguanine resistant (TG") cells
were measured in white blood cells in the spleen.
Corresponding endpoints exist in human beings,
which makes them potentially useful for extrapo-
lating to human responses. The investigators meas-
ured both the response over time at several dose
levels, and the response to a range of doses at sev-
eral points in time after exposure.

Linear relationships were discovered between
dose and reponse for both SCEs and TG cells,
but the timing of these responses was quite differ-
ent. For all dose levels, the highest SCE levels were
measured on the first day after exposure, and SCE

LIMITS OF EXTRAPOLATION

The main limitation to validating extrapolation
models is a virtual lack of data to complete the
parallelogram models. Until there is enough em-
pirical information to determine whether qualita-
tive and quantitative generalizations can be made,
it is impossible to know how useful extrapolation
could be. At present, qualitative extrapolation is
at least a tentative guide for identification of muta-
genic agents.

Even when data are available, many questions
bedevil the use of experimental animal data to ex-
trapolate risks to humans. In particular, little is
known about the comparability of species with
respect to activation, detoxification, and tissue dis-
tribution of specific chemicals, as well as other
interspecies differences in metabolism. In addition,
mutational responses of germ cells at different
stages of development can differ for different types
of mutagens. Many of these gaps in information
could be filled by studies that are now technically
feasible.

levels decreased back to baseline after about 70
days, whereas the TG'response rose linearly
over time to a peak after about 80 days for each
dose level.

Generalizations About Dose-Response

While dose-response relationships cannot be
generally and simply described some generaliza-
tions can be made. It appears that mutations in
somatic cells are more predictable from the vari-
ous experimental test systems available than are
mutations germ-cell. Repair of mutations in germ
cells may explain this difference. Both a better
understanding of the mechanisms of mutation and
repair at the molecular level, and empirical com-
parisons of test data on more substances will con-
tribute to a better understanding of dose-response
relationships. Once again, the new technologies
may contribute to this understanding.

In using test results from somatic cell systems,
there are differences in the sensitivities of various
types of somatic cells and germ cells to different
mutagens. Even within a single cell type, differ-
ent gene loci can respond very differently to a spe-
cific mutagen. In making comparisons, for in-
stance, between somatic and germ cells, if the same
locus (or set of loci) cannot be tested, any differ-
ences in outcome cannot necessarily be attributed
solely to a difference in cell type. These are a few
of the many uncertainties in extrapolations from
somatic to germ cells.

An organizational problem that affects extrap-
olation in a practical way is that collaborations
have been rare among researchers working with
different systems, and are particularly rare among
scientists working in different laboratories. In addi-
tion, the test systems are not necessarily stand-
ardized among laboratories working with the same
systems, so results from different laboratories can-
not always be combined or directly compared.
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Even relatively simple aspects of experimental pro-
cedures, for instance, the conditions under which
cells or organisms are exposed to radiation or
chemicals, vary enough among laboratories to ren-
der results incomparable to varying degrees.

Overall, the development of methods to extrap-
olate from different experimental test systems to
the risk of heritable mutations in human beings

is still in its infancy. While the various parallelo-
gram models are appealing because of their poten-
tial usefulness, some of the data already available
suggest that they may never broadly applicable.
Both qualitative and quantitative improvements
in the database of experimental results will be nec-
essary before the usefulness of extrapolation can
be reasonably assessed.
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Chapter 8

Mutation Epidemiology

INTRODUCTION

This report is about biochemical and genetic
techniques for studying heritable mutations. These
new techniques will ultimately be used to study
people who are suspected of being at high risk for
excess heritable mutations. The types of epidemio-
logic activities in which mutation detection tech-
niques may eventually be used are: surveillance,
monitoring, and ad hoc studies. Before any tech-
nique can be used for those purposes, a series of
validation studies will be needed, calling for dif-
ferent populations that are appropriate for study
at different stages of development of the tech-
nologies.

Surveillance is a routine activity whose aim, in
the context of this report, would be to measure
the “baseline” rate of mutations in a defined pop-
ulation over the course of time, and to facilitate
rapid recognition of changes in these rates. Fol-
lowing the distinction made by Hook and Cross
(44), the term monitoring is reserved for obser-
vations over time in populations thought to be
at increased risk for heritable mutations because
of a known or suspected exposure to a known or
suspected mutagen, for the purpose of helping the
specific population in whatever way possible. Ad
hoc studies of a variety of designs are carried out
to test hypotheses about suspected causes of mu-
tations.

The different aims of surveillance, monitoring,
and ad hoc studies require that different criteria
be applied for deciding when and whether to carry
out one or more of those activities. Surveillance
and monitoring are not designed as hypothesis-
testing activities, though they may be sources for
hypothesis development.

The reasons a population is chosen for surveil-
lance may be largely opportunistic. It is unlikely
that an entirely new system of data collection
would be put in place for mutation surveillance.
It is more probable that mutation surveillance
would be added to an existing program that is
established for another purpose, for instance,

birth defects surveillance. The population covered
must be large enough to generate reliable rates for
mutational events that may be relatively rare, but
there is no fixed requirement for size. Of the three
types of activities, surveillance generally would
involve the smallest effort and resource expendi-
ture per individual, but because large numbers of
people would be routinely subject to the surveil-
lance test, the total cost could be large. There is,
therefore, a great need to consider the costs and
benefits of such a program before embarking on
one, and for choosing the detection technique ac-
cordingly. The threshold for initiating mutation
surveillance would be relatively high. Informa-
tion about trends sometimes can be obtained by
means other than full-scale surveillance, and some
such studies for that purpose have been done.

The main reason for instituting a mutation
monitoring program is concern about the poten-
tial effects of a mutagenic exposure in a specific
group of people. If there is enough concern, there
undoubtedly will be a greater expenditure of re-
sources and effort per person than is the case for
surveillance, meaning that more extensive con-
tact with the population and testing would be
justified. Given today’s knowledge, it is hard to
conceive of a situation in which there would be
a concern only about heritable mutations, so any
mutation monitoring effort would most likely be
part of a larger program. The obvious concurrent
concerns for exposures thought to be mutagenic
are cancer and birth defects. Strict criteria based
on tests of the statistical power to detect certain
levels of effects are not appropriate for monitored
populations, since the concern is about that par-
ticular group of people. Any finding is of inter-
est in that situation. The information maybe used
incidentally to calculate upper limits of risk which
could be generalized to other populations with
similar exposures. The most important consider-
ation in making a decision to monitor is that there
is reasonable evidence suggesting that the popu-
lation may be at a substantially increased risk.
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This decision may well be influenced by political
pressures to act, but ideally there should be a rec-
ognition that the best scientific judgment either
does or does not support a monitoring effort.

The purpose of ad hoc studies is to test hypoth-
eses about exposures and effects. This is the one
place where it is imperative that studies be de-

signed to achieve a high probability of detecting
an effect if it is present. Such studies are valuable
not only for the sake of the populations involved
in the studies, but for their generalizability to
other populations. Results of these studies can
form the basis for public health actions, if levels
of risk can be established.

VALIDATION OF MEASUREMENT TECHNIQUES

For the most part, the new technologies de-
scribed in this report have not been “validated. ”
They are new, and have not been applied to large
numbers of people. Surveillance, monitoring, and
ad hoc studies all require tools—in this case tech-
niques for measuring mutations—with an acceptable
degree of validity. That is, the tests must meas-
ure what they are designed to measure, within
some definable limits. Generally, it is not possible
to gather reliable information about a population
and concurrently gather validating information
about a technique used to measure outcome, un-
less another technique, with known validity, and
known relationship to the new technique, is also
applied in the study. Even though that is techni-
cally feasible, it is probably not an efficient way
to gather validating data.

A first step in the validation process would be
to use laboratory-prepared samples with known
DNA sequences to confirm that the types of mu-
tations that should theoretically be detected with
a new technique actually are reliably detected. Be-
yond that stage, the need to move to clinical sam-
ples can be met using stored blood from individ-
uals studied previously for other reasons. These

stored samples need not be from parent/child
triads initially, but triads will be needed at a later
stage.

A number of research organizations are stor-
ing samples that would be appropriate for studies
of mutations using new DNA techniques. The Na-
tional Cancer Institute for example, is storing
blood samples from cancer patients who have
been treated with drugs and radiation, and the
Radiation Effects Research Foundation has stored
blood from Japanese citizens who were exposed
to atomic bombs. In both of these cases, DNA
is stored according to an established technique
that uses Epstein-Barr virus to transform lymph-
ocytes, thereby “immortalizing” the cells so they
can be grown indefinitely. The transformed cells
can be frozen for the long term in liquid nitro-
gen. Both sample preparation and long-term stor-
age costs are substantial. With currently available
technologies, it is unlikely that large numbers of
samples will be stored. This limits the number and
variety of samples available for validation studies,
and also for later studies of people exposed to po-
tential mutagens.

SURVEILLANCE AND DISEASE REGISTRIES

The methods and aims of disease surveillance
have developed based on experience in infectious
disease control. Reporting of vital statistics, in
particular births and deaths for calculating birth
and death rates, is also a form of surveillance. Sur-
veillance of noninfectious diseases is a relatively
recent development, with roots in the desire to

track the incidence of cancer. Although the first
national cancer surveillance system, which cov-
ers about 12 percent of the population, was put
in place as recently as 1972, New York State in-
stituted a reporting system for cancer cases in
1940, and Connecticut followed the next year.
There are now dozens of cancer surveillance sys-
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terns operating around the country and interna-
tionally, covering a range of populations from
counties to whole countries (145).

Information about individual patients in can-
cer surveillance systems forms the basis for “can-
cer registries. ” The routine output of registries
consists of cancer rates by sex, age, and race
(where applicable) for each cancer site. Registries
also are an important source for researchers in-
vestigating hypotheses about cancer causation. In
this sense, cancer surveillance, with information
about individuals recorded on registry forms, is
similar to mortality statistics, with information
about individuals recorded on death certificates.

It should come as no surprise that there are no
“heritable mutation surveillance systems” now in
place. There are, in various places around the
world, registries of birth defects, which include
records of at least some sentinel phenotypes. Be-
yond that, as this report shows, there are at
present no techniques for detecting mutations that
are suitable for use in a large-scale population sur-
veillance program. Because developments have
been so rapid, however, there maybe one or sev-
eral good candidate techniques within 5 or 10
years.

Surveillance traditionally has involved report-
ing, to a central place, information already col-
lected by some segment of the health care system
for reasons directly related to the health of indi-
viduals. Even for infectious diseases, only cases
that come to the attention of physicians are re-
ported. Active “case-finding” in the population
is not a usual feature of surveillance. For chronic
disease, the same is true. Cancers diagnosed by
physicians are entered into registries. Case-finding
programs, such as breast cancer screening pro-
grams, are instituted on the basis of their effec-
tiveness in identifying cases early in the course
of disease, for the benefit of the individual with
the disease.

Infants are examined for birth defects because
of the potential impact on the children and their
parents’ lives, and not mainly for the purpose of
computing the rates of birth defects in a popula-
tion. Testing programs for newborns, including
biochemical tests for metabolic diseases (not nec-
essarily a result of a mutation), also have been

instituted because of their importance to the health
of the individual. Nearly all States now require
testing newborns for phenylketonuria (PKU), and
some require additional tests. For instance, New
York requires testing for PKU, sickle-cell anemia,
and congenital hypothyroidism, which are moder-
ately rare, and also for very rare conditions in-
cluding maple syrup urine disease, homocystin-
uria, histidinemia, galactosemia, and adenosine
deaminase deficiency (102). The tests do not im-
pose an added burden on the newborn, since all
are carried out using the same blood sample.

Cytogenetic techniques have not been used for
population-based surveillance of chromosome ab-
normalities, but some large hospital-born series
of newborns have been tested (102). Most of the
recorded cases of chromosome abnormalities found
in this way might eventually have been detected
later in life because of health and reproductive
problems, but some others might otherwise have
gone undetected.

There is no formula for deciding whether to in-
stitute a surveillance program, but there are char-
acteristics of the disease, of the population, and
of the particular test to be used that contribute
to the decision: 1) the seriousness of the disease
(if the measured endpoint is known to be associ-
ated with a disease); 2) the ability to alter its clin-
ical course after diagnosis; 3) the prevalence of
the disease in the population; 4) the reliability and
validity of the test; 5) the acceptability of the test
to the population; 6) the cost of the screening pro-
gram; and 7) the cost of not screening (i.e., the
cost of treatment and social support). It is worth
considering these factors in thinking about screen-
ing and surveillance for heritable mutations.

The idea of surveillance for heritable mutations
represents a departure from the traditional appli-
cations of surveillance. It appears to be the case
that most heritable mutations are not related to
disease over the course of an individual’s lifetime,
and no predictions useful to the individual can
currently be made about the effect of a heritable
mutation in the absence of recognizable disease,
beyond those that are associated with sentinel
phenotypes and major chromosome abnormal-
ities. As mutation detection techniques become
more and more sensitive, in fact, a greater per-
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centage of the mutations detected may not be re-
lated to a known effect on health.

Heritable mutation surveillance beyond report-
ing sentinel phenotypes will require more than just
a reporting of events already detected. It will re-
quire imposing a test burden on a population for
the sole purpose of collecting information about
mutations that may never affect an individual’s
life. This argues against instituting surveillance.
A reason in favor of surveillance is that it is clear
that increased mutation rates will be looked for

in special populations, those being monitored be-
cause of worries that they have been exposed to
a mutagen. Surveillance systems can provide a
range of estimates of “baseline” or “background”
rates, even though they may be from different
populations. In a more general sense, one of the
original aims of surveillance is relevant: to sub-
stantiate long-term trends and patterns in health
events and to detect changes that may be ad-
dressed by public health action.

MONITORING AND EXPOSURE REGISTRIES

Monitoring is the “long-range observation of
individuals who are at presumptive high risk for
adverse outcomes because of specific life events, ”
(44) in particular, exposures to suspected muta-
gens. The event may be catastrophic, such as ex-
posure at the time of detonation of an atomic
bomb, or a chemical plant explosion. Or the
“event” may be long term, such as an occupational
or an environmental exposure. There are about
two dozen populations around the world cur-
rently monitored for long-term health effects, and
some of those programs include various studies
of heritable mutations.

The most extensive population monitoring, in-
cluding monitoring for mutations, is of the Japa-
nese residents of Hiroshima and Nagasaki, many
of whom were exposed to substantial amounts of
radiation during World War Il when atomic
bombs were detonated in those cities. The popu-
lation around a chemical plant that exploded near
Seveso, Italy in 1976, releasing several pounds of
dioxin, is the subject of health monitoring activi-
ties, including monitoring for birth defects. The
people exposed to methyl isocyanate in Bhopal,
India, will undoubtedly be followed for years to
come. Because these groups were exposed, and
because it is conceivable that something could be
done to alleviate health problems if they are de-
tected early, or if warning signals are picked up,

they are being monitored; the scientific knowl-
edge gained as a result is a secondary benefit.

The most prominent examples of chronic ex-
posures are from occupational activities and toxic
chemicals in the environment. The populations
exposed to hazards often are not geographically
determined, but may be a collection of workers
from around the country. Workers exposed to
radiation in the nuclear power industry are an ex-
ample of this. There are several “exposure regis-
tries” in existence worldwide, though none spe-
cifically because of a perceived increased risk of
mutations. One such registry has the names of all
workers who were exposed to dioxin during the
manufacture of various chemicals in this coun-
try. There also is an international dioxin regis-
try, with names of workers from all around the
world. The registry does not, however, have in-
formation about the health status of those work-
ers. A similar registry for workers exposed to
beryllium exists in this country. A report prepared
for the Nuclear Regulatory Commission in 1980
recommended that a registry be started for work-
ers exposed to low-level ionizing radiation in cer-
tain types of workplaces, because of a possible
increased cancer risk (29). These registries could
be used for monitoring and as a potential popu-
lation to include in ad hoc studies.
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AD HOC EPIDEMIOLOGIC STUDIES

Surveillance, monitoring, medical case reports,
and laboratory research can all lead to hypothe-
ses about possible causes of heritable mutations.
An investigator wishing to test a hypothesis must
find suitable subjects to study, in contrast to a
monitoring activity, where the existence of the ex-
posed population is the reason for acting. A study
should be undertaken only if there is a good chance
of answering the question of interest. Disease and
exposure registries are common sources of indi-
viduals to study, depending on the question.

A cohort design will probably prove the most
useful approach for studies of heritable mutations,
though case-control studies of sentinel phenotypes
may also prove valuable. A cohort study involves
identifying a group of individuals, some exposed
to the suspected mutagen and some not exposed.
The health outcomes, i.e., the presence or absence
of mutations in offspring, of the two sub-cohorts
are compared. A higher rate of mutations in the
exposed group would signify an “association” be-
tween the exposure and heritable mutations. Sta-
tistical tests are applied to the results to estimate
the likelihood of the result occurring if in fact there
was no real difference in mutation rates between
the two groups.

In a case-control design, a group of “cases,” in-
dividuals with conditions of interest, e.g., sentinel
phenotypes, is compared to a group of individ-
uals who do not have the condition of interest,
but who are otherwise similar demographically.
The cases and controls are compared according
to their past histories of exposures or other char-
acteristics that might be associated with the mu-
tation and an assessment made as to whether their
histories differ in important ways.

The important question for all studies is not just
whether the exposure is “associated with” muta-
tions, but whether it causes them. That is a diffi-
cult if nearly impossible judgment to make in most
instances, but there are some generally accepted
guidelines for evaluating the likelihood of an asso-
ciation being causal based on epidemiologic evi-
dence. These are:

1. Consistency: The association is observed in
studies by different investigators, at differ-

ent times and in different populations, and
in studies of different designs.

2. Strength: The size of the effect of an exposure
is the measure of strength of association.
This is usually measured as an estimate of
relative risk (a ratio of the rate of mutations
in an exposed group to the rate in an unex-
posed group). The presence of a dose-re-
sponse relationship, that is, the size of the
effect changes in a logical way with the level
of exposure and in at least some cases, with
the dose rate.

3. Specificity: Specificity refers to the degree
to which the exposure is associated exclu-
sively with the outcome of interest, in this
case a mutation, and the degree to which a
mutation is associated exclusively with the
exposure. The concept of specificity derives
from study of infectious disease and is rele-
vant to the study of mutations (and chronic
diseases generally) only in special cases, for
example, a specific mutation that almost
never occurs in the general population but
appears to be exclusively related to a par-
ticular exposure. While a highly specific rela-
tionship can provide positive evidence for
a causal relationship, a lesser degree of speci-
ficity does not necessarily argue strongly
against causality.

4. Temporal Relationship: The exposure must
occur before the effect. In the case of herita-
ble mutations, the picture is more compli-
cated. See chapter 6 for a discussion of the
timing of exposure for males and females for
a plausible effect on germ cells.

5. coherence: All available information from
medical and biological science, and from epi-
demiologic observations and studies, fits to-
gether in a way that supports the hypothe-
sis. The greater the variety of information,
and types of study designs, the stronger the
finding of coherence.

These criteria are quite stringent, and even in
the best of cases, often cannot be met, but they
are useful as standards.
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POPULATIONS TO STUDY

There are elements in the environment that
damage human health under certain conditions
of exposure. Biologic, chemical, and physical
agents cause acute and chronic diseases in hu-
mans. At present, there are no exposures une-
quivocally known to cause heritable mutations
in human beings. A combination of factors, in-
cluding the rather insensitive methods for detect-
ing heritable mutations that have been available,
and the possibility that human germ cells may not
be very susceptible to some mutagens, probably
contribute to this situation. As a consequence, in-
vestigators looking for the effects of mutagens
must do so in people who have been highly ex-
posed to agents that are very likely to be muta-
genic in germ cells. There are not very many large
groups of people fitting that description, a fact
that many might find surprising.

Radiation= Exposed Groups

Radiation causes heritable mutations in labora-
tory mice and is the most likely potential germ-
cell mutagen to which large numbers of human
beings have been exposed, either intentionally or
accidentally. The largest population with a known
high radiation exposure, the Japanese atomic
bomb survivors, continue to be followed for ef-
fects on cancer incidence, birth outcomes, and
heritable mutations. Heritable mutations have
been studied by clinical observations, cytogenetic
techniques, one-dimensional electrophoresis of
blood proteins, and more recently with the most
sensitive technique of two-dimensional gel elec-
trophoresis of blood proteins (see ch. 3).

A report was prepared in 1980, under contract
to the Nuclear Regulatory Commission (NRC),
that evaluated opportunities for studying the
health effects of low-level ionizing radiation (29).
The report is focused on cancer, but the evalua-
tion methods apply equally to studying muta-
tions. The authors initially identified 100 candi-
date populations. About 30 remained after two
broad criteria were applied: 1) that there be data
identifying exposed individuals, and 2) that there
were at least 10,000 people in a single population
group or one comprising several similar groups.

Those 30 populations were evaluated further, and
recommendations made that if additional studies
were to be undertaken, three occupational groups
and one group with environmental exposure held
out the greatest promise of yielding a reliable re-
sult. Even the best of these, however, has a rela-
tively low power: less than a 50 percent chance
of finding an excess of cancer if it exists. In gen-
eral, this level of power would be unacceptable
in an epidemiologic study. Although political con-
siderations might influence a decision to go ahead
with a study, they do nothing to increase the
power of the method.

The power figures for these studies refer to can-
cer detection, and the probability of detecting
heritable mutations is undoubtedly far lower,
making it unlikely at best that anything could be
learned about radiation and heritable mutations
by studying any of these groups with currently-
available methods.

The report to the NRC contained one other rec-
ommendation, that a registry for radiation work-
ers be initiated. The registry would maintain
information about radiation doses and some in-
formation about other exposures. This recommen-
dation has not been acted on. There are exam-
ples of radiation-exposure registries, but these are
mainly for people acutely exposed accidentally,
and not for the more usual long-term chronic ex-
posures of workers.

Cancer Patients

Treatment for many cancers includes chemo-
therapy with cytotoxic drugs, some of which are
carcinogenic in laboratory animals and mutagenic
in vitro, and treatment with high doses of radia-
tion. There is a growing body of evidence that
cancer patients are at a severalfold increased risk
of developing second cancers, and some of these
second cancers may be attributable to treatment
of the first cancer with drugs and radiation (see,
e.g., ref. 149). Cancer is mostly a disease of old
age, but certain cancers have their peak incidence
in younger people. Hodgkin’s disease, for in-
stance, occurs with greatest frequency in young
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men. Childhood leukemias, some brain cancers,
and tumors with strong genetic components, e.g.
Wilms’ tumor, retinoblastoma, and neuroblastoma,
occur in the first few years of life. As treatment
for these early cancers has improved over the last
two decades, larger numbers of people are sur-
viving, and it is these survivors who are at an in-
creased risk of a second cancer, and possibly of
heritable mutations.

Results from four studies of the offspring of
childhood cancer survivors, and nine studies of
offspring of adult cancer patients have been pub-
lished as of mid-1985. Several other studies are
in progress (82).

The combined published studies represent more
than 700 cancer patients (both male and female)
and more than 1,500 pregnancies, about 1,200 of
which resulted in live births. Four percent of the
liveborn babies had major birth defects, which is
similar to the incidence in the general population.
Two of the liveborn children had cancer. One had
a hereditary bilateral retinoblastoma, as his fa-
ther had. The other, the daughter of a brain can-
cer survivor, had acute myelocytic leukemia. One
child had a condition that could have been the
result of a new mutation, the Marfan syndrome,
which fits the definition of a sentinel phenotype.
Several other children had defects that might have
had genetic components, but none of these rep-
resented sentinel phenotypes.

The largest study of offspring of childhood can-
cer survivors, including about 2,300 individuals
from five population-based cancer registries, is
nearing completion. Preliminary results indicate
no increased risk of cancer in offspring compared
with a control group, but the analysis is not yet
final (82). Another long-term followup study,
with more than 3,300 cases enrolled to date, is
under way in the United Kingdom. No results are
yet available from that study (82).

The findings of a large international coopera-
tive study of second tumors in children treated
for cancers are provocative (142). Overall, 12 per-
cent of children who survive at least 2 years af-
ter a first cancer develop a second cancer some-
time during the 25 years following the first cancer.
Most of the patients in the study were treated with
high-dose radiation therapy. The risk of second
cancers was highest among children with cancers
known to be strongly genetically influenced. In
that group, there may well be a genetic defect that
predisposes to mutations, e.g., a faulty repair
mechanism, which could also be related to a
higher risk of heritable mutations in that group.

Cancer registries are the most numerous regis-
tries of any type, and cohorts of treated patients
and patients with second tumors are relatively
easy to identify, compared with identifying other
populations potentially exposed to mutagens.
These groups should be considered when studies
of heritable mutations using the new technologies
become feasible.

Other Populations

A study of birth outcomes in people who had
attempted suicide by self-poisoning in Hungary
is an example of opportunistic use of available
information (23), A cohort of about 1,300 indi-
viduals who took large doses of drugs in suicide
attempts has been studied since 1976. Early on,
the investigators looked for short-term effects on
somatic cells, using cytogenetic and biochemical
testing. Long-term followup of birth outcomes ex-
amined spontaneous abortions, ectopic pregnan-
cies, stillbirths, low birthweight, and congenital
anomalies. The study suffered a large loss of fol-
lowup of study subjects, but in those evaluated,
no important excesses in any of these endpoints
were discovered.
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CONCLUSIONS

A very important question is answered by sim-
ply observing birth outcomes in people thought
to be at high risk, namely whether those individ-
uals are at risk of having children with serious
diseases and disabilities. The new mutation de-
tection technologies discussed in this report may

greatly increase the power to identify mutations
in studies such as those described above, adding
another dimension to knowledge about the rela-
tionship between exposure to mutagens, the pres-
ence of detectable mutations in DNA, and the ex-
istence of observable health effects.
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Chapter 9

Mutagens: Regulatory Considerations

INTRODUCTION

It is clear from the information gathered in this
report that we are some years distant from being
able to muster convincing direct evidence of any
but very large increases in the rates of heritable
mutations in human beings. The ability to pre-
dict from experimental data which agents are
likely to increase the mutation rate if human be-
ings were exposed has not been put to the test.
Even for the most likely mutagens, the ability to
make quantitative extrapolations is relatively un-
developed, Nonetheless, it is reasonable and pru-
dent to accept that the environment may contain
human germ-cell mutagens and that, to the ex-
tent possible, human beings should be protected
from them at levels that might cause heritable mu-
tations.

lonizing radiation was recognized as a cause of
heritable mutations in fruitflies in the 1920s, and
the Federal Government has since made efforts
to protect workers and the public from excessive

radiation exposure. Widespread concern about the
mutagenic potential of chemicals is more recent,
an issue brought into focus by the environmental
movement that took shape in the late 1960s. While
the potential cancer-causing properties of man-
made chemicals have been the driving force be-
hind environmental health laws, two more recent
laws specifically mention mutation as an endpoint
against which the public should be protected.
About a dozen other statutes include language
broad enough to charge the Federal Government
with the responsibility to protect against herita-
ble mutations. Evidence from current methods for
measuring mutation rates suggests that basing reg-
ulation of environmental agents on carcinogenic-
ity will likely assure protection against heritable
mutations, but new, more sensitive detection tech-
nologies, such as those discussed in this report,
may necessitate a reexamination of that con-
clusion.

FEDERAL INVOLVEMENT IN PROTECTING AGAINST GENETIC RISK

Radiation Protection

In 1928, the newly created International X-Ray
and Radium Protection Commission was charged
by the Second International Congress on Radiol-
ogy with developing recommendations for pro-
tection against radiation (156). The following
year, the Advisory Committee on X-Ray and Ra-
dium Protection was formed to represent the U.S.
viewpoint to the international commission. These
two bodies were the forerunners of the current
International Commission on Radiological Pro-
tection (ICRP) and the National Council on Ra-
diation Protection and Measurements (NCRP),
the latter chartered by the U.S. Congress in 1964.
The ICRP and NCRP have, since their first rec-
ommendations in the 1930s based their accept-
able radiation exposure limits on both heritable
and somatic effects. The limits recommended have

been lowered over the years, reflecting increased
knowledge about radiation effects, and particu-
larly about the effects on the population of low
levels of radiation.

Neither the ICRP nor NCRP recommendations
have the force of law, but by and large, they have
formed the basis for the radiation protection limits
adopted by U.S. regulatory agencies. The first
Federal entity officially charged with providing
the agencies with guidance for developing radia-
tion protection standards was the Federal Radia-
tion Council (FRC), established in 1959. In 1960,
FRC issued recommendations for both occupa-
tional exposure and exposure of members of the
public, which drew on ICRP and NCRP work
(156). Over the years, the National Academy of
Sciences Committee on the Biological Effects of
lonizing Radiation and the United Nations Sci-
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entific Committee on the Effects of Atomic Radi-
ation have also been influential in providing anal-
yses that undergird exposure limits.

The National Environmental Protection Act of
1970 transferred the responsibilities of FRC to the
new Environmental Protection Agency (EPA).
EPA administers several environmental health
statutes under which that Agency is responsible
for setting standards for radiation exposure in spe-
cific conditions. Under its broader responsibili-
ties, EPA has provided guidance for exposure
from diagnostic X-rays, which is the regulatory
responsibility of the Federal Food and Drug
Administration (FDA), and for exposure of ura-
nium miners, who are the responsibility of the
Mine Safety and Health Administration (MSHA).

Agencies other than EPA with responsibility for
some aspects of radiation protection include: the
Nuclear Regulatory Commission, the Department
of Energy, the Department of Defense, FDA,
MSHA, the Occupational Safety and Health
Administration (OSHA), and the Department of
Transportation. The States have responsibilities
as well. Each entity, depending on its specific
charge, is required to protect workers, the pub-
lic, or both in accordance with the guidance pro-
vided by EPA.

The basic occupational and population ex-
posure guidelines have not been revised since
1960. In 1981, EPA proposed new occupational
guidelines (153), in line with 1977 ICRP recom-
mendations (47), but these have not been made
final, and they do not represent a change in total
acceptable dose from the earlier guidelines. They
do, however, place less of the emphasis on muta-
genesis, and relatively more on somatic effects
than do the 1960 guidelines. The ICRP includes
in its risk estimates only genetic effects occurring
in the first two generations after exposure. That
probably accounts for roughly half of the total
genetic effect, whatever its size.

The current occupational exposure limit is 5 rem
total body dose per year, with not more than 3
rem total body dose from occupational exposure
in any one quarter of the year, and a more detailed
breakdown for different groups of organs. The
1977 ICRP recommendations abandon the speci-

fications by organ, and use a weighted whole-
body dose.

Today, almost all radiation exposures of U.S.
workers are well below the regulated limits,
though there are exceptions. The quantitative
limits set by the ICRP and NCRP and adopted
by Federal groups, are accompanied by the
“ALARA principle’ '—that radiation exposures
should be “as low as reasonably achievable. ”

Exposure to the public are to be limited to be-
low 25 millirem (mrem) to the whole body, 75
mrem to the thyroid, and 25 mrem to any other
organ. These levels mainly affect the regulation
of radionuclides in air and the disposal of radio-
active waste. The numbers come from ICRP and
NCRP recommendations, and are based on con-
sideration of both genetic and somatic effects.

Agents Other Than Radiation

Congress formally recognized the need to pro-
tect against chemical mutagens in the Toxic Sub-
stances Control Act of 1976 (TSCA), and again
in 1980 in the Comprehensive Environmental Re-
sponse, Compensation, and Liability Act (CERCLA,
or “Superfund”). These two laws are administered
by EPA, as are other statutes that include broad
mandates to protect the public from environ-
mental hazards. Other laws designed to protect
citizens from external agents under which chem-
ical mutagens could be regulated include the Fed-
eral Food, Drug, and Cosmetics Act, administered
by FDA, the Occupational Safety and Health Act,
administered by OSHA; the Consumer Product
Safety Act, administered by the Consumer Prod-
uct Safety Commission; and the Atomic Energy
Act, through which the Nuclear Regulatory Com-
mission is empowered to protect certain workers
from radiation hazards.

Although it is almost certain that chemicals that
might cause heritable mutations have been regu-
lated, no regulations have been written or stand-
ards set for these agents because of that property.
In a few cases, the mutagenic potential of chemi-
cals has been considered by regulatory agencies,
but carcinogenic properties have driven standard-
setting.
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OSHA has included thorough reviews of mu-
tagenicity data in notices of regulatory actions for
two of the best-publicized chemical hazards of the
1980s: ethylene oxide (EtO) and ethylene dibro-
mide (EDB). Tests for heritable mutagenicity in
Drosophila and experimental mammals have
yielded positive results in at least some systems
for both of these chemicals. While results of
mutagenicity tests are included in the Federal Reg-
ister notices for these chemicals, quantitative ex-
trapolations for both the final EtO standard (152),
and the proposed rulemaking for EDB (151), are
based on protecting against carcinogenicity.

REGULATORY ISSUES

Currently there does not appear to be a scien-
tific basis for the specifics of regulatory action
against mutagens. The following questions face
regulators and the scientific community involved
in mutation research:

1. What is an appropriate regulatory definition
of a probable human germ-cell mutagen and
how does that definition relate to what is
known about mutagens from epidemiologic
studies and experimental studies?

2. Is it possible to derive quantitative estimates
of the risk of heritable mutations in humans
from experimental evidence in animals or
from somatic-cell mutation tests in human
beings? If it is not, what kinds of informa-
tion are necessary before such extrapolation
is possible?

3. How likely is it that a substance will require
a more stringent standard as a mutagen than
it will as a carcinogen or for other toxic
effects?

4. How will information from the new technol-
ogies for detecting heritable mutations that
are described in this assessment change our
perception of the kinds of “adverse effects”
against which regulation should be directed?

The discussion in the remainder of this chap-
ter addresses these questions.

EPA has recognized germ-cell mutagenicity as
a class of adverse effects, particularly in its respon-
sibilities under the Federal Insecticide, Fungicide,
and Rodenticide Act, under which it, in addition
to OSHA, has acted to regulate exposures to EtO
and EDB. Unigue among the regulatory agencies,
EPA’s Reproductive Effects Assessment Group (in
the Office of Research and Development) has pre-
pared guidelines for mutagenicity testing, which
are described later in this chapter.

A Regulatory Definition of
a Germ-Cell Mutagen

Strategies for regulating mutagens to protect
public health cannot today rely on data from cur-
rent studies of heritable mutations in human be-
ings. Just as is the case in regulating carcinogens,
a regulatory definition must serve as a substitute,
particularly for making judgments about the po-
tential risks of new substances.

Certain lessons can be learned from experience
in regulating carcinogens. (For a discussion of the
issues surrounding carcinogen regulation, see
145.) The most convincing evidence for carcino-
genicity, from well-conducted epidemiologic stud-
ies, is that human beings have developed cancer
after exposure to a given agent. If an increase in
genetic disease could be convincingly shown to
be related to a specific agent, there would certainly
be no problem in acting against that agent. The
spirit of the regulatory laws, however, embody
the concept of taking protective action before peo-
ple are harmed. In the absence of direct evidence
from human beings, regulators must rely on in-
direct evidence from a variety of experimental test
systems which will never be absolutely predictive
of effects in human beings. A regulatory defini-
tion of a mutagen will be pragmatic and rely on
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information that it is possible to collect, and on
a number of untested assumptions.

EPA is the first U.S. regulatory agency to have
proposed “Guidelines for Mutagenicity Risk As-
sessment” (154). The guidelines require evidence
of: 1) mutagenic activity and 2) chemical inter-
actions in the mammalian gonad. The decision to
regulate is to be based on a “weight-of-evidence”
determination. EPA has proposed no formal
method for quantitative extrapolation by which
acceptable exposure levels could be set.

According to the EPA guidelines, evidence for
mutagenic activity may come from tests that de-
tect point mutations and structural or numerical
chromosome aberrations. Structural aberrations
include deficiencies, duplications, inversions, and
translocations. In the absence of evidence of
heritable mutations in human beings, evidence
from a variety of experimental test systems may
be invoked. For mutagens that cause point mu-
tations, whole animals tests (e.g., the mouse
specific-locus test) provide the highest degree of
evidence, but these tests are relatively more ex-
pensive than short-term tests, and there is a
limited capacity for laboratories to perform them.
Other tests for point mutations include those in
bacteria, eukaryotic micro-organisms, higher
plants, insects, and mammalian somatic cells.

Structural chromosome aberrations can be de-
tected either in somatic or germ cells in different
assays. The organisms used include higher plants,
insects, fish, birds, and several species of mam-
mals. Mutagens that cause numerical changes in
chromosomes may be missed by the tests that
directly measure DNA damage. Tests specifically
directed at detecting changes in chromosome num-
ber are not as well developed as are those for point
mutations or structural changes in chromosomes.
Tests are in various stages of development in
fungi, Drosophila, mammalian cells in culture,
and intact mammals, including mammalian germ-
cells tests.

Results from tests that measure endpoints other
than mutagenicity directly may also be used in
judging the potential mutagenicity of a substance.
DNA damage, unscheduled DNA synthesis in
mammalian somatic and germ cells, mitotic re-
combination and gene conversion in yeast, and

sister chromatid exchange in mammalian somatic
and germ cells are cited by EPA as tests that pro-
vide evidence known to be correlated with mu-
tagenicity, though they measure other genetic
events.

Evidence from various kinds of mutagenicity
tests is weighted with regard to the relationship
of the test to human germ-cell mutation. Greater
weight will be given to results from tests in: 1)
germ cells over somatic cells, 2) mammalian cells
over submammalian cells, and 3) eukaryotic cells
over prokaryotic cells.

EPA lists two classes of evidence for chemical
interactions in the mammalian gonad: sufficient
and suggestive. Sufficient evidence is from studies
in whole mammals that demonstrate, for exam-
ple, unscheduled DNA synthesis, sister chromatid
exchange, or chromosomal aberrations in germ
cells. Adverse effects on the gonads or on repro-
ductive outcomes after exposure, which are con-
sistent with the substance reaching the gonads but
which do not indicate direct interaction with
DNA, are considered as providing suggestive
evidence.

The final step in EPA’s mutagenicity risk assess-
ment is the weight-of-evidence determination,
which classifies the evidence for potential germ-
cell mutagenicity as “sufficient,” “suggestive,” or
“limited.” In this step, results of tests plus any in-
formation about effects in human beings is evalu-
ated. Sufficient evidence consists of a positive
mammalian germ-cell test. In addition, positive
responses in at least two different test systems,
at least one of which is in mammalian cells, and
evidence of germ-cell interaction, together con-
stitute sufficient evidence. Evidence of lesser quan-
tity and/or quality of both mutagenic response
and germ-cell activity constitute suggestive evi-
dence. Limited evidence consists of positive re-
sults in either mutagenicity assays or tests for
chemical interactions in the gonad, but not both.

EPA'sguidelines became final in September

1985. Currently and for the foreseeable future, the
greatest value of EPA’s guidelines is the recogni-
tion of germ-cell mutagenicity as a legitimate end-
point to consider in assessing the potential adverse
effects of substances in the environment.
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Quantitative Extrapolation

If the levels of risk from suspected human germ-
cell mutagens is to be estimated in the absence of
direct evidence of harm in human beings, data
from experimental systems must be used in a
“guantitative extrapolation. ” The experimental
systems are basically those mentioned in the EPA
guidelines discussed in the previous section, and
those discussed elsewhere in this report. The three
categories of tests are: 1) whole animal heritable
mutation studies; 2) animal somatic-cell mutation
studies, either in vivo or in vitro; and 3) human
somatic-cell mutation studies, either in vivo or in
vitro. Unfortunately, the kind of information (i.e.,
measures of human mutations) that would link
results from these three categories of tests to hu-
man heritable mutations is scanty. It is encourag-
ing, however, that using tests available now, such
information can be generated at least for some
substances. For EtO and EDB, for instance, mu-
tagenicity data are available in both somatic and
germ-cell systems in animals, and some somatic
cell (cytogenetic) data are available from human
beings exposed at known occupational levels.

Obtaining more information to fill in the ar-
rows of the extrapolation “parallelograms” pre-
sented in chapter 7 of this report should be a high
priority for regulators. In fact, EPA’s Reproduc-
tive Effects Assessment Group has collaborated
with other groups in the Federal Government to
fund such studies (168). Without the kind of in-
formation that would come from coordinated
studies in several test systems, there is little chance
of writing a successful regulation that limits ex-
posure to a specific level (short of a complete ban
for an agent acknowledged to be unacceptably
risky at any level). Given the experience with car-
cinogens, a regulation that states an exposure level
without adequate experimental evidence and the-
ory behind it will not survive a court challenge,
which, in the United States today, appears to be
the final test of a regulation.

Even with good experimental data, some of the
same problems that plague extrapolating from ani-
mals to humans to determine acceptable exposure
levels for carcinogens are certain to hinder quan-
titative extrapolation for estimating levels of
mutagenic risk at specific levels of exposure. In

carcinogen extrapolation, there still are unresolved
controversies about the appropriate conversion
factors between species and about the shape of
dose-response curves. The latter is important be-
cause most animal bioassays test extremely high
doses in relation to the animals’ body weights,
while humans are generally exposed at lower
levels over longer periods of time. Though the de-
tails of extrapolation for mutagenicity differ from
those for carcinogenicity, the problems will un-
doubtedly be similar. Right now, there is not
enough information about the relationships be-
tween results in various test systems to address
intelligently the practical problems of actually per-
forming extrapolations.

Given the appropriate information, it may be-
come possible to carry out quantitative extrapo-
lations for mutagenicity. When the time comes,
the regulatory agencies will need to require that
the appropriate tests are done, either by manu-
facturers or by the Federal Government. The test-
ing requirement may take various forms, which
may vary by statute.

Mutagenicity and Carcinogenicity

As mentioned previously, while the regulatory
apparatus exists for acting against human germ-
cell mutagens, in fact no regulations based on
germ-cell mutagenesis exist except for radiation
exposure limits. There are several reasons for this.
First, there are no proven human germ-cell muta-
gens, and only a limited number of presumptive
human mutagens known from animal tests. Sec-
ond, it has often been thought that regulations
based on demonstrated carcinogenicity would
automatically protect against mutagenicity as
well. In fact, however, this may not always be
true. Voytek (167) reported a preliminary assess-
ment indicating that the risk of heritable genetic
disease in the first generation after exposure to
EDB was greater than the lifetime risk of cancer
in the exposed individuals, based on an extrapo-
lation from animal data.

It is widely held that a somatic mutation is a
necessary step in the development of cancer.
Many substances that are mutagenic in bacteria,
in cells in culture, and in Drosophila also are car-
cinogenic in laboratory rats, mice, or both. Short-
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term tests based on mutagenicity in these lower
organisms are therefore used as screens for car-
cinogenicity. The most widely used screening test
for carcinogenicity is the Ames test, which meas-
ures mutagenicity in strains of the bacterium
Salmonella. Under some statutes (e.g., TSCA),
negative results in short-term tests, meaning that
the substance is not mutagenic in those systems,
can obviate the need for a long-term bioassay, a
savings of up to $1 million to a manufacturer
(145). Positive results in short-term tests, mean-
ing that the substance is mutagenic in these sys-
tems, have not been accepted as a basis for regu-
lation under any statute, but they have probably
halted the development of new chemicals. Man-
ufacturers know that positive mutagenicity tests
may trigger the requirement for a long-term bio-
assay, which in a high proportion of cases will
turn out positive. The product, whatever it is,
might never get to market. Rather than risk a fi-
nancial loss, many manufacturers simply will not
proceed with that product.

New Methods for Measuring Mutation
Rates and Their Potential Effects on
Regulation

The new techniques for detecting heritable mu-
tations and the somatic-cell techniques that even-
tually may be used to predict germ-cell mutagen-
esis will lead to the consideration of effects that
are increasingly removed from measurable or even
hypothetical adverse health effects in humans.
Mutagenicity endpoints may be detected that
could be more sensitive than those currently used
to predict carcinogenicity. In the regulatory con-
text, judgments will have to be made, most likely
in the absence of certain knowledge of effects,

about the appropriate actions to be triggered by
demonstrations of various kinds of changes in
DNA, detectable by various analytic methods,
that can be convincingly linked to specific ex-
posures. From a public health standpoint, it is
most appropriate to act under the assumption that
mutations of any kind are deleterious, and that
environmental agents at levels that cause any
reliably detected changes in the DNA should be
subject to available regulatory controls. This does
not get around the problem of defining “safe” or
“acceptable” exposure levels, however. Animal ex-
periments will be needed to explore the quantita-
tive relation between subtle changes detectable
anywhere in DNA and the levels of adverse ef-
fects that might be observed in the animal.

At present, testing for safety is a significant part
of the research and development investment in
new products, whether they are chemicals, drugs,
or food additives; determining the risks of sub-
stances already in the environment is a significant
task for the Federal Government. If they become
available, new mutagenicity testing technologies
using experimental animals could either impose
significant new testing requirements in addition
to those already in place, or could replace some
expensive and not entirely reliable tests for car-
cinogens. Regardless of the methods used to de-
tect mutations, the relation between specific types
of changes in DNA and health effects will have
to be studied experimentally to shed light on the
meaning of a “positive result. ” Until this knowl-
edge is available, the ability to detect an effect
without knowing the likelihood of any health con-
sequences for human beings will remain a thorny
public policy question which scientists, regulators,
and politicians must address.
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Appendix A

Federal Spending for Mutation Research

A quick review of the origins of biotechnology il-
lustrates the difficulty of identifying the specificareas
of research that would further our knowledge of hu-
man mutations, and, in turn, the problems of estimat-
ing the current amount of Federal expenditures for such
research.

In 1968 and 1969, Hamilton O. Smith, a microbiol-
ogist at Johns Hopkins University, had no thought of
studying human heritable mutations. No venture cap-
ital firm was looking for biotechnology companies to
invest in, and had it been, it would have been dis-
appointed. No such company existed,

Smith was studying how some bacteria can take up
molecules of DNA from their growth medium and
recombine it into their genetic material. He knew that
the bacteria would not take up DNA from other spe-
cies of bacteria or from viruses, and he added some
viral DNA to the experiment expecting that it would
remain inert and intact while the bacterial DNA un-
derwent recombination. Instead, the viral DNA was
rapidly degraded. Looking at that result, Smith hy-
pothesized that a bacterial enzyme(s) could discrimi-
nate between foreign DNA (from the virus), which it
degraded and self DNA (from the same kind of bacte-
ria), which it left alone. He purified the enzyme and
showed that it recognized particular sequences of
nucleotides on the viral DNA and cut it at those sites
(128).

These experiments, which identified and character-
ized the first known restriction enzyme, opened the
door to the discovery of hundreds of others. The use
of restriction enzymes, allowing precise cutting of
DNA and precise joining of DNA pieces from differ-
ent parts of an organism’s genome as well as joining
of pieces from different organisms, led to fundamen-
tal advances in the basic approach of research in
molecular biology and genetics (146,147). Accord-
ingly, these enzymes are basic ingredients of the new
technologies for studying human heritable mutations
described in this report,

However, someone in 1969 who had tried to iden-
tify research projects that would contribute to our un-
derstanding of human mutation rates would almost
certainly not have included Smith’s. His was basic re-
search directed at understanding the mechanism of
recombination in an organism far removed from hu-
mans. This OTA report provides additional examples
of the difficulty of estimating how much money is be-
ing spent on research that may be important to un-
derstanding human mutations.

Current Federal Expenditures for
Mutation Research

OTA queried Federal research and regulatory agen-
cies about their support of research directed at under-
standing human mutations. Questions were asked
about the amount of money spent specifically on hu-
man mutation research and the amount spent on “re-
lated” areas of biological research. The first category
was tightly defined—the research had to focus on de-
velopment or applications of methods for detecting
and/or counting human somatic or heritable mutations
in vivo. The category of “related” research was much
broader, including studies examining genetic contri-
butions to such common diseases as diabetes and ar-
thritis, studies of mutagenesis and repair mechanisms,
development of instruments for measuring cellular ef-
fects of various kinds, and tests for mutagenic activ-
ity in lower organisms as well as in cultured human
cells.

The expenditures shown in table A-1 must be treated
with some reservation about their accuracy, the total
of $14.3 million estimated as the amount spent on hu-
man mutation research being more precise than the ap-
proximately $207 million estimated for related genetic
research. The $14.3 million may be an overestimate—

Table A-1.—Federal Expenditures for Research
Related to Human Mutations

Human Related
mutation genetic
Federal agency research research
Department of Energy $ 6,220,000"$ 30,123,000
Department of Health and Human
Services:
Centers for Disease Control 277,000 1,387.000
National Institutes of Health, 7,244,000  156,959,000C
Food and Drug Administration 1,200,000
Environmental Protection Agency 606,000 1,189,000
National Science Foundation 0 16,336,000
T 0 t a | 14,347,000 207,194,000

aThis includes $1.850 000 (orhalf of the total $3 700, 000 at current exchange rates) spent annu-

ally for the U S contribution to the Radiation Effects Research Foundation the group that coor-
dinates ongoing genetic studies of the survivors of the Nagasaki and Hiroshima bombings and
their offspring

Thistotal was obtained by inspecting grant tities and readinggrant abstracts !o identify those

that focused on human mutation research
CThis figure 1s the budget for the Genetics Program n the National Institute Of General Medical

Sciences It does not include all genetics research at NIH some of which goes on m other Institutes
SOURCE Off Ice of Technology Assessment

721
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some projects studying clinical effects of mutations

may provide no information about detection—and the
$207 million for related genetic research is probably

an underestimate, since much genetic research is sup-
ported by parts of the National Institutes of Health

(NIH) not queried. For comparison, the total NIH

budget for the fiscal year 1985 was about $4 billion.

Most of the NIH funding for mutation research is di-
rected at identifying mutations in at-risk families
(where specific tests for specific mutations are appro-
priate), whereas DOE supports a search for more gen-

eral methods to detect mutations.

Successes of the research efforts in human mutation
research and related genetic research will probably
generate a requirement for additional funding in the
near future. It will be a costly venture to take any new
technique (such as those described inch. 4) and apply
it to studies of populations sufficiently large to pro-
vide a good possibility of yielding information about
human mutations. For instance, the ongoing monitor-
ing of the Nagasaki and Hiroshima populations using
clinical examinations and protein analyses (see ch. 3)
costs about $3.7 million annually to the U.S. and Jap-
anese governments together (48).
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Two-dimensional denaturing gradient gel
electrophoresis, 55, 61-64
Two-dimensional polyacrylamide gel
electrophoresis, 56-57
2DGGE, see Two-dimensional denaturing gradient
gel electrophoresis
2-D PAGE, see Two-dimensional polyacrylamide
gel electrophoresis
Tyrosine, 27, 47

United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR), 113-114

U.S. Congress, 4, 15, 16-19, 113; see also U.S.
Government
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U.S. Government

efforts to protect humans from radiation,
113-114

expenditures on mutation research, 15, 18, 117,
121-122

regulation by, 15, 17, 113-118

role in mutation research, 4, 5, 15, 16-19,
113-118

see also U.S. Congress and specific Federal
agencies

Validation of measurement techniques in
epidemiologic testing, 104

Valine, 26, 27, 29

Viruses, effects on DNA, 23

White blood cells, somatic mutation studies on,
73, 74-76

Whole mammal tests, see Specific locus tests;
Heritable translocation tests

Wild-type mice, 82-83

Wilms’ tumor, 7, 31, 109

Xeroderma pigmentosum, 32

Yeast, 81, 92, 116



