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ABSTRACT

Ethylene oxide (EtO) Â¡sa potent DNA-alkylating agent which has
been shown to induce sister chromatid exchanges (SCE) in the peripheral
blood lymphocytes of exposed workers. To study further the persistence
of EtO-induced SCE, we have examined lymphocytes from a group of
cynomolgus monkeys exposed to EtO in control, 50-ppm, and 100-ppm
concentrations for 7 h/day, 5 days/week over the years 1979-1981. The
data collected in 1987 were compared with those generated immediately
prior to the cessation of exposure in 1981. EtO-induced SCE persisted
at levels significantly above those of the nonexposed controls. Comparison
of the distributions of SCE between 1979 and 1987 shows that, although
mean SCE decreased from 1981 to 1987, the mean SCE in the top 10%
of the distribution has not diminished over time. Consequently, the
increased level of SCE is entirely attributable to a subpopulation of cells
with high frequencies of SCE. These findings suggest that long-lived
lymphocytes may inefficiently repair EtO-induced lesions which produce
SCE. The results also have important implications for the proper use of
SCE analytical techniques in the epidemiological study of cytogenetic
damage after chronic exposure to DNA-alkylating agents.

INTRODUCTION

EtO2 is a monofunctional DNA-alkylating agent which is

widely used as a sterilant. It is also an intermediate in the
production of numerous compounds, including glycol ethers
and polyester fibers. NIOSH has estimated that 100,000 people
in the United States are exposed annually to EtO (1). This
compound is a suspect human carcinogen (2, 3); initial epide
miological studies of EtO-exposed workers reported signifi
cantly elevated risks for leukemia, lymphoma, and solid tumors
(4, 5). The risk of leukemia and lymphoma has been estimated
to be 13-fold higher in EtO-exposed workers compared to
control populations (6). It is also well known that in vivo
exposure to EtO can induce SCE and chromosomal aberrations
in peripheral blood lymphocytes of exposed workers (7-13).
Chronic, high level EtO exposure in workers produced eleva
tions of SCE in peripheral blood lymphocytes that persisted up
to 41 months after the last exposure (12). In some of these
highly EtO-exposed individuals, a bimodal distribution of SCE
frequencies has been observed when they were studied 2 years
or more after cessation of exposure (14).

Persistent elevations in the frequency of SCE (elevations
above control lasting longer than one year after cessation of
exposure) have not been observed with in vivo exposure to other
alkylating agents, although these agents efficiently induce acute
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cytogenetic damage (Refs. 15-28; reviewed in Ref. 29). This
difference in the temporal evolution of the cytogenetic response
of lymphocytes to EtO and other DNA-alkylating agents is
incompletely understood. The significance of these unique,
persistent cytogenetic changes, in terms of individual cancer
risk, is also unknown.

To test whether EtO-induced SCE persist even 6 years after
cessation of exposure, we have studied a group of cynomolgus
monkeys that was exposed by NIOSH to 50-ppm and 100-ppm

concentrations of EtO and sham control exposures, all lasting
7 h/day, 5 days/week over the 2 years 1979-1981. The initial
examination of EtO-induced SCE in the peripheral blood lym
phocytes of these animals was carried out immediately prior to
cessation of exposure and was reported in 1984 (30). At that
time, SCE increased linearly with dose, to a maximum of
approximately 3 times the background SCE frequency. In the
present study, we have reexamined the SCE frequencies from
these same animals 6 years after their last exposure to EtO.
The results indicate that SCE frequencies in the lymphocytes
of these monkeys continue to be elevated in a dose-related
fashion. In addition, while the mean frequency of SCE in the
exposed animals has declined compared to that observed in
1981, the fraction of cells with high frequencies of SCE (rep
resenting the tail of the SCE distribution) was increased or
remained essentially unchanged when compared to the 1981
data.

MATERIALS AND METHODS

Animals. The study was initiated with 36 adult male cynomolgus
monkeys (Macaca fascicularis; Primate Imports Corp., Port Washing
ton, NY), assigned randomly to exposure groups of 12 animals. At the
initiation of the study, the monkeys weighed 5.31 Â±0.82 (SD) kg. The
animals have been continually housed in stainless steel cages with
automatic watering and a 12-h on-12-h off (7 a.m.-7 p.m.) lighting
system. They have been fed a standard pellet diet (Purina monkey chow)
supplemented with fresh fruit two to three times per week. These
animals have not been subjected to any subsequent experimental ma
nipulations and have not been exposed to any known mutagens or
carcinogens since the cessation of EtO exposure in 1981.

Test Materials and Inhalation Exposures. These have been described
previously (30). Briefly, EtO (99.7% pure) was instilled under dynamic
flow conditions in 4.5-m3 stainless steel and glass inhalation chambers

providing 12 to 15 air changes/h, with controlled temperature (24 Â±
3Â°C)and humidity (50 Â±10%). EtO was vaporized and metered into a

filtered, conditioned, air intake, with IR analysis of the EtO concentra
tions conducted two to four times/h. Charcoal tube samples of test
atmospheres verified that chamber concentrations were within 10% of
target values and that control, sham-exposed chambers were free of
EtO.

Blood Collection. Blood was collected from the femoral vein of each
monkey while the animal was tranquilized by i.m. injection of ketamine
hydrochloride. The phlebotomy site was shaved and cleansed with
isopropyl alcohol, and then blood was withdrawn in syringes. Blood
was immediately placed in sterile Vacutainers containing sodium hep
arin, mixed thoroughly, and stored at room temperature until shipped.
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In the case of two animals, the initial lymphocyte culture was not
successful and blood was redrawn and recultured several weeks after
the initial blood collection. Vacutainer tubes were coded by NIOSH
investigators at the time of venipuncture and then shipped overnight
via express package service in insulated boxes for peripheral blood
lymphocyte culture. In no case were transported samples subject to X-
ray examination.

Sister Chromatid Exchange Determination. The same protocol as was
previously used to study these animals (30) was again used for the
current study. Whole blood cultures were initiated on the day samples
arrived in the laboratory. Whole blood (0.5 ml) was added to 5 ml of
RPMI 1640 culture medium with L-glutamine containing 10% fetal
calf serum (Reheis), 1% PHA-M (Difco), penicillin (100 units/ml), and
streptomycin (100 ng/ml). To achieve differential staining of sister
chromatids, 50 ^M 5-bromodeoxyuridine was also added to the culture
medium 24 h after initiation of triplicate cultures. Cultures were incu
bated for 72 h in complete darkness at 37Â°Cin an atmosphere of 5%

CO2/95% air. Colcemid (0.1 Mg/ml) was added to each culture 2 h
before processing. The lymphocytes were harvested and treated with 10
ml of hypotonie KC1 (75 mM) for 8 min. Cells were then fixed at
ambient temperature in freshly prepared methanohglacial acetic acid
(3:1, v/v). The cell suspension was washed twice in fixative, and slides
were prepared by the air dry technique. The chromosomes were stained
for SCE analysis by a modification of the fluorescence-plus-Giemsa
technique of Perry and Wolff (31). Each slide was stained for 10 min
in Hoeschst 33258 (5 Mg/ml) in double distilled water and mounted in
a phosphate buffer (pH 6.8). The slides were then exposed to black
light from two 15-W tubes for 10 min and stained with 5% Giemsa in
phosphate buffer (pH 7.0) for 3 min. For each animal 100 metaphase
spreads were scored to determine the mean SCE frequency. For each
mean SCE frequency determination, only cells with 38 or more (38-
42) chromosomes were scored.

Statistical Analysis. The mean SCE/cell for individual animals and
for animals pooled by exposure groups was compared, by exposure
group and by year of study, as indicated, using a two-sided Student t
test. Inspection of the distributions of SCE frequency data for individual
animals and for the pooled exposure groups (Fig. 1) indicated that an
analytical approach which is more sensitive to the effects of outliers in
these distributions would be more appropriate. Hence, data from ex
posed and control groups were further compared by analyzing the mean
SCE frequency in the tail (upper 10% and upper 5%) and body (lower
90% and lower 95%) of the SCE distribution for each exposed animal
and for the pooled exposure groups.

RESULTS

Animals. Two monkeys (one each from the 50-ppm and 100-
ppm exposure groups) died during the initial exposure. These
deaths appeared unrelated to EtO exposure. Two monkeys per
group were sacrificed at the termination of exposure. Since the
cessation of exposure five more animals have died; two in the
100-ppm exposure groups (51 and 57 months postexposure),
one in the 50-ppm exposure group (46 months postexposure),
and two controls (60 and 65 months postexposure). In each
case, the deaths which occurred after the cessation of exposure
also appeared to be unrelated to EtO exposure. One monkey in
the 50-ppm group is diabetic and lymphocytes from this animal
did not grow in response to mitogen stimulation in either 1981
or 1987.

Sister Chromatid Exchange Analysis. Comparison of individ
ual mean SCE frequencies in 1987 with data from 1981 shows
that SCE frequencies in EtO-exposed animals remain elevated
above control values, although at a level significantly less than
those observed in 1981 (Table 1). For individual animals this
decrease in SCE frequency is significant except for animals
A46, A50, and A64 in the 50-ppm group and animal 13 in the
100-ppm group (Student's / test; P sÂ£0.05). Comparison of

SCE frequencies in individual animals in the control group for

the years 1981 and 1987 (Table 1) reveals that the mean baseline
SCE frequencies in the controls have significantly increased in
5 of the 8 animals (animals A25, A35, A58, A81, and A85;
compared using a two-sided f-test; P < 0.05).

These data are analyzed by exposure group (including all of
the animals studied in 1981 and treating all of the data from
each animal as a single observation) in Table 2. The 50-ppm
and 100-ppm monkey cohorts continue to show mean SCE
frequencies which are elevated above controls. Using conven
tional t test methods, the elevation reaches significance in the
case of the 100-ppm group. The average SCE frequency in

control animals in 1987 (Table 2) is also elevated relative to
that observed in 1981 (1.4 SCE/cell higher).

Since other workers have previously observed a bimodal SCE
frequency distribution in humans with persistently elevated
SCE after EtO exposure, we have plotted histograms of all of
the SCE measurements. Fig. 1 shows that data pooled from the
surviving animals, by exposure group, for both the 1981 and
1987 studies. Inspection of this figure suggests that highly
damaged cells (high SCE frequency cells) remain in the periph
eral blood in 1987, while cells with less EtO-induced damage
are relatively underrepresented in the peripheral blood in 1987
as compared to 1981. To compare the number of surviving cells
with persistently high SCE frequencies to the number of similar
cells noted in 1981, these cells (HFC) were arbitrarily defined
as metaphase spreads which had more than 1.5 times the
maximum individual SCE/cell that was seen in any control
animal (27 SCE/cell). Hence, cells with more than 40 SCE/cell
were defined as HFC. Comparison of the percentage of HFC
over both years shows that the highly damaged cells clearly
have not diminished in number (Tables 1 and 2); indeed, they
appear if anything to have increased.

To test more formally whether there was a dose-dependent
increase in the SCE frequency in the tail of the SCE distribution
we analyzed the data using a modification of the method of
Moore and Carrano (32). These workers previously observed
that analysis of the tail of the SCE frequency distribution is a
more sensitive measure of exposure-related differences in lym-

Table 1 Persistence of SCE in EtO-exposed monkeys

Exposure
groupControlSO

ppni100

ppmAnimalA25A28A35A42A58A60A81A85A26A31A33A46A49A50A69A29A39A53A59A61A84A242N50SOso505050SO5050SOSOSO50SO50SOSO50505050501981Mean

SCE Â±SEM"4.12

Â±0.226.48
Â±0.416.38
Â±0.394.98

Â±0.315.52
Â±0.356.30
Â±0.546.64
Â±0.574.00
Â±0.309.52

Â±1.07No
growth12.76Â±
1.208.52

Â±0.7612.56Â±
1.049.62

Â±0.909.00
Â±0.9215.26Â±

1.67No
growth13.68Â±
1.8211.68

Â±1.1115.60Â±
1.4917.42Â±
1.78No

growth%

of
HFC*0000000002000046028H1001001001001001001001001001001001001001001001001001001001001001001987MeanSCE Â±SEM"6.42

Â±0.296.79
Â±0.349.28
Â±0.495.20
Â±0.256.81

Â±0.305.50
Â±0.278.80
Â±0.445.58
Â±0.296.87

Â±0.656.91
Â±0.548.58
Â±0.748.05
Â±0.767.20
Â±0.708.71
Â±0.837.53
Â±0.898.08

Â±0.9612.03Â±
1.7610.07Â±
1.307.08

Â±0.928.61
Â±1.0711.83Â±

1.577.74
Â±0.93%of

HFC*00000000101321121053482

* SCE/cell Â±SEM: mean SCE in mitotic figures with 38 or more chromo

somes.
* Metaphase with more than 40 SCE/cell.
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Table 2 Persistence ofSCE in EtO-exposed monkeys by exposure group"

Significance of results: mean SCE/cell in Group C significantly different than that in A or B, P < 0.05: mean SCE/cell in Group B significantly different than that
in A, P < 0.05; F: mean SCE/cell in Group F significantly different than that in E or D, P < 0.05; mean SCE/cell in Group E not significantly different than that in
D, P > 0.05.

1981Treatment

GroupA.

Control
B. 50 ppm
C. 100 ppmNo.

of
Animals12

109Mean

SCE
Â±SD5.4

Â±1.0
10.2 Â±1.7
15.1 Â±2.8%of

HFC40

0.44.0Treatment

GroupD.

Control
E. 50 ppm
F. 100 ppmNo.

of
Animals87

71987Mean

SCE
Â±SD6.8

Â±1.5
7.7 Â±0.8
9.4 Â±2.0%of

HFC*0

1.3
4.9

Â°Fifty cells/monkey in 1981; 100 cells/monkey in 1987.
* HFC, high frequency cell; cells with greater than 40 SCE.
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Fig. l. Distribution of SCE/cell, pooled over exposure groups, by the year in which the SCE frequency determinations were completed. Only data on surviving
animals are included (animals deceased since the 1981 data were generated are not included).

phocyte populations than is analysis of the mean SCE fre
quency. This analysis avoids the arbitrary definition of a nu
merical threshold for a HFC and is, therefore, a preferable
analytical approach. We computed the mean SCE frequency of
all of the cells with SCE in the upper 10th percentile (the tail)
of the distribution of the SCE in each animal in all of the
exposure groups. We also computed the mean SCE in the
remaining 90%, or the body, of the same SCE distributions.
This analysis includes only those animals that survived and
were available for study in 1987 (inclusion of data from the
animals studied in 1981 that did not survive for study in 1987
does not significantly alter the analysis). The mean SCE fre
quencies in the tail and body of the distributions for each animal
are compared in Table 3. The mean SCE frequency in the upper
1Oth percentile of the SCE frequency distributions in the EtO-

exposed animals is similar in 1981 (highest 5 cells) and 1987
(highest 10 cells). The mean SCE frequency in the upper 10th
percentile in the controls in 1987 is higher in 6 of the 8 animals
when compared to similar data compiled in 1981 (Table 3).
Comparison of the mean SCE frequencies in the body of the

distributions (lower 90th percentile) by animal over the years
of study reveals that the significant dose response noted in this
portion of the SCE distribution in 1981 is no longer present in
1987. Instead, there is no exposure-related elevation in SCE
frequency in the lower 90% of the distribution in 1987 in either
exposed group (Table 3). The mean SCE frequency in the lower
90th percentile of the SCE distribution in the controls has
increased over the 6 years since last exposure.

Since the analysis of the HFC in individual animals is limited
by the number of cells scored, we have pooled the data from all
of the animals in each exposure group and examined the SCE
frequency means in a more restricted tail and body of this
pooled SCE distribution. The upper 5% of the SCE frequency
distribution was designated as the tail, and the lower 95% was
accordingly designated as the body. This analysis reveals that
the mean SCE frequency of the upper 5% of this distribution
(pooled by exposure group) has increased in the highest (100-
ppm) exposure group, remained unchanged in the 50-ppm

exposure group, and increased in the controls. The mean SCE
frequency in the tail of the overall distribution (excluding the
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Table 3 Mean SCE in the upper 10% and lower 90% of the SCE distributions by animal

1981 1987

AnimalControlA25A28A35A42A58A60A81A8550

ppmA26A31A33A46A49A50A64100

ppmA29A39A53A59A61A84A242Lower

90%Mean

SCE/cell
Â±SEM"3.80

Â±0.185.78
Â±0.285.76
Â±0.294.56
Â±0.255.02
Â±0.305.47
Â±0.305.67
Â±0.423.53
â€¢+â€¢0.245.0
Â±0.37.58

Â±0.71NG'10.62

Â±0.767.04
Â±0.4610.60

Â±0.638.00
Â±0.507.00
Â±0.568.5
Â±1.712.27

Â±1.10NG10.07

Â±0.929.41
Â±0.6313.18+
1.1714.16

Â±1.20NG12.1

Â±2.2Range2-62-102-92-92-92-102-131-72-20NG3-232-153-202-142-163-34NG3-253-213-304-36NGUpper

10%Mean

SCE/cell
Â±SEM*7.00

Â±0.4512.80Â±
1.5012.00

Â±1.269.80
Â±0.3710.00

Â±0.4513.80
Â±3.3215.40

Â±1.128.20
+0.4911.1
Â±1.027.00

Â±2.39NG32.00

Â±4.052
1.80Â±0.6630.20

Â±2.7524.20
Â±2.9627.00
Â±1.3827.0
Â±1.542.20

Â±4.34NG46.20

Â±5.3931.20
Â±2.0137.40

Â±2.6646.80
Â±2.31NG40.8

Â±2.9Range6-810-1810-179-119-1110-2713-187-1023-36NG23-4520-2424-3819-3423-3134-55NG30-6227-3732-4741-54Lower

90%Mean

SCE/cell
Â±SEMC5.79

Â±0.245.93
Â±0.228.1

2Â±0.374.72
Â±0.216.

10Â±0.244.84
Â±0.197.70

Â±0.314.86
Â±0.216.0

Â±0.55.24

Â±0.225.57
Â±0.236.50
Â±0.376.07
Â±0.265.62
Â±0.266.34
Â±0.345.43
+0.276.2
Â±0.35.93

Â±0.246.31
Â±0.376.76
Â±0.355.17

Â±0.195.36
Â±0.367.07
Â±0.395.96
Â±0.236.1
Â±0.3Range1-102-111-161-81-111-92-141-101-112-101-182-121-111-171-11-12-20-14-9-23-182-10Upper

10%Mean

SCE/cellÂ±SEM'/12.10

Â±0.4614.50
Â±0.9219.70

Â±0.829.50
Â±0.8213.10

Â±0.4111.
40Â±0.6918.70

Â±0.9612.10
Â±0.5514.1

Â±1.220.90

Â±4.2319.00
Â±2.9727.30

Â±2.2825.90
Â±4.322

1.40Â±4.7930.00
Â±2.9826.40
+6.0424.4
Â±1.527.40

Â±7.0163.50
Â±3.1539.90
Â±7.8624.30
Â±7.3238.00
Â±2.9954.70
Â±5.4523.80
Â±7.6438.8
Â±5.8Range10-1512-2116-248-1311-159-1615-2610-1511-4810-3519-4212-4811-5417-4811-7312-7145-7215-809-6327-5430-7910-83

Â°Forty-five cells counted per animal.
* Five cells counted per animal.
' Ninety cells counted per animal.

Ten cells counted per animal.
' NG, no growth.

effect of individual animal) had increased from 47.4 Â±1.9SCE/
cell (jV = 14 cells of 250 cells scored from 5 animals) in 1981
to 60.0 Â±2.0 SCE/cell (N = 34 cells of 700 cells scored from
7 animals) in 1987 in the 100-ppm exposure group. Hence, not
only are the HFC more numerous in the 100-ppm exposure
group in 1987 (Tables 1 and 2), but the mean SCE/cell is higher
in these cells in 1987. This elevation in mean SCE/cell may,
however, be partially attributable to the presence of data from
animals A39 and A242 only in 1987. As previous analysis has
shown, the body (lower 95%) of the pooled SCE frequency
distribution revealed an exposure-related dose response in 1981
and no difference from control level in 1987. In addition, the
control SCE frequency in the lower 95% of the pooled distri
bution is slightly higher in 1987 than was observed in 1981,
consistent with the previous analysis which included the effect
of individual animals.

DISCUSSION

We have demonstrated that chronic inhalation exposure to
EtO in nonhuman primates results in elevated SCE frequencies
in peripheral blood lymphocytes which persist at least 6 years
after cessation of EtO exposure. While the mean SCE/cell in
1987 for each of the exposure groups (controlling for the effect
of individual animals) was greater than the mean SCE/cell in
control animals, it is also evident that the SCE frequency of
each of the exposed groups has decreased markedly since 1981.
For the 50-ppm group, an 80% reduction in EtO-induced mean
SCE frequency was observed (compared with the EtO-induced
SCE in 1981) whereas a 70% reduction was seen in a similar
comparison of animals exposed to 100 ppm. In addition, the

mean SCE frequency in the control animals has increased over
time, consistent with age-related increases which have been

reported in humans (12). It should be noted, however, that the
elevation in SCE frequency in the control animals which we
observed over time (1981-1987) may be influenced by differ
ences between studies, including reader differences, and differ
ences such as serum source, and in vitro culture conditions (33).

It is of interest to consider that, if the decrease in mean SCE
frequencies were to have occurred uniformly among all cells,
the distribution of SCE in 1987 for exposed animals should
resemble that observed in 1981, but the entire distribution
should be shifted towards lower SCE values. Since previous
workers have shown bimodal SCE distributions in individuals
with a history of chronic EtO exposure (14), it was important
to determine whether the decrease in SCE frequency which we
observed was indeed uniform. Therefore, we compared the
distributions of SCE recorded in 1981 with those from 1987.
This comparison showed that cells with very high SCE frequen
cies did not decrease as would have been predicted if SCE
decreased uniformly among all cells (Table 3). Instead, the
mean SCE frequency of cells in the tail of the distribution
remained essentially unchanged compared with 1981. Further
more, analysis of the 1987 SCE frequencies in the lower 90%
and lower 95% of the distribution from each exposed group
showed that in neither group were SCE significantly higher
than corresponding control value (Table 3). Thus, the persist
ence of elevated SCE frequencies 6 years after EtO exposure is
entirely due to the persistence of a small population of cells
with very high SCE frequencies. The presence of this population
of highly damaged cells dramatically influences the mean SCE
measurements. Clearly, the analysis of SCE data from long-
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term in vivo exposures to agents such as EtO is best approached
by methods originally suggested by Stetka et al. (34) and for
malized by Moore and Carrano (32). In these situations, it is
apparent that the study of the outliers in the SCE distributions
may be the only informative approach.

Our observation of persistent elevation of SCE after chronic
inhalation exposure to EtO is similar to those of others studying
animals and occupational cohorts. Nichols et al. (14) previously
observed bimodal distributions of SCEs in workers chronically
exposed to EtO whose last exposure occurred more than 24
months prior to study. Yager and Benz (35) observed elevated
SCEs in rabbits up to 15 weeks after the last EtO exposure.
Yager (36) has recently reported persistently elevated SCE in
rabbits, detectable 13 weeks after last EtO exposure. Garry et
al. (7) reported persistent SCE elevation 8 weeks after termi
nation of exposure of hospital sterilizer operators. Stolley et al.
(12) also reported persistently elevated SCE in EtO-exposed

sterilizer operators up to 41 months after cessation of exposure.
In some of these individuals, the mean SCE levels varied quite
significantly over time.

The present study of EtO-induced SCE represents the longest
follow-up time after chronic in vivo inhalation exposure yet
reported. The results indicate that persistence of elevated SCE
frequencies occurs preferentially in a small population of cells
that comprise the upper tail of the SCE distribution. Other
studies of EtO-induced SCEs after in vivo exposure have re
ported bimodality in the response to EtO over time (14), but
none have concluded, as we have, that the persistence of SCE
is attributable to an outlier population of cells. This may in fact
be due to the chronic nature of the original exposure and the
longer follow-up time of the current study. If this is true, our
results would predict that continued follow-up of human co
horts chronically exposed to EtO could reveal a similar persist
ence of SCE occurring in a small subpopulation of long-lived

cells.
The mechanism responsible for the nonuniform decrease in

mean SCE frequency which we have observed is unclear. Fol
lowing alkylation damage to DNA, cellular repair mechanisms
can be activated that then remove the lesions in DNA that give
rise to SCE. In addition, during normal lymphocyte repopula
tion damaged cells may simply be eliminated and replaced by
newly formed, undamaged cells. With chronic exposures lasting
several years as in the present study, both DNA repair and
lymphocyte repopulation could be important factors influencing
SCE frequencies. Despite the normal frequencies of SCE ob
served in the majority of lymphocytes from EtO-exposed ani
mals, SCE frequencies in the tail of the distribution did not
decrease. Because these cells have persistently high SCE fre
quencies, it is likely that they are long-lived lymphocytes that
were present at the time of EtO treatments and are still viable
6 years after exposure, even though they appear to be highly
damaged. This is consistent with observations of other investi
gators studying lymphocytes exposed to DNA-damaging agents
in vitro (37). The monkey lymphocytes which display this very
high level of cytogenetic damage also have probably not repli
cated their DNA or divided during this time. This, then, sug
gests that some long-lived lymphocytes do not efficiently repair
the EtO-induced lesions that give rise to SCE. If this is true, it
raises the question of whether some long-lived lymphocytes are
constitutively deficient in repairing lesions that produce SCE
or, alternatively, whether EtO treatments themselves produce
long-term inhibition of repair processes. The latter hypothesis
is consistent with the work of Pero et al. (38) who found that

EtO inhibits unscheduled DNA repair synthesis in human
lymphocytes.

Inefficient repair of EtO-induced damage by quiescent, long-

lived cells could also explain why these cells preferentially
exhibit a high degree of damage. Long-lived, nondividing cells
would have accumulated damage over the entire 2-year exposure
period, resulting in a higher cumulative EtO "dose" than the

short-lived cells (cells that accumulated less damage due to
repopulation and turnover). Over time, only the long-lived cells
would remain, resulting in a SCE distribution similar to that
which we have observed.

Our results also have important implications for the use of
SCE analysis in the detection of cytogenetic damage after
chronic human exposure to DNA alkylating agents. When SCE
analysis has been used to monitor human populations, it has
most commonly been interpreted as an indicator of mutagen
exposure. SCE induction is also a marker of biological effect,
although the health risk (if any) associated with this marker is
unknown. The present study raises questions concerning the
interpretation of SCE, as a marker of both exposure and effect.
It is evident from our results that the most sensitive statistical
approach to SCE data analysis in studies of exposure will vary,
depending upon the nature of the exposure. Conventional analy
sis of mean SCE/cell may be appropriate following acute ex
posure. For example, Laurent (39) has studied three workers
acutely exposed to EtO and reported that HFC in the SCE
distribution do not persist. Yager (36) has also shown that
rabbits subchronically exposed to EtO have persistent HFC but
that their number diminishes over time. However, a discrimi
nant type analysis focusing upon the tail of the SCE distribution
may be the only informative approach in long-term follow-up

of chronically exposed populations, such as those studied by
Stolley et al. (12), Nichols et al. (14), and Richmond et al. (10).
In addition, the presence of a subpopulation of high SCE
frequency cells, arising as a result of past chronic mutagen
exposure, would confound simple cross-sectional analysis of
SCE in an acutely mutagen-exposed cohort. With respect to

biological effect, we have shown that an elevation in mean SCE
frequency can result from a small subpopulation of cells con
taining very high SCE frequency cells as well as from a uniform
increase in the SCE distribution. The measurement of the mean
SCE/cell cannot distinguish between these two very different
situations. The latter (uniform increase in SCE) has been as
sociated with both acute and chronic mutagen exposure and the
former with chronic exposure studied many years after cessation
of exposure. The biological consequences and possible health
risks of these two situations may be very different. Therefore,
it would seem prudent for future epidemiolÃ³gica! studies which
are designed to assess the possible risks associated with SCE
induction to analyze their data using both conventional analysis
and a more discriminant analysis, sensitive to the effects of
outliers in the SCE distribution.

Current work is focused on further characterization of this
subpopulation of cells with persistently high SCE frequency
and the repair pathways that act on these lesions, as well as on
identifying the DNA modifications produced by EtO that give
rise to SCE. Further understanding of this phenomenon is
important for the continued application of cytogenetic meth
odology in epidemiolÃ³gica! studies and, possibly, for insight
into the development of cancer, for the persistence of such
cellular damage might play a critical role in tumor induction
(40).
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