
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=ibmk20

Biomarkers

ISSN: 1354-750X (Print) 1366-5804 (Online) Journal homepage: http://www.tandfonline.com/loi/ibmk20

The utility of epithelial-cell micronuclei in the
assessment of intermittent exposures

A. Joan Levine, Alberto Salvan, Glenn Talaska, Mark F. Boeniger, Anthony
Suruda & Paul A. Schulte

To cite this article: A. Joan Levine, Alberto Salvan, Glenn Talaska, Mark F. Boeniger, Anthony
Suruda & Paul A. Schulte (1997) The utility of epithelial-cell micronuclei in the assessment of
intermittent exposures, Biomarkers, 2:2, 135-138, DOI: 10.1080/135475097231878

To link to this article:  https://doi.org/10.1080/135475097231878

Published online: 29 Sep 2008.

Submit your article to this journal 

Article views: 5

Citing articles: 2 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=ibmk20
http://www.tandfonline.com/loi/ibmk20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/135475097231878
https://doi.org/10.1080/135475097231878
http://www.tandfonline.com/action/authorSubmission?journalCode=ibmk20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ibmk20&show=instructions
http://www.tandfonline.com/doi/citedby/10.1080/135475097231878#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/135475097231878#tabModule


SHORT COMMUNICATION

The utility of epithelial-cell
micronuclei in the assessment of
intermittent exposures
A. Joan Levine, Alberto Salvan, Glenn Talaska, 
Mark F. Boeniger, Anthony Suruda and Paul A. Schulte

Epithelial-cell micronuclei (MN) are potentially useful markers of
occupational exposure to genotoxicants. With intermittent
exposures, cells sampled either before or after a specific time
interval, reflecting the time it takes for damaged cells to
become available at the epithelial surface, are unlikely to be
exposure-related. It may then be important to conduct an
exposure-window analysis, with the goal of identifying the
relevant exposures. We re-analysed individual exposure data
from a previous study (Suruda et al. 1993) of MN formation in
22 male mortuary science students exposed to formaldehyde
during a 90-day embalming class. We conducted an exposure-
window analysis and compared the results with those obtained
with 90-day cumulative exposure. The window widths varied
between 7 and 25 days, in 1 day increments, assuming a
constant 7-day cell-cycle. We assessed the fit (likelihood-ratio
test) of a linear regression model, regressing the change in
buccal MN prevalence on formaldehyde exposure, using both
asymptotic and non-asymptotic methods. Exposures defined
from 7± 15 to 7± 18 days before specimen collection provided a
slightly better fit than the 90-day cumulative exposure, with a
doubling of the regression coefficient for the exposure effect
(for the 7± 16-days window LR = 5.32, p = 0.032, coefficient =
0.088 MN per 1000 cells per ppm-hr; 95% CI = 0.014, 0.16; for
the 90-day cumulative exposure LR = 4.44, p = 0.048, coefficient
= 0.045 MN per 1000 cells per ppm-hr, 95% CI = 0.0038,
0.086). Although hampered by the small number of subjects,
these results reinforce the potential importance of exposure
timing.

Keywords: micronuclei, occupational markers, exposure windows.

Abbreviations: CI, 95% confidence interval; LR, likelihood ratio;
MN, micronuclei; ppm-hr, parts per million *hours of exposure.

Introduction
M icronuclei (MN) are DNA -containing  fragments of  the main

nucleu s,  f orm e d  w h en  ch ro m oso m es are  not  incorporated in to

the nucleus du ring m itosis (Vine  1990). Epithelial -ce ll  MN

hav e been  re p o rted to  occur  in  respon se to  b oth  acu te  an d

c h ron ic genoto xic  exposures such as tob acco and  hig h do se

radiat ion (Stich et  al.  1982, Stich and Rosin 1984, Ros in  1992)

and  hav e b een  c on si dered  as poten tial  interm ediate  m arkers  of

oc cup ation al  ex po sure to  geno tox ic  agents (Diaz et al. 1990 ,

L oomis et al. 1990,  Sarto  et al. 1990,  Anwar  and Gabal  1991,

Gonzalez et  al.  1991 , Bal lar in et  al. 199 2) .

S u ru d a  et  al.  (1993)  previou sly re p o rted  a n in cre as e d

p revalence of  m icro nucleated buccal ,  b ut  not  n asal ,  epithel ial -

cel ls  in  a  sm all  cohort  of  mort u a ry  scien ce stud ents  ex po sed  to

form aldehyde.  T h e author s assessed the po tential  for  a

d os e±resp on se re lat io nship  betw een the chang e in  m icro n u cl e i

(MN) prevalence and  to tal  form a ld e hy d e  e x po su re  c u m u lat e d

ac ross the en tire  90-d ay  em balm ing cour se ,  even thoug h each

stu dent  was expo sed to  form aldeh y de on ly  i nt erm it ten tl y

during  that  t ime.  Sin ce  epithel ia l-cell  MN can on ly  be sam pled

for a  short t ime per iod after  a  single genotoxic  exposure (Vi n e

1990, Ros in  1992), determ ined by the ce l l-cycle  kin et ics  of  the

epith elium , t he 9 0-d ay cu m ulativ e exp osure  m ay hav e

misc lassi f ied  the biologica lly-re le van t  ex po sure .

In th is p aper w e re p o rt  on a  re-analysis  of  the orig inal

S u ru d a  et al. (1993) data using eac h subject’ s  d ai ly  ex posure

log to redef in e cu m ulati ve expo sure  within a se t  of  differe n t

wind ow p er iods. Our  object ive was to  d eterm ine if  there  w as

an  o ptim al exp o su re  def ini t ion for  this  cohort ,  in  w h ich th e

ex p o s u re  was high ly  interm it ten t .

MATERIALS AND METHODS
The study population is described in Suruda et al. (1993). Briefly, 22 male and

seven female students enrolled in the associate or bachelor’s degree programme

at a college of mortuary science, and who were about to take an initial course in

embalming, were enrolled in this study. The methods for collecting and analysing

individual formaldehyde samples, are also presented in detail in Boeniger and

Stewart (1992) and the original Suruda et al. (1993) study, but are described 

briefly here. Each subject was supplied with a personal passive air monitoring

device (PF-20 STEL monitor; Air Quality Research, Berkeley, CA) that sampled air

from their breathing zone. The personal monitor was worn during each

formaldehyde exposure so that we had individual exposure measurements for 

each embalming. The same procedures were followed to estimate the few

formaldehyde exposures occurring outside the embalming laboratory. All monitors

were analysed by the manufacturer using the chromotropic acid method (Boeniger

and Stewart 1992).

Buccal and nasal epithelial cells (n = 6 per area) were sampled from each student

twice, once before the start of the embalming course and once 90 days later, at the

end of the embalming course. Methods for sampling buccal epithelial cells and

scoring them for micronuclei are described in detail in Suruda et al. (1993). Briefly,

buccal epithelial cells were obtained from each student by gently scraping the

epithelium with a cytobrush (Surgipath C-E Brush; Surgipath Medical Industries,

Grayslake, IL). Brushes were suspended in 5 cm3 of Hanks’ basic salt solution, the

vials were vortexed to suspend the epithelial cells, and the resulting suspension was

centrifuged directly onto a glass microscope slide using a cytocentrifuge. The slides

were fixed in methanol, stained with the Feulgen reaction, and counterstained with
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Fast Green. Micronuclei were scored by the method of Livingston et al. (1990).

Nasal epithelial cells, collected with cytobrushes from the inferior turbinate of each

nostril, were processed in exactly the same manner. A total of 1500 buccal and

nasal cells were scored for each sample.

An appropriate window period for buccal-cell MN has two components, each

with potential inter- and intra-subject variability. First, there is a minimum period

reflecting the time it takes for damaged stem cells to reach the epithelial surface

and then there is a window period during which we assume damaged cells will

remain available for sampling. Since the outcome of interest is assessed at the

final post-exposure sampling, each exposure window is defined relative to that

day. Stich et al. (1983) observed the first radiation-induced MN in oral mucosa

7± 10 days after the onset of radiation therapy. We defined a period of 7 days

prior to the post-exposure sampling (i.e. 83 days after the baseline cell sample

was taken) as the minimum for all possible windows. Thus the first exposure-

window was the 1-day interval 7 days before the final cell sample was taken. Each

additional window was 1 day longer than the previous one: the second window

included the 2-day interval 7 and 8 days before the final cell sample was taken,

the third estimated exposure window cumulated exposure over the 3-day interval

7, 8, and 9 days before the final cell sample was taken, and so forth. Exposure in

each window was calculated by cumulating all formaldehyde exposures occurring

during the interval defining the window. The last window was the 19 day interval

7± 25 days before the final cell sample was taken. Thus our exposure-window

analysis included 19 estimated windows to be contrasted among themselves and

with the 90-day cumulative exposure used by Suruda et al. (1993).

In each window we used a simple linear regression model to relate exposure

(ppm-hr) to the change in MN prevalence between the pre- and post-exposure

period. Since important confounding variables such as age, gender and smoking,

were identical at the baseline and post-exposure samplings (due to the within

subject design), these variables should not be considered as potential

confounders in this study and were not controlled for in the analysis. Thus from

each regression we obtained two parameter estimates, the intercept and the

regression coefficient for the exposure term. For each window, we used the

likelihood ratio statistic to compare a model with only the intercept term to a

model that included both the intercept and the exposure term. Higher values of

the likelihood ratio indicate stronger support for the corresponding parameter

estimates. In this case, the likelihood ratio test is equal to the F-test for the model

(Afifi and Azen 1979). Windows were then contrasted based on their associated

likelihood-ratio statistic with the goal of choosing the window that maximized the

observed statistic (Salvan et al. 1995).

Due to the small number of people in our sample, and because MN data are not

normally distributed, we supplemented the analyses based on the linear

regression models with analyses based on exact non-parametric methods (Cytel

Software 1992). For each window, we conducted a linear-by-linear association

test (Agresti 1990), using the numeric values of the exposure variables as scores.

The test statistic and its associated p-value were used to contrast windows.

Results
O ur in i t ia l  analysis in volved both nasa l  and  buccal  epith el ia l

cel ls in  m ales and f em ales.  T here  w as no associat io n b etween

chan ge in  MN  p revalence i n  the nasal  cel ls  and any exposure

m e a su re  and  th is  resu lt  conf irms the f in dings by S uru d a  et  al.

(1993)  and i t  is not  discussed  furt h e r.  Our analysis  of  buccal

cel l MN is rest r icted to  the 22  m ale  studen ts  in  the cohort ,

s in ce  the seven  fem ale subjects  were  too few for  an exposure-

w in d ow  an alysi s .

As re p o rted in  Suru d a  et  al. (1993) , sub jects had interm it tent

ex po su res to form aldehyde over a 90-day  period.  For the  22

male  subjects, 90-day cum ulat ive  exposures rang ed from  4.3  to

33.6 ppm-hr, with  a mean of  15.01  ppm-hr. Table  1  shows the

individual  exposure data for the last 28 day s of moni tor ing , as

wel l  as the  90-day cumula tive exposure for  eac h subject  and  his

change in MN per 1000 cel ls per  ppm -hr. Where  no  ex posure

m e asu re is noted, no exposure  occurred ( i.e. the student did not

p e rform  any  embalm ing  at al l) .

T he resul ts of  the  exposu re-window analysis are  presented in

Figure 1.  For each  window, the f igu re disp lays the poin t est im ate

and 95% conf idence interval (CI) for the coeffic ient of  the

exp osure  te rm in increm ents of MN per  1000 cells per  ppm-hr

and the correspo nding  l ikel ihood-ratio  sta tistic . Altho ugh results

do not  vary greatly  across  most  windows, the likel ihood-ratio

stat istic  sho ws a maximum for the window 7±16  days before  the

sam ple of buccal cells was taken (LR = 5.32, p = 0.032) . The

correspo nding coeff icient  estim ate for the exp osure  te rm is 0.08 8

(95% CI = 0.01 4, 0.16 ). This shou ld be contr asted with  the resu lts

for the 90-day cumulati ve expo sure in which LR = 4.44, p = 0.048,

coeff icient  estim ate = 0.045 (95%  CI = 0.0038 , 0.086) . Thus, there

was a  small  improvement in fi t with the rest r ic ted exposure

defini tion based  on the 7±16  days window over  the 90-day

cum ulat ive exposure. This was acc ompanied by an approxim ate

doubling  in size of the estim ated  exposu re eff ect. Resul ts based

on  exact  non-parametr ic m ethods (not shown)  ident if ied  the

st rongest asso ciation  be tween exposure and change in  buccal MN

p revalence for  the  same 7±16  days window.

Discussion
T he l im itat ions of  epithel ia l  MN, an  acute resp onse to  in jury  i n

a t issu e w ith a  sho rt half- life, are  w ell  k nown (Vine 1990, Rosin

1992) . With hig hly in term it t ent  ex p osures,  we do n ot  exp ect

M N  p revalen ce  to  reach a  s teady sta te.  If  we w ant to  be

confident  in  at tr ibuting changes in  MN  prevalence to  the

e x p o su re of  in tere st , we need to  es tablish  biologically

a p p rop riate  sam pling  wind ows fo r  vario us ep ithel ia l t issues.

We co nd u cte d an  e xp osu re-wind ow analysis  of  a  co hort of

m ale m ort u a ry  sc ien ce student s f or  wh om  S uru d a  et  al. (199 3)

h ad  alrea dy dem o nstrat ed a n associat ion  between  cu m ulati ve

form a ld e hy d e e xp o su re  an d in creased bucca l-cel l  MN . T he

firs t  window  was defined as 7  days b ef ore  the post-ex posure

sam pling,  based on considerat ions of  average cel l  kinet ics.

A d di t i on al  w in do w s w ere  d efin ed in  increm ents  o f  1  day and

th ey  we re in clusive of  the prev io us w ind ow s. T he last  w in do w

was 7±25 days prior  to  the post-exposure  sam pl ing.  T he data

indicated a  s l ightly  better  f i t  using  the 10-day w ide window

7±16 days before  the f inal sample of  buccal  cells  was taken

than  using  the 90-day cum ulativ e exp osu re  as  the est im ated

re leva nt  exp osu re .  F or  thi s win do w, the es tim ate of  the

e x p o su re eff ect  w as appro xim ately tw ice that  obtain ed  w ith

the 90-day cum ulativ e exp osure .  How ever, the resul ts  did no t

v ary  great ly  across several  exposure-windo w s,  du e in  large

p a rt  to  the l imited num ber of  exposures exp erien ced b y th e

stud ent s in  th is  c oh ort ,  as  well  as  the sm al l  sam ple size.

A lth ou gh the inte rpre tat io n is  ham p ered by the sm all

num ber  of  subjects , these  resul ts re inforce the p oten tial

im p o rtance o f  expo sure  t im ing and  sug gest  that  an exp osure-

w ind ow  an aly si s m ay be  an  im p ortant  considerat ion fo r  future

A. J. Levine et al.136



Micronuclei and intermittent exposure 137

W
in

do
w

 p
er

io
d 

in
:

N
um

be
r 
of

 d
ay

s 
be

fo
re

 t
he

 p
os

t-e
xp

os
ur

e 
sa

m
pl

eb

9
0
-d

ay

ex
po

su
re

a
7
 d

ay
s

7
 t
o 

8
7
 t
o 

9
7
 t
o 

1
0

7
 t
o 

1
1

7
 t
o 

1
2

7
 t
o 

1
3

7
 to

 1
4

7
 t
o 

1
5

7
 to

 1
6

7
 t
o 

1
7

7
 to

 1
8

7
 t
o 

1
9

7
 to

 2
0

7
 t
o 

2
1

7
 to

 2
2

7
 t
o 

2
3

7
 to

 2
4

7
 t
o 

2
5

M
N

c

6
.3

0
0

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

4
.1

6
.3

6
.3

6
.3

0
.6

7

3
0

1
1

1
1

1
1

1
3

3
3

3
3

3
3

3
3

3
3

0

3
.8

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
1

1
1

1
0
.6

7

1
1
.1

0
4
.5

4
.5

4
.5

4
.5

4
.5

4
.5

4
.5

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
1
.1

1
.3

3

1
.4

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
.4

1
.4

1
.4

1
.4

1
.4

0

2
4
.3

1
.3

1
.3

5
.9

5
.9

5
.9

5
.9

5
.9

5
.9

5
.9

6
.7

6
.7

6
.7

6
.7

6
.7

1
0
.6

1
0
.6

1
0
.6

1
0
.6

1
0
.6

0
.6

7

1
.9

0
0

0
0

0
0

0
0

0
0

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

0
.6

7

2
.2

0
0

0
0

0
0

0
0

0
0

2
.2

2
.2

2
.2

2
.2

2
.2

2
.2

2
.2

2
.2

2
.2

0

1
2
.5

0
0

0
0

0
0

0
0

0
0

8
.2

8
.2

8
.2

8
.2

8
.2

8
.2

8
.2

1
2
.5

1
2
.5

0
.6

7

4
.4

0
0

0
0

0
0

0
0

0
0

4
.4

4
.4

4
.4

4
.4

4
.4

4
.4

4
.4

4
.4

4
.4

0

1
.9

0
0

0
0

0
0

0
0

0
0

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

0
.6

7

1
5
.8

0
0

0
0

0
0

0
0

0
2
.7

2
.7

2
.7

2
.7

2
.7

2
.7

9
.2

1
5
.7

1
5
.7

1
5
.7

0
.6

7

2
.5

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
.2

1
.2

1
.2

1
.2

1
.2

0

4
.6

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

1
.9

3
.5

3
.5

3
.5

3
.5

3
.5

0

6
.7

2
.9

2
.9

2
.9

2
.9

2
.9

2
.9

5
.7

5
.7

5
.7

5
.7

5
.7

5
.7

5
.7

6
.7

6
.7

6
.7

6
.7

6
.7

6
.7

0

1
.8

0
0

0
0

0
0

0
0

0
0

1
.8

1
.8

1
.8

1
.8

1
.8

1
.8

1
.8

1
.8

1
.8

0

1
3
.1

0
0

5
.8

5
.8

5
.8

5
.8

5
.8

5
.8

5
.8

7
7

7
7

7
7

7
1
3
.1

1
3
.1

1
3
.1

0
.6

7

1
1
.6

0
6
.1

6
.1

6
.1

6
.1

6
.1

1
0
.1

1
0
.1

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
1
.6

1
.3

3

1
1
.5

0
0

0
0

0
0

0
0

0
0

2
.7

2
.7

2
.7

2
.7

2
.7

5
5

1
1
.5

1
1
.5

0

7
.3

0
2

2
2

2
2

2
2

7
.3

.
7
.3

7
.3

7
.3

7
.3

7
.3

7
.3

7
.3

7
.3

7
.3

7
.3

0

3
.4

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

0
.9

3
.4

3
.4

3
.4

3
.4

3
.4

3
.4

3
.4

0

1
.3

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
.3

1
.3

1
.3

1
.3

1
.3

1
.3

3

Ta
b

le
 1

.
C

um
ul

at
iv

e 
fo

rm
al

de
hy

de
 e

xp
o
su

re
s 

an
d
 c

ha
ng

e 
in

 b
uc

ca
l-c

el
l m

ic
ro

nu
cl

ei
 p

er
 1

0
0
0
 c

el
ls

 fo
r 

2
2
 m

al
e 

m
o
rt

ua
ry

 s
ci

en
ce

 s
tu

d
en

ts
 t
ak

in
g
 t
he

ir
 fi

rs
t 
em

b
al

m
in

g
 c

o
ur

se
.

a
Fo

rm
al

d
eh

yd
e 

ex
p
o
su

re
 c

um
ul

at
ed

 o
ve

r 
th

e 
en

tir
e 

9
0
-d

ay
 p

er
io

d.

b
C

o
lu

m
n 

he
ad

in
g
s 

re
fe

r 
to

 t
he

 s
iz

e 
o
f 
th

e 
w

in
d
o
w

 p
er

io
d
 o

ve
r 
w

hi
ch

 f
o
rm

al
de

hy
de

 e
xp

o
su

re
s 

w
er

e 
cu

m
ul

at
ed

 s
o
 t
ha

t ̀
7
 d

ay
s’

 is
 t
he

 1
-d

ay
 w

in
d
ow

 p
er

io
d 

7
 d

ay
s 

b
ef

o
re

 t
he

 p
o
st

-e
xp

os
ur

e 
sa

m
p
le

, ̀
7
 t
o
 8

’ i
s 

th
e 

2
-d

ay
 w

in
d
o
w

 p
er

io
d
 7

±8
 d

ay
s 

b
ef

o
re

 t
he

 p
os

t-
ex

p
o
su

re
 s

am
p
le

, ̀
7
 t
o
 9

’ i
s 

th
e 

3
-d

ay
 w

in
d
o
w

 p
er

io
d 

7
±9

 d
ay

s 
be

fo
re

 t
he

 p
o
st

 e
xp

o
su

re
 s

am
p
lin

g
, 
et

c.

c
T
he

 c
ha

ng
e 

in
 t
he

 n
um

b
er

 o
f 
b
uc

ca
l-c

el
l m

ic
ro

nu
cl

ei
 p

er
 1

0
0
0
 c

el
ls

 in
 t
he

 p
re

-e
xp

o
su

re
 s

am
p
le

 t
o
 t
he

 n
um

b
er

 o
f 
bu

cc
al

-c
el

l m
ic

ro
nu

cl
ei

 p
er

 1
0
0
0
 c

el
ls

 in
 t
he

 p
o
st

-e
xp

o
su

re
 s

am
p
le

.



stu dies of  changes in  MN prevalence in  re lat io n t o  m any

o ccu pat io nal  ex po sures.  In  the future ,  s tudies involvin g

epithelial - ce l l  m icro nucl ei  as  int erm ed iat e  exp o sure  m arker s

may benef i t from  taking m ult iple  cel l  samp les over t im e as

w ell  as  dai ly  exp osure  logs. Such d es igns sho uld be m ore

inform ative than  cu m ulati ve d esigns in  w h ich sam p les are

taken only at  the end of  a f ixed observatio n p erio d.

F inal ly,  we wo uld  n ote  th at  w here  the cr i tical  biologica l

param eters  are  well  und erstood , an acu te  resp o n se m e asu re

such as ep ithel ial - cel l  micro nu cl ei  sh o uld  p rov ide a  dis t inct

adv an tage.  W hen th e resp on se dev elop s a nd  di sa pp ear s

q ui ckly,  the win dow p eriod for  the resp on se  can be used  to

p red ict  w he n ex p osu re- in du ce d resp on ses sh o uld  be  n ot ed

an d  w he n  th ey  sho u ld  d isap p ea r. Studies using  re p ea t e d

sam plin g design ed a ro u n d  th ese  pre dic ted in terv al s  sh o u ld

p rove to  be a  pow erful  m eans for  a tt r ibuting the  respo nse t o  a

specif ic type of  exposure  (M. Rosin,  personal  comm unicat ion).

Acknowledgements
We would like to gratefully acknowledge the incites and helpful comments of
Drs M. Rosin, Stephen Rappaport, and Paige Tolbert. This study was
conducted by the U.S. National Institute for Occupational Safety and Health.

References
AFIFI, A. A. AND AZEN, S. P. (1979) Statistical Analysis. A Computer Oriented

Approach (Academic Press, New York).
AGRESTI, A. (1990) Categorical Data Analysis (John Wiley, New York).
ANWAR, W. A. AND GABAL, M. S. (1991) Cytogenetic study in workers

occupationally exposed to mercury. Mutagenesis, 6, 189± 192.
BALLARIN, C., SARTO, F., GIACOMELLI, L., BARTOLUCCI, G. B. AND CLONFERO, E. (1992)

Micronucleated cells in nasal mucosa of formaldehyde-exposed workers.
Mutation Research, 280, 1± 7.

BOENIGER, M. F. AND STEWART, P. (1992) Biological Markers for Formaldehyde
Exposure in Mortician Students Report-II: Extent of Exposure, Final Report.
National Institute for Occupational Safety and Health Report Number
IWSB125.27.

CYTEL SOFTWARE (1992) StatXact Turbo v 2.04 (Cambridge, MA).
DIAZ, S., FONSECA, G. AND FERNANDEZ, I. (1990) Analysis of lymphocyte and oral

mucosa cell micronuclei in Cuban paint industry workers. Hereditas, 113,
7± 80.

GONZALEZ, C. M., LORA, D., VILENSKY, M., MIOTTI, J. L. AND MATOS, E. (1991) Leather
tanning workers: chromosomal aberrations in peripheral lymphocytes and
micronuclei in exfoliated cells in urine. Mutation Research, 259, 197± 201.

LIVINGSTON, G. K., REED, R. N., OLSON, B. L. AND LOCKEY, J. E. (1990) Induction of
nuclear aberrations, by smokeless tobacco in epithelial cells of human oral
mucosa. Environmental and Molecular Mutagenesis, 15, 136± 144.

LOOMIS, D. P., SHY, C. M., ALLEN, J. W. AND SACCOMANO, G. (1990) Micronuclei in
epithelial cells from sputum of uranium workers. Scandinavian Journal of
Work and Environmental Health, 16, 355± 362.

ROSIN, M. P. (1992) The use of the micronucleus test on exfoliated cells to
identify anti-clastogenic action of humans: a biological marker for the
efficacy of chemopreventive agents. Mutation Research, 267, 265± 276.

SALVAN, A., STAYNER, L., STEENLAND, K. AND SMITH, R. (1995) Selecting an
exposure lag period. Epidemiology, 6, 387± 390.

SARTO, F., TOMANIN, R., GIACOMELLI, L., INANINNI, G. AND CUPIRAGGI, A. R. (1990) The
micronucleus assay in human exfoliated cells of the nose and mouth:
application to occupational exposures to chronic acid and ethylene oxide.
Mutation Research, 233, 345± 351.

STICH, H. F. AND ROSIN, M. (1984) Micronuclei in exfoliated human cells as a tool for
studies in cancer risk and cancer intervention. Cancer letters, 22, 241± 253.

STICH, H. F., CURTIS, R. AND PARIDA, B. B. (1982) Application of the micronucleus
test to exfoliated cells of high cancer risk groups: tobacco chewers.
International Journal of Cancer, 30, 553± 559.

STICH, H. F., SAN, R. H. AND ROSIN, M. P. (1983) Adaptation of the DNA-repair
and micronucleus tests to human cell suspensions and exfoliated cells.
Annals of the New York Academy of Sciences, 407, 93± 195.

SURUDA, A., SCHULTE, P. A., BOENIGER, M., HAYES, R. B., LIVINGSTON, G. K.,
STEENLAND, K., STEWART, P., HERRICK, R., DOUTHIT, D. AND FINGERHUT, M. A. (1993)
Cytogenetic effects of formaldehyde exposure in students of mortuary
science. Cancer Epidemiology Biomarkers and Prevention, 2, 453± 460.

VINE, M. F. (1990) Micronuclei. In Biological Markers, B. S. Hulka, T. C.
Wilcosky and J. D. Griffith, eds (Oxford University Press, New York), pp.
125± 146.

R eceived  9  S eptem b er  1 9 96 ,  re v i sed  f o rm  a ccep ted  1 0  D ecem b er  1 9 9 6

A. J. Levine et al.138

Figure 1. Exposure window analysis. Linear regression model. Males, n = 22.


