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ABSTRACT 

The possibility exists that man may inadvertentiy modify the integrity of the 
human gene pool by exposure of sections of thecommunity to synthetic chemical 
mutagens. It is now relatively easy to define chemical mutagens in vitro, but it is 
still expensive to demonstrate carcinogenicity for a chemical in experimental 
animals. As yet it is impossible to assess the significance of either type of data to 
the human genome exposed to such chemicals either as an individual or as a 
population. The simplistic solution of avoiding human exposure to all chemical 
mutagens is not consistent with 20th century economy, nor would it be 
justified even if possible. A need therefore exists to delineate means by which 
populations (and individuals) may be assayed for signs of possibly chemically 
induced genetic changes. 

The present paper discusses some of the human surveillance methods currently 
in use or under development, with particular reference to the one most used at 
present, cytogenetic analysis of the peripheral lymphocytes of exposed popu- 
lations. Attention is given to current problems, the major of which are non- 
technical, but rather associated with the interpretation of acute changes in terms 
of possible chronic changes in the phenotype or permanent changes in the 
genotype of those exposed. 

1 INTRODUCTION 

The economies of developed countries are inextricably linked with synthetic 
chemicals, and the substance of man and his environment is wholly chemically 
based. It is therefore important to accept that man represents organized islands 
of chemicals set within an ocean of foreign chemicals; interactions between these 
two chemical populations are therefore inevitable. Some environmental chemi- 
cals, together with some man-made ones, are carcinogenic and mutagenic to 
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mammals, and exposure to these, if they can be identified, is best avoided. Until 
recently the possible genetic effects of exposure to 'chemicals' was not perceived 
as a significant human problem, but the sudden increase over the past three 
decades in the variety and volume of synthetic chemical production has focused 
attention on this prospect. 

It has to be stated at the outset that the techniques and experience required for 
the assessment of genetic effects produced in man by exposure to single chemical 
agents are only now becoming available; thus, a discussion at this stage of the 
techniques required for estimating the net genetic effect of exposure to mixed 
chemical environments is somewhat premature. Within this context only an 
assessment of techniques suitable for single agent monitoring has been made 
herein, together with some general considerations that may pertain to their use in 
mixed chemical environments. 

2 DISCUSSION 

Three major problems currently beset the definition of the normal (control) 
genetic status of the human cells that may be employed experimentally to 
determine possible chemically induced genetic changes therein. 

(1) The genetic event or change being monitored is usually already evident in 
control populations. For example, the level of chromosomal abnormalities 
in human lymphocytes, although low, is always positive. Likewise, the use of 
more empirical markers such as the mutagenicity of urine or the alkylation of 
macromolecules has to be measured with respect to a background level that 
is seldom, if ever, zero. These background incidences impose the need for 
detailed control studies being conducted before any possible chemically 
induced changes can be determined with confidence. 

(2) The above-mentioned finite control incidences are not constant with time or 
between individuals. 

(3) Often, the end-point being monitored for change has not been studied in 
detail before; thus control data are generated coincidentally with exposure 
data, which are themselves variable. This is exacerbated by the inevitable 
refinement of assay techniques (which often leads to changes in control rates) 
and the noa-uniform method of reporting data- The latter problem is of 
particular importance in human cytogenetic studies. 

The above general considerations will probably apply to all systems of human 
surveillance, and some of these will be discussed later. However, the largest data 
base available concerns the blood lymphocyte cytogenetic assay, both in its 
original and detailed form, and in the more recent adaptation of monitoring sister 
chromatid exchanges (SCEs). An analysis of this extensive data base forms the 
major exemplary section of this paper. 
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3 HUMAN SURVEILLANCE CYTOGENETIC ASSAYS 

Opinions differ as to the usefulness of cytogenetic surveillance techniques. 
Purchase (1978) proposed that in cases where humans are working in the vicinity 
of an established mammalian genotoxin it would be prudent to limit exposure to 
a level that did not affect their normal chromosome morphology. The 
implication is that chemically induced increases in chromosomal aberrations 
might be taken as evidence of a possible carcinogenic/mutagenic hazard to the 
exposed population (Hamden, 1976). In contrast, a recent GENETOX review of 
cytogenetic assays (Preston et a/., 1981) concluded that the observation of an 
increased incidence of chromosoma~ aberrations in the peripheral blood 
lymphocytes of populations exposed to xenobiotic chemicals provided only 
evidence of a clastogenic phenomenon. Recent discussion of the term genotoxin 
(Bridges, 1984) is timely, and it could be interpreted to encourage the concept 
that an assay for chromosomal aberrations can only yield clastogenicity data; 
however, the approach taken by Purchase and by Hamden represents an 
acceptable compromise given the current state of uncertainty regarding the 
aetiology of environmentally associated human cancers and the as yet unrealized 
possibility of chemically induced human germ cell mutations. 

Of more immediate relevance are the scientific integrity and credibility of the 
average human surveillance cytogenetic study: an initial survey revealed such 
disparate study protocols and positive study criteria that a more detailed review 
was undertaken. The present paper considers the data and conclusions drawn 
from 113 human surveillance studies published between 1965 and 1984. The 
literature search was conducted using key wordsa; therefore, some relevant 
studies may not have been accessed, nonetheless, the large majority of the 
relevant literature has been considered. 

The results of the 1 13 human surveillance studies considered are displayed in 
Table 1. The information available for particular studies is often scanty, but the 
presentation of such inadequate data was considered necessary in order to 
present an accurate picture of the current status of this discipline. It is hoped that 
this compilation itself will prove instructive; the ensuing discussion is focused 02 
a few derived issues of current relevance. 

3.1 Presentation of Chromosomal Aberration Data in Table 1 

Buckton and Pike (1964) and Savage (1976) have described systems for the 
categorization of chromosomal aberrations induced by radiation. The first 
system is employed in Table 1 with the additional category of total aberrant cells 

* The Chemical Abstracts and Science Citation Index computer files were searched for papers 
containing within their titles one word from each of the following two groups: lymphocyte, SCE, 
sisterchromatid, sister chromatid, chromosom, cytogene, mutagen, rnutat and clastow; &top ,  
human, roan, worker, occupation, industr, vim, epidcnuolog, study. 



Table 1 Analysis of 1 1 3 published papers relating to chemically induced clastogenic changes in the lymphocytes of man (see separate 
reference list). Categories ofcytogenetic damage are described in the text. s = smoker; ns = non-smoker; E = exposed group; C = control 
group. Five categories of control group are used: MC, matched control; SC, site control; EC, external control; HC, historical control; and 
IC, internal (same person pre-exposure) control. These data were re-analysed from the original according to the classification of Buckton 
and Pike (1964) as amended by Scott et d. (1983). The incidence of chromosomal or chromatid gaps (g) is unclear in the report of many 
studies; consequently, some of the Tot Ab ( %) data included in Table 1 may be incorrect as we assumed the inclusion of gaps in cases 
where the control values for total aberrations reported seemed high with respect to the majority of the data base. The majority of the SCE 
data are presented as the mean value Â SD per cell. In some cases these were calculated from the individual values presented in the paper. 
On some occasions a range is given because it was not possible to derive a mean value. References to the studies are numbered 
chronologically, but alphabetical within each year (see separate reference list at the end of the table). The 113 studies are listed alphabetically 
by chemical in the table, and chronologically within a particular chemical environment. Thus, the vinyl chloride studies appear towards the 
end of the table in the order in which they were published 

Chromosomal aberrations 
Period Time Authors* 
of since wnclu- Smoker C,, C, Tot Ab Tot Ab SCEsÂ±S 

Chemical exposure exposure sion effect Group No. (%) (%) (%) +g (%) per cell Ref, 

Arsenic 

Asbestos insulators 27 yr 

Asbestos 

Bisfchloromcthyl) 2 yr 
ether (BCME) 

BCME (quotes 3 Yr 
Zudova unpublished) 



Benzene 

Benzene 

Beczene 

Benzene spillage 

Benzene 
(0.2-124 pp~n) 

. . 
BeDzidue derivatives 

Cadmium 

Cadmium 

Chemical laboratory 
workers (also data, 
not shown, for 
children of fun& 
workers) 

1-18 yr 

1-20 yr 
2-12 yr 

7 h  

4-18 yr 

4-19 

3-6 yr 

1-34 

10 yr 

ND 

ND 

ND 

- 31yr  

Chronic 

Chloroprene 

Various . 

0.5yr . 
0.5yr - 

3 m 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

18.4 
15.6 
19.9 
14.0 

Increase 
Normal I 

No increase 53 
Normal 
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Chromosomal aberrations 
Period Time Authors' 
of since conctu- Smoker cÃ C, Tot Ab Tot Ab SCEsÂ±S i? 

Chemical exposure exposure don effect Group NO. (%) (%) (%) +g (%) per cell Ref. f 
8.08k2.7 78 2 
6.6 Â 0.8 
5.48-11.13 79 
5.0% 726 
Increase 
Normal 

i 
86 8 

i? 

3.4 
1.7 

Increase 
Normal 
Increase 
related to 
urinary Cr 
Normal 
1.71 
1.67 
3.1 
1.9 
1.7 
2.4 
4.1 
4.6 

Cr/Ni plating 

Increase 
Normal 

10.8 Â 0.6 
10.5 Â 0.3 
8.2 Â 0-2 
8.9 + 0.4 

11.0 
12.0 

Cr/Ni welders 

Stainless steel welders 4-30 yr 0 
(Cr/NiI 

0 

Coal tar workers also ND 
exposed to ascorbic 
acid ( A 4  

hophy- - 
lactic 
effect 
seen 

Coke-oven emissions 30 yr 

Cytostatic drug ND 
(cancer patients; OCNU) 
( +smoking) 



Cytostatic drugs Various 

2 d 

1-10 yr 

0-4m 

Cytostatic drug 
(Treosulfan; 2 days) 

DDT 
(insecticide) 
2,4-Dichlorophenoxy 
acetic acid (2,4-D) Only effect 77 

of smoking 
seen 

61 
Diesel fumes 

( + smoking) 

EDTA + pesticides 
+tanning agents 

Epichlorohydrin 6 m  0 
(0.4 mg/ml) 
Epoxy resins 3-10yr 0 
(high and low MW) 
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Chromosomal aberrations 
Period Time Authors' % 
of since conrh~- Smoker Cu C, Tot Ab Tot Ab SCEsÂ±S % 

exposure exposure sion effect Group No. (%) (%) (%) +g (%) per cell Ref. 6 -  Chemical 

1-8 fl 0 

1-3 
Varied 0-6 m + 

Ethylene oxide 

MC 
High E 
Low E 
sc 

Ethykne oxide 
(Plant 111) 

Varied 0 Ethylece oxide 

Ethylem oxide 

Ethylene oxide 
Ã ‡  pipm) 

Ethytenc oxide 
sterilizer 

Formaldehyde 

y-Radiation fl^Ir) 

pRadiation 

, .67 
, .07 
ncreasc 
'formal 

Normal 
Normal 



Insecticide and 
herbicide spraying 

El 16 
E2 26 
1C 16 
El (insect.) 16 
E2 (herb.) 26 
1C 16 

Indium, see y-radiation 
Lead (manufacture) ND 3.03 

3.3 
3.3 
5.46 
4.61 
3.3s 

Increase 
Bincrease 
Normal 

Lo6 2.53 
1.03 3.78 
0.50 1 5 3  
5.0 14.16 
0.4 1.4 

4.1 Increase 
2 3  Normal 
4.1 11.4k0.4 
2.4 9.8 Â 0.3 

8.42 
8.65 

Lead 

Lead: smelting 
handling 
0 

Lead (smelting) 

Lead (smelting) 

Lead (smelting,) 

Lead-exposed children ND 
(0.4 mjm\ urine; 
control 0.16 &mi urine) 
Lead >2yr > 

Unclear ND 
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Chemical 

1̂  
Chromosomal aberrations 

Period Time Authors' 
of since d u -  Smoker C,, C, Tot Ab Tot Ab SCEaÂ±S k 

exposure exposure effect Group No. (%I (%I (%I +g (%) per cell Ref. 2 
Mercury 2-11 yr 0 - - High E 4 0.25 1.0 3.76 

Low E 24 1.38 1.92 4.79 
SC 8 247 3.49 8.28 
EC 12 1.40 2.32 3.86 

ND E 12 0.5 0 0.5 1.5 
C 15 0.2 0 0.2 1.3 

Mercury vapour (mean 5-7 yr 0 
3 Jig/ml in blood; 
controls 0.6 &ml) 
Nickel refinery 21 Yr 
(NiO/Ni&) 25 ~r 

21 yr 
Nickel plating, 
see Cr/Ni plating 
Nickel welding. 
see Cr/Ni welding 

Paint industry 1-43 yr 0 
(tolucne/xylcne) 

Pentachlorophcnol ND 
Na salt 

Petroleum workers ND 

+ ND HighE 9 
(taps) Low E 10 

sc 7 

E 5 (SCE17) 1.6 337 5.57 
MC 5 (SCE17) 0.8 3.67 6.27 

+ E (8)  22 0.73 1.09 3.29 
c (8) 9 0.27 0.52 156 
c (m) 13 

+ E 22 Increase 
C 22 Normal 

ND E 7 
c ? 

8.87 
8.83 
9.4 + 1.6 
8.9 Â±1 
7.6 Â ft9 

Normal 
Normal 
Increase 
Normal 



Petroleum workers > 10 yr 0 

Petroleum workers Various 0 

0 

Petroleum â€˜tas 
cleaners 

Pbcnoxy-acid 4m 
herbicide sprayera 

Rubber industry 
Rubber industry 

Increase 
Increase 
Normal 
4.7 
59 
3.8 
3.4 
6.0 
6.6 
4.9 
4.0 

16.6 
1.8 
3.8 
5.5 

15.1 
2.0 

16.2 

Rubber workers 

Rubber worken 
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Chromosomal aberrations 
Period Time Authors' 
of since wnclu- Smoker cÃ C, Tot Ab Tot Ab S C b Â  SD 

Chemical exposure exposure sion effect Group No. (%) (%) (%) +g (%) per cell Rrf. 

styreme 

styrene 

7.0 
5.3 
3.6 
2.9 
3.3 
3.6 

Increase Increase 
(high 
wosure) 
Normal fl 

15.14 Â 0.46 84 
^ 

9.72 Â 1.48 

Normal 
44.0 
4.5 

0.43 
micronucici 

0.37 
1.3 1 
1.00 
0.87 
1.13 

Styrene (Plant VI) 1-22 yr 0 

Styrcne(13ppm) 8yr o 



styrcnc 
(mean 13.2 ppm) 

18.1 6.7 
14.3 7.3 
23.2 6.5 
153 5.6 
3.50 
3.65 
7.5 
2.7 
No increase 
No increase 
Normal 

2.5 8.7+ 1.0 
1.7 8.0+ 1.1 
1.9 9.1 
3.1 9.6 
3.1 9.7 
2 3  7.9 
25 7.5 
2 3  8.0 
3.61 10.3 + 0.5 
119 8.9k0.4 
3.16 8.5 kO.3 
2.68 7.7 Â±a % 

Increase 82 
g 

Normal 
9.7 Â 3.2 
7.9 Â 29 55 1 
9.04Â±4. 54 e. 
7.9 + 2.9 

: i 
F 

2 

Sulphite (wood pulp) 15 yr 

TCDD (Scveso) Acute ND 
and 
chronic 

1 .o 
2.5 
1.8 
1.0 
1.4 
1.3 
1.00 
0.57 
0.79 
0.49 
Increase 
Normal 

Toluene 

Toluene 

Toluene 

Trichloroethylene 

~richloroethylene 

Vinyl chloride 

Vinyl chloride 
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Chromosomal aberrations Â¥s 
Period Time Authors' 

since cooclu- Smoker 
ih. 

of Cu Tot Ab Tot Ab SCEskSD !S 
Chemical exposure exposure sion effect Group NO. (%) (%) (%) +g (%) per cell Ref. 1. 
Vinyl chloride 

Vinyl chloride 

Vinyl chloride 

Vinyl chloride 

Vinyl chloride 

High E 
c 

Vinyl chloride 

Vinyl chloride 

Vinyl chloride 2 Yr 
(controlled 10 mK/m3 
from start of 3 ~r 
exposure) 

1 .OS 
Not done 



Vinyl chloride Long-term 0 

Wetding, 
see Cr/Ni welding 

Zineh (fungicide) ND 0 + ND E ? 5-98 7 
c 7 1.00 

ND = not determined. 
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[Tot Ab + g(%) ] as recommended by the UKEMS subcommittee (Scott et ad,, 
1983). Most investigators have adopted the system of Buckton and Pike for the 
classification of induced damage, although a few refer to breakage frequency 
which classifies dicentrics, etc., in terms of break equivalents (Hirschorn and 
Cohen, 1968). Unfortunately, the detail in which the Buckton and Pike 
classification is employed varies considerably between studies. Some investi- 
gatorslist only breaks, C_or C@s, total C cells, or only total aberrant cells, etc. 
Further, whether or not gaps have been included is often unclear. When the 
present data as reported by individual investigators were tabulated, few useful 
correlations were evident. We therefore re-analysed the aberration data reported 
according to the classification of Buckton and Pike, as enlarged by Scott et al. 
(1983). In some case; this was made difficult by the paucity of data presented, or 
by the fact that in a few instances we were working from preliminary 
communications or translations of somewhat obscure foreign publications. The 
classification of aberrations adopted in Table 1 is therefore imperfect, but it 
enables data to be compared between studies and provides a mean value for total 
aberrant cells (- g) across the control groups from 60 studies of 1-42 % k0.96 %. 
This therefore provides an approximate historical value for the percentage 
frequency of aberrant cells in normal human lymphocytes. The corresponding 
value for SCE across 47 of the present studies was 8,125 1.82perceil. The central 
collection and collation of control data from all laboratories that routinely 
conduct these assays would provide an invaluable reference data base. Further, 
general adoption of the standardized reporting format recommended by the UK 
Environmental Mutagen Society (Scott et uf., 1983) should alleviate many of the 
problems encountered in this survey. 

3.2 General Consideration of tee Data Base in Table 1 

Forty-two discrete chemical environments are described in Table 1; of these 
about 75 % have at least one positive study associated with them. Most repeat 
studies are associated with exposure to vinyl chloride, styrene, benzene, and 
ethylene oxide. Each of these agents is clearly clastogenic to humans. Improved 
industrial hygiene measures have resulted in a decrease of vinyl chloride back to 
control levels in some studies. Likewise, brief or low exposure to benzene appears 
to carry no dastogenic penalty. These and other studies have illustrated two uses 
of human cytogenetic studies to monitor the effect of changes in exposure 
pattern. The first concerns the decreasing clastogenic effect with increasing time 
since the last exposure to vinyl chloride or dimethytformamide (see DMF in 
Table I), and the second, the marked prophylactic effect of ascorbic acid on the 
clastogenicity of coal tar to exposed workers (see coal tar, Table 1). The 
clastogenicity of DMF to humans is very surprising given its experimental non- 
genotoxic status (de Serres and Ashby, 1981). 

An interesting trend in Table 1 is that all of the established human carcinogens 
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studied gave a positive response (vinyl chloride, asbestos, BCME 
(bisfchloromethyl) ether), chromate handling, nickel refining, arsenic, benzene, 
benzidine derivatives, coal tar, y-radiation, and the rubber industry). These 
positive observations focus the initial negative findings for several agents recently 
suspected of being possible human carcinogens such as formaldehyde, ac- 
rylonitrile, epoxy resins and TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) (all of 
these agents are referred to by these names in Table 1). Equally, the clastogenic 
activity seen in individuals exposed to epichlorohydrin and styrene, for example, 
should act as the stimulus for continued cancer epidemiology studies. 

Smoking appears to be a key confounding factor in human cytogenetic studies. 
Although no clear pattern emerges for the clastogenic consequences of this habit, 
the carcinogenic consequences are dear and it generally, but not always, leads to 
an increase in SCE. Smoking also appears to have an enhancing effect on the 
clastogenicity/SCE-inducing activity of some carcinogens, and this is consistent 
with current cancer epidemiology. By far the best study describing the SCE- 
inducing/enhancing effects of smoking is that of Soper et al. (1 984). 

Chromosomal gaps can occur at high incidences; thus their inclusion or 
otherwise by investigators can affect dramatically the total incidence of 
aberrations recorded. Unfortunately, however, many investigators fail either to 
record them or to make clear if they have or not. In Table 1 we have assumed the 
incorporation of gaps in several cases (in references 18 and 65), but have assumed 
their neglect in other studies (in references 7 and 54). However, the criteria we 
adopted for these decisions would have led us to assume that the data in reference 
44 excluded gaps when in fact it included them. Caution is therefore indicated 
when using the data in Table 1 to discuss the effect of scoring for gaps. Some 
agents (e.g. nickel subsulphide) seem particularly prone to gap induction in the 
absence of chromosomal aberrations or SCE (reference 80 in Table 1). 

Finally, an external historical control data base for chromosomal aberrations 
and SCE is needed to check new studies. This would also help to refine assay end- 
points. For example, concern must be expressed that in reference 109 of Table 1, 
an increase in SCE/cell from 8.5 to 9.2 was regarded as positive, while in reference 
110 an increase from 5.4 to 6.5 was regarded as negative. Again, the reader is 
referred to recent papers on this subject (Carrano and Moore, 1982; Soper et al., 
1984). Similar concerns also apply to some of the chromosomal aberration data. 
For example, with the present mean Ah, , (  % - g) value from over 60 studies of 
1.42 + 0.96, one must be concerned at why a corresponding control incidence of 
5.7 %should have been observed in the study described in reference 63 of Table 1. 

3.3 Deflation of the Nomu1 (Control) Incidence of 
Chromosomal Aberrations 

Three major problems currently beset the definition of the background (control) 
status of the variable being monitored in human cells, tissues, or the macromole- 
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cules employed experimentally to  determine possible chemically induced genetic 
changes. 

(1) The genetic event or change being monitored is usually already evident in 
control populations. For example, the level of chromosomal abnormalities 
or SCE in the lymphocytes of any individual, although low, is always positive 
(Table 1). Likewise, the use of more empirical markers such as the 
mutagenicity of urine or the alkylation of macromolecules has to be 
measured with respect to a background level that is seldom, if ever, zero. 
These background incidences impose the need for detailed control studies 
being conducted before any possible chemically induced changes can be 
determined with confidence. Such control studies are often inadequate and 
sometimes absent. 

(2) The background incidence of all genetic events varies with time and between 
individuals. Thus, it is not uncommon to find differences between the control 
level of SCEs between repeat experiments to be of greater magnitude than 
that demonstrated between the exposed and the control group in some 
studies reported as positive. Such factors emphasize the importance of an 
adequate number of control observations and appropriate statistical tech- 
niques for data handling. 

(3) Based on the published literature it seems probable that some laboratories 
start to use cytogenetic assays before an adequate control data base has been 
accumulated. This implies sole reliance by the investigators on concurrent 
control values, or literature precedents, and in the usual case of weak 
'chemically induced' changes this makes data analysis difficult. This problem 
is exacerbated by the inevitable refinement of assay techniques (which often 
leads to changes in control rates) and the non-uniform method of reporting 
data. 

3.3.1 Acquisition of Appropriate Control Data Seises 

Table 1 reflects the fact that in most cases control data have been acquired 
alongside test data, there being no generally accessible and agreed data base to 
which to refer. Of the 1 13 studies discussed, 50 had 12 or less control individuals 
and few had 20 or a greater number. The possible dangers of using small control 
groups, especially when reference to intralaboratory historical controls is not 
possible, suggest that major emphasis should be placed in the establishment of a 
central control repository for general reference. 

33.2 Origin of Variations in Control Lewis 

Three sources of variation are apparent for most methods of assaying human 
populations: uncertainty associated with the extent and duration of exposure to 
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the xenobiotic chemical, individual sensitivity, and protocol differences- 
Reference to Table 1 shows that only broad generalizations are made by most 
authors with respect to exposure, and in many cases the issue is ignored 
completely. Some investigators present relatively detailed exposure data, but 
only a few assayed the population before exposure occurred. The second source 
of variability in assay data is that of natural biological variation. This is a 
problem particular to the use of small test groups and limited control data, and it 
has been discussed in detail by Canano and Moore (1982) and by Soper el 01. 
(1 984). 
The third source of variability relates to differences in test protocol between 

individual investigators. Reference to the SCE control data shown in Table 1 
suggests significant interstudy variability. However, in one of the largest single 
studies undertaken to date, Soper et of. (1984) observed a remarkably stable 
control rate of SCEs among 479 individuate of 9.9 (range 5.0-1 7.5) which is close 
to the mean value for the 47 studies shown in Table 1 (8.12 + 1.82). Within this 
context the relatively large interstudy variations evident in Table 1 are probably 
associated more with small sample sizes than with protocol differences between 
investigators. Soper et al. (1984) recently presented data that highlighted how 
different investigators can produce different conclusions from the same SCE 
slides, mean values of between 8.8 and 1 1.2 SCE/ceil being recorded. Such data 
confirm the most fundamental of protocol requirements: namely, that rigid 
calibration criteria are required if more than one cytogeneticist is involved in the 
reading of a study. Clearly, the standardization of test protocols, the acquisition 
of an enlarged historical control data base, and the selection of larger test and 
concurrent control groups are to be encouraged. A more demanding list of 
requirements has recently been delineated by Hook (1 982) in an ICPEMC report 
and by Carrano and Moore (1982). 

3.4 Use of the SCE Assay as a Surrogate for Chromosomal Aberration Assays 

The relative ease of scoring SCE assays has led to their increasing use over the 
past few years in human surveillance studies. Carrano and Moore (1982) have 
outlined the implicit statistical limitation of this technique, but similar concerns 
may apply equally to human chromosomal aberration assays if appropriately 
assessed. 

In the present survey about one-third (35 of 1 1 3, 3 1 %) of studies employed 
both the SCE and the chromosomal aberration techniques. In the majority of 
these a qualitatively similar conclusion was drawn: about half of them (14) 
produced double negative outcomes and about half (1 8) produced double 
positive effects. The possible efficacy of the SCE assay as a surrogate for a full 
chromosomal aberration assay is therefore supported by the present data base. 
The issue is, however, worthy of further evaluation and the extensive ethylene 
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oxide study undertaken by Soper et al. (1984) and Stolky et al. (1984) will 
provide a firm foundation for these. 

3.5 Potential Sensitivity Problems of Future Human Lymphocyte 
Cy togeoetic Studies 

It becomes increasingly unlikely that new populations of workers who have been 
exposed to significant levels of a genotoxin will be discerned. This is mainly 
because genotoxicity data now exist for most of the major environmental and 
industrial chemicals. In the case of major synthetic genotoxins it is likely that 
improved hygiene measures will have already been instituted before a surveil- 
lance study is mounted. Reference to the ethylene oxide and vinyl chloride data in 
Table 1 illustrates this point by the fact that the greatest cytogenetic damage was 
observed at the early stages of surveillance; subsequent responses are reduced 
roughly in proportion to the revised hygiene measures instituted. This considera- 
tion suggests that when human populations are assayed for chemically induced 
chromosome damage (or other changes) following limited exposure to a known 
genotoxin, then effects will generally be weak This in turn requires adequate 
foreknowledge of the sensitivity of the cytogenetic assay employed. Carrano and 
Moore, for example, have suggested that the use of the SCE assay will be made 
difficult in such situations due to the insensitivity and inherent variability of this 
assay (Carrano and Moore, 1982). This is not a new problem~it invariably 
happens that new genotoxicity assays are calibrated against the worst-case 
situation, and then, when employed prospectively, yield equivocal data. 

Each human surveillance assay will probably present its own unique sensitivity 
problems, and each of these will be dominated by the background level of the 
event or lesion being monitored and exacerbated by system-specific restraints. 
An example of the former is the presence of S-methylated proteins in control 
populations which complicates the interpretation of macromolecular methy- 
lation studies (Bailey et al., 1981 ; Ehrenberg and Osterman-Golkar, 1980). An 
example of the latter is that human lymphocyte cytogenetic assays may not detect 
S-phase specific clastogens due to exposure having taken place almost completely 
during the Go phase of the cell cycle. Nonetheless, the latter problem should not 
be invoked too easily to explain negative results in man. For example, 
formaldehyde is reported to be non-clastogenic to exposed humans (Fleig et nt., 
1982; Table 1, reference 72). However, the clastogenicity of formaldehyde is 
known not to be confined to the S-phase (Miretskaya and Shvartsman, 1982); 
thus, the significance of its inactivity in humans cannot be reduced on this count. 
In fact, the sensitivity apparent for human lymphocyte clastogenicity assays 
appears somewhat extraordinary given that many of the aberrations scored, 
including SCEs, are dependent upon chemical lesions being present in the 
genome during its replication. Wolff (1 98 1) has suggested that the observation of 
SCE in human lymphocytes exposed in vivo during the Go phase of the cell cycle, 



Mixed Chemical Mutagens 205 

yet assessed at the subsequent rnetaphase instigated by treatment in vitro with 
mitogens such as phytohaemagglutinia, is due to the failure of the cell to remove 
these lesions in the G o G I  phases of the cell cycle. It therefore seems probable 
that the apparent 'S-phase' specific action of some clastogens may have little 
relevance to the interpretation of human clastogenicity data. 

3 h  Geootoxk Threshold Dose Levels 

Although not currently sustainable by data it seems probable that organic 
genotoxic chemicals will have a dose level below which the risk implicit in 
exposure becomes negligibly small, or even zero. Clearly, if threshold values do 
exist, albeit they be different for individual chemicals and variable among a given 
human population for each chemical, they should form an integral part of the 
risk estimation process. It is probably this belief that has given rise to the concept 
of genetically significant dose referred to in the recent ICPEMC newsletter 
(Kilbey, 1980) and the parallelogram concept of Sobels (1982). Although ill- 
defined at present, such concepts may have a critical role to play in the future. 
The particular danger is that a human threshold dose level may be defined by 
reference to negative cytogenetic data generated in a poorly designed study. 

3.7 Relevance of Acute Surveillance Data to the Eventual Idnction 
of Cancer in Man 

The opportunity now exists to probe the acute consequences of exposure of man 
to chemicals already established as genotoxic: if cytogenetic effects are evident in 
exposed populations then it would seem prudent to assume that a possible 
mutagenic or carcinogenic hazard exists to those exposed. If such effects are 
absent, a genotoxic hazard may not exist, either because the chemical in question 
is only genotoxic in vitro or because the people exposed have been adequately 
protected. These broad conclusions may prove to be wrong on occasion; the need 
at hand is to ensure that such errors are not due to faulty experimental 
conception, design, execution, or statistical analysis. 

4 SOME NEW METHODS OF HUMAN SURVEILLANCE 

4.1 lohibition of Repair Capacity in Exposed Human Lymphocytes 

Two papers related to Table 1 have established that human lymphocytes are less 
sensitive to genotoxic agents such as mitomycin C when treated in vitro following 
exposure to genotoxic agents in vivo (Pero and Mitelman, 1979; Pero et a!., 
1982). This reduced repair facility may be specific to certain 'challenge' chemicals 
and more work will be required before this method can grow from its present 
state of interest to use as a surveillance technique. 
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4.2 Mutability of Human Lymphocytes 

Albertini (1980) has provided evidence that the lymphocytes of populations 
expected to be exposed to genotoxins may be prescreened for their sensitivity 
(mutability) to mutagens, the idea being to select only non- or weak responses for 
exposure to the mutagen in question. This technique has the appeal that it is 
prospective, but the underlying assumption that sensitivity to mutagen A 
contributes knowledge concerning probable sensitivity to compound B may not 
be true. This technique may therefore be inappropriate for use in mixed chemical 
environments. 

4.3 Monoclonal Antibodies to DNA Chemical Lesions 

hunocytochemical techniques have the attraction of high sensitivity and 
specificity. Potential disadvantages to be overcome include (a) the current 
difficulty and expense of the technique, (b) its possible over-sensitivity, and, of 
greatest relevance to the present article, (c) its inappropriateness for use in 
'mixed' chemical environments, each monoclonal antibody being raised to 
specific lesions on DNA reduced by specific mutagens. 

4.4 NowDNA Alkylatioe Assays 

Ehrenberg and Ostennan-Golkar (1980) have described the methods necessary 
for detecting the alkylation by mutagens of non-DNA macromolecules such as 
haemoglobin. Most of the data available concern interaction with direct-acting 
alkylating agents such as ethylene oxide, chemicals for which it is innately suited. 
However, its suitability for the detection of chemicals such as bemidine, which 
require metabolic activation, should be confirmed before this assay can be 
adopted with confidence for general use. 

5 THE STUDY OF MIXED CHEMICAL ENVIRONMENTS 

Several factors are uniquely associated with this endeavour 

(1) Effects expected to pertain in vivo cannot be anticipated with any confidence 
via genotoxic effects observed for a mixture in vitro (Ashby, 1983). 

(2) The cytotoxicity of chemical A may prevent expression of the genoloxicity of 
chemical B because appropriate dose levels of the mixture of the two cannot 
be evaluated. 

(3) The metabolic activation of the genotoxin A (based on evidence derived 
testing A alone) may be prevented by the enzyme-modifying properties of 
(the oon-genotoxin) chemical B. 
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(4) Exposure of man to mixtures will be difficult to quantify (to which marker 
chemical do you refer?) and may be low albeit spread over a long period of 
tune. 

(5) The relationship of acute effects generated using high dose levels of the 
mixture to chronic low dose level effects may not be clear. 

Few observations have been made concerning interactions between mutagenic 
and non-mutagenic chemicals m vivo, except in the areas of carcinogenic 
synergism and carcinogenic protection, but there seems little reason to doubt 
that a range of mutagenic interactions could be demonstrated if mammals were 
exposed to appropriate mixtures of chemicals. In the immediate absence of the 
necessary mutagenicity experiments it seems appropriate to assume as relevant 
the general principles established in the fields of carcinogenic synergism and 
protection as they may relate directly to possible future cases of mutagenic/clas- 
togenic interactions between chemicals in vivo. The majority of the established 
examples of carcinogenic synergism or carcinogenic protection arc probably 
mediated via interference by a secondary chemical with the metabolic activation 
(or deactivation) of the primary genotoxic agent. Such interactions would be 
expected to apply equally to synergistic (or protective), chstogenic, or mutagenic 
effects in mammals. The critical message is probably that such effects are 
generally exclusive to the situation to vivo,i.e. they cannot usually be monitored 
or predicted by experiments conducted in vitro (Ashby, 1983). 
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