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Utility of urinary 1-naphthol and 2-naphthol levels to assess environmental
carbaryl and naphthalene exposure in an epidemiology study
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We recently reported associations between urinary 1-naphthol (IN) levels and several intermediate measures of male reproductive health, namely sperm
motility, serum testosterone levels, and sperm DNA damage. However, because 1N is a major urinary metabolite of both naphthalene and the insecticide
carbaryl, exposure misclassification stemming from differences in exposure source was probable and interpretation of the results was limited. As
naphthalene, but not carbaryl, is also metabolized to 2-naphthol (2N), the relationship of urinary 1N to 2N within an individual may give information
about source of 1N. Utilizing data from two previous studies that measured both 1N and 2N in urine of men exposed to either carbaryl or naphthalene,
the present study employed several methods to differentiate urinary IN arising from exposures to carbaryl and naphthalene among men in the
reproductive health study. When re-evaluating the reproductive health data, techniques for identifying 1N source involved exploring interaction terms,
stratifying the data set based on 1N/2N ratios, and performing an exposure calibration using a linear IN to 2N relationship from a study of workers
exposed to naphthalene in jet fuel. Despite some inconsistencies between the methods used to distinguish IN source, we found that 1N from carbaryl
exposure is likely responsible for the previously observed association between 1N and sperm motility, whereas 1N from naphthalene exposure is likely
accountable for the association between 1N and sperm DNA damage. We demonstrate that studies of health effects associated with carbaryl should utilize
a IN/2N ratio to identify subgroups in which carbaryl is the primary source of 1N. Conversely, studies of naphthalene-related outcomes may utilize 2N
levels to estimate exposure.
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Introduction 75% of the United States male population had detectable
levels of 1N in urine. However, as the sources and health

Exposure biomarkers are useful in environmental epidemio- effects of carbaryl and naphthalene differ, it would be useful

logy as indicators of internal dose that account for all routes
of exposure. Urine is often the preferred matrix for exposure
biomarkers because it is easy to collect and can provide large
sample volumes (Barr et al., 1999). As 1-naphthol (IN) is a
major urinary metabolite of both naphthalene and the
insecticide, carbaryl (1-naphthyl- N-methylcarbamate, widely
known as Sevin®™), levels of urinary 1IN can arise from
exposure to one or both of these compounds. Urinary 1IN is
observed in a large proportion of the general population. For
example, the Second National Report on Human Exposure
to Environmental Chemicals (CDC 2003) found that over
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to differentiate the particular sources of 1N in human urine.

Carbaryl is a broad-spectrum carbamate insecticide
commonly applied to residential lawns and gardens, includ-
ing fruits and vegetables. An estimated 2—4 million pounds
(0.9-1.8 million kg) of carbaryl were applied in the home and
garden market sector in 1999 (EPA, 2002). Carbaryl has
been measured in the dust of homes (Rudel et al., 2003; Colt
et al., 2004) and in food residues (USDA, 2002; FDA, 2003)
throughout the US. Thus, residential exposure to carbaryl
would commonly involve multiple media and routes of
exposure, including inhalation, dermal contact, and inges-
tion, making a biomarker of internal exposure desirable in
epidemiology studies. Urinary IN is the primary biomarker
used to estimate carbaryl exposure in human studies as it
accounts for more than 85% of all carbaryl metabolites in
urine (Maroni et al., 2000).

Naphthalene, a polycyclic aromatic hydrocarbon (PAH),
is an ubiquitous environmental contaminant that is dis-
charged into the environment by incomplete combustion of
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hydrocarbons from industrial, domestic, and natural sources
and from direct vaporization from diesel and jet fuels (Preuss
et al., 2003; Rappaport et al., 2004). These background
combustion sources, along with moth repellents and cigarette
smoke, are the primary sources of naphthalene exposure
among individuals without specific occupational exposures.
Unlike carbaryl, naphthalene is metabolized to both 1N and
2-naphthol (2N), both of which are excreted in urine
(Waidyanatha et al., 2002; ATSDR, 2003). Thus, if levels
of 1N and 2N are highly correlated in urine samples, it would
be reasonable to infer that naphthalene and not carbaryl is
the source of I1N. On the other hand, if levels of IN and 2N
are poorly correlated, then carbaryl is likely to be a major
source of urinary 1N (Hill et al., 1995, Shealy et al., 1997).
Studies of nonoccupational naphthalene exposure have used
urinary 2N rather than 1IN as a surrogate for exposure, to
eliminate misclassification and/or confounding by coexposure
to carbaryl (Kim et al., 1999, 2001, Nan et al., 2001; Preuss
et al., 2003; Kato et al., 2004).

We recently reported associations between urinary 1N
levels and intermediate measures of male reproductive health,
including reduced sperm motility, increased sperm DNA
damage, and reduced circulating testosterone (Meeker et al.,
2004a, b, 2006). If either carbaryl or naphthalene (but not
both) were associated with these outcomes, then use of
urinary 1N as the sole surrogate for exposure could have
introduced measurement errors, and the resulting attenuation
biases, into those analyses. The present study was conducted
to investigate this possibility by using urinary levels of both
IN and 2N to differentiate between carbaryl and naphtha-
lene exposure in these subjects.

We used two previous studies to obtain the necessary data
with which to differentiate urinary 1N arising from exposures
to carbaryl and naphthalene. The first study reported levels of
urinary IN and 2N among carbaryl applicators and their
families in the Agricultural Health Study (Shealy et al., 1997).
In that investigation, carbaryl should have been a major
contributor to urinary 1N. The second study reported levels
of IN and 2N data from a cohort of Air Force personnel
occupationally exposed to jet fuel (JP-8) (Serdar et al., 2004,
2003a). In that investigation, the authors demonstrated high
correlations between airborne levels of naphthalene vapors
and the corresponding urinary levels of 1N and 2N.

Methods

Subject Recruitment

Subjects were men in subfertile couples seeking infertility
diagnosis from the Massachusetts General Hospital Vincent
Burnham Andrology lab between January 2000 and April
2003. Details of subject recruitment have been described
previously (Hauser et al., 2003). Briefly, consecutive eligible
men who presented to the Andrology Laboratory were

Journal of Exposure Science and Environmental Epidemiology (2007) 17(4)

recruited to participate. Of those approached, approximately
65% consented. Most men who declined to participate in the
study cited lack of time on the day of their clinic visit as the
reason for not participating.

Urine Sample Collection and Analysis

A single spot urine sample was collected from each subject.
Urine samples were frozen at —20°C and sent to the US
Centers for Disease Control and Prevention (CDC) where
IN and 2N were measured (Bravo et al., 2005). Samples
were fortified with stable isotope analogues of the target
analytes and glucuronide or sulfate-bound metabolites were
liberated using enzymatic hydrolysis. Urinary 1IN and 2N
were isolated using liquid-liquid extraction, derivatized, and
measured using gas chromatography—chemical ionization—
tandem mass spectrometry. Specific gravity (SG) was used to
adjust urine samples for dilution (Boeniger et al., 1993).
Urine samples with a SG of greater than 1.03 or less than
1.01 were considered too concentrated or too dilute,
respectively, to provide valid results and were excluded from
the primary statistical analysis (Teass et al., 1998). SG was
measured using a handheld refractometer (National Instru-
ment Company Inc., Baltimore, MD, USA).

Intermediate Measures of Male Reproductive Health
Details of the outcome measures in the present study have
been described (Meeker et al., 2004a,b, 2006). Briefly, a
semen sample and a blood sample were collected from each
subject on the same day that urine was collected. Semen
samples were analyzed for sperm count and motility in the
Andrology lab, by computer-aided semen analysis, using
the Hamilton Thorne IVOS 10 Analyzer (Hamilton-Thorne
Research, Beverly, MA, USA). An aliquot of semen was
preserved in liquid nitrogen (—196°C) and later analyzed for
DNA damage using the neutral comet assay at the Harvard
School of Public Health. Measures of DNA damage
included comet extent, tail distributed moment, and percent
DNA in comet tail. Blood samples were centrifuged and
serum stored at —80°C until analysis. Testosterone was
measured directly using the Coat-A-Count RIA kit (Diag-
nostics Products, Los Angeles, CA, USA).

Statistical Analysis

As urinary 1IN levels were right skewed, the values were
transformed using natural logarithms for statistical analyses.
Nondetected samples were assigned a value of one-half the
limit of detection. Multiple linear regression was used to
assess associations between levels of 1IN in urine and
intermediate measures of male reproductive health. Outcome
measures were chosen for this study based on our previous
work, where we observed associations with urinary 1N.
Details of the original analysis and results have been
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described for sperm motility (Meeker et al., 2004a), sperm
DNA damage (Mecker et al., 2004b), and serum testosterone
levels (Meeker et al., 2006). Briefly, for sperm motility and
DNA damage, subjects with a history of medical risk factors
for infertility (e.g. varicocele, orchidopexy) were excluded
from the analysis. For testosterone, subjects taking hormone
medication (e.g. propecia, finasteride, cabergoline, clomid,
GnRH, testosterone, or prednisone taper) were excluded.
Age, body mass index, abstinence time, smoking, and season
were considered as covariates, and were included or excluded
from models based on biologic and statistical considerations
(Kleinbaum et al., 1998). In the case of testosterone, sex
hormone binding globulin and time of day that the blood was
collected were also included in the models. The association
between urinary 1N and sperm motility was also assessed by
multiple logistic regression, where subjects were dichotomized
as either above or below 50% motile sperm based on WHO
reference levels (WHO, 1999).

Three approaches were used in an attempt to separate
carbaryl and naphthalene exposure. The first method
(Approach 1) utilized only data collected in the present
study. Effect modification of the relationship between
In(IN) and reproductive outcomes by the ratio of urinary
IN to 2N (IN/2N ratio) was tested in multiple linear
regression using an interaction term (In(1N)*In(1N/2N
ratio)) in addition to the main effects of In(1N), In(1N/
2N), and the other covariates from the final original models
(e.g. age, smoking, etc.).

The second approach (Approach 2) stratified subjects
based on their (natural scale) ratio of 1N to 2N. The method
utilized repeated levels of 1N and 2N among six carbaryl
applicators and their families in the Agricultural Health
Study (Shealy et al., 1997) to estimate a ratio cutpoint with
which to differentiate subjects for which 1N was primarily
derived from either carbaryl or naphthalene. As the biologic
half-lives of carbaryl metabolites are between 24 and 48 h
(Maroni et al., 2000), only urine samples collected from
applicators within 2 days of exposure were considered. The
distribution of 1N levels among the applicators had a median
of 7ug/g creatinine and ranged from less than 1 pug/g
creatinine to greater than 20,000 ug/g creatinine. The
distribution was skewed right and appeared bimodal, with
modes near 2 ug/g creatinine and 15 ug/g creatinine. Because
background exposure to naphthalene is ubiquitous and a
portion of samples had low 1IN concentrations similar to
those found among the general population (suggesting no
specific carbaryl exposure), we only considered ratios from
applicators having 1IN levels that were above the median
value. Among the 32 samples (out of 160 total samples from
the applicators and their families) that fit these criteria, the
ratio of 1N to 2N ranged from 0.75 to over 1000 with a
median of 4.4. Twenty-seven (84%) samples had a 1N/2N
ratio equal to or greater than 2.0. However, it was apparent
that among the five samples with a ratio below 2.0, all had
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2N levels greater than 20 ug/g creatinine, which was between
five- and 10-fold greater than 2N levels from all other
samples and indicative of high naphthalene exposure. Thus, a
IN/2N ratio above 2.0 was chosen as a cutoff to stratify
individuals with 1N primarily from carbaryl.

The third method (Approach 3) for differentiating
carbaryl and naphthalene exposure was evaluated using
levels of urinary IN and 2N from 323 Air Force personnel
exposed to JP-8 (Serdar et al., 2004, 2003a). To estimate the
portion of 1IN that resulted from naphthalene exposure
in the present study, the following linear relationship was
used, based upon the 323 data pairs from the Air
Force study: In(IN)=—0.37+0.92In(2N) (R*=0.79).
From this relationship, each subject’s observed level
of 2N was used to predict the particular contribution of
IN from naphthalene exposure; this is designated as
IN, =exp[—0.37 4+ 0.92 In(2N)]. Then, each subject’s parti-
cular contribution of IN from carbaryl exposure was
estimated as IN.= 1N -1N,, where 1N, refers to the
subject’s observed level of IN. Logged values of 1N, were
used in multiple linear regression models to explore associa-
tions with intermediate male reproductive outcomes. Effect
estimates were then compared with the original multiple
regression models where 1N, had been used to estimate
exposures. Results were also compared to models using
In(2N) to estimate naphthalene exposures. When comparing
effect estimates across exposure variables, coefficients were
reported as a change in outcome associated with an
interquartile range increase in the exposure variable of
interest.

Results

Demographic characteristics of this study population have
been described previously (Meeker et al., 2004a). Briefly, 370
men provided a urine sample analyzed for 1N and 2N. Of
these, 330 men without a history of medical factors for
infertility were primarily white (82%) nonsmokers (91%)
with a mean (SD) age of 36 (5.5) years. Measurable levels of
IN and 2N were found in 99.7% and 74.5% of samples,
respectively (Table 1). As expected, SG-adjusted 1N and 2N
levels were higher among smokers (median=3_8.13 and
9.84 ug/l, respectively) than among nonsmokers (med-
ian=3.13 and 0.96 ug/l, respectively). The correlation
between 1N and 2N levels was also higher among smokers
(Spearman’s correlation coefficient =0.89 among smokers
vs. 0.42 among nonsmokers), and the ratio of 1IN over 2N
was lower among smokers as anticipated (median
ratio = 3.44 among nonsmokers, 0.93 among smokers).

In the multiple regression analyses, a single extreme 1N
value (>150pug/l) was found to influence parameter
estimates (Cook’s D>4) and was removed. When inter-
mediate reproductive outcomes were modeled with 1N, the
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Table 1. Distribution of 1N, 2N, SG-adjusted 1N, SG-adjusted 2N, and 1N/2N ratio (N =330)

Insecticide metabolite® Geometric mean

Selected percentiles

Sth 10th 25th 50th 75th 90th 95th
Unadjusted (ugll)
IN 2.82 0.63 0.93 1.61 2.86 4.49 7.61 13.3
2N 0.93 <0.4 <0.4 <0.4 0.96 2.36 7.66 15.2
SG-adjusted (ugll)
IN 3.38 0.78 1.03 1.95 3.41 5.72 11.5 16.8
2N 1.11 0.16 0.17 0.34 1.16 2.82 7.05 14.6
Ratio
IN/2N 3.04 0.43 0.64 1.29 3.09 6.67 13.0 25.7

Abbreviations: 1N = 1-naphthol; 2N = 2-naphthol; SG = specific gravity.

“Limit of detection (LOD) for IN and 2N =0.40 ug/1; 99.7% of 1N samples above LOD; 74.5% of 2N samples above LOD.

Table 2. Adjusted® regression coefficients and odds ratios for association between 1N and sperm motility, stratified by 1N/2N ratio (N =271

)b‘C

IN/2N Ratio

Multiple linear regression

Multiple logistic regression

Estimate in (%) (95% CI) P-value Odds ratio (95% CI)® P-value
All (n=271) —4.58 (—8.03, —1.13) 0.01 2.41 (1.43, 4.07) 0.001
Ratio <2 (n=96) —2.29 (—8.32, 3.74) 0.45 1.27 (0.52, 3.06) 0.38
Ratio >2 (n=175) —5.48 (-9.74, —1.21) 0.01 3.52 (1.80, 6.91) 0.0003

#Adjusted for age and abstinence time.
PForty subjects excluded with history of medical risk factors for infertility.
°Fifty-eight subjects excluded with SG above 1.03 or below 1.01.

9Estimated change in the percentage of motile sperm per unit increase in (In) SG-adjusted 1N.
°0dds of having less than 50% motile sperm comparing SG-adjusted 1N levels above and below the median.

IN/2N ratio and a IN*1N/2N interaction term (Approach
1), the interaction term in the testosterone and tail percent
models were significantly different from zero (P=0.05 and
0.01, respectively), whereas the interaction term in the
motility model was not (P =0.7). When the interaction term
was removed and 1N and the 1N/2N ratio were included in
the model, effect estimates for 1N were similar to original
estimates. Inclusion of only the IN*1N/2N interaction term,
which by itself may represent a suitable measure of carbaryl
exposure, was not associated with any of the outcome
measures in multivariate models.

There were differences in the multiple linear regression
coefficients for urinary 1N levels and percent motile sperm
when subjects were separated based on their 1N/2N ratios
(Approach 2; Table 2). The inverse association was stronger
(coefficient farther from zero) among subjects with a IN/2N
ratio of above 2 (regression coefficient =—5.48%; 95%
confidence interval (CI) —9.74, —1.21) compared to those
below 2 (—2.29%; 95% CI —8.32, 3.74). The association
between 1N and sperm motility was also stronger among
subjects with a higher 1N/2N ratio in the logistic regression
analysis (Table 2). For subjects with a 1N/2N ratio above 2,
the odds of having less than 50% motile sperm when 1IN level
was above the median are greater (odds ratio (OR)=3.52;
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95% CI 1.80, 6.91) compared to subjects with a 1N/2N ratio
below 2 (OR=1.27; 95% CI 0.52, 3.06). A similar
difference was found when comparing linear regression
coefficients for 1N and testosterone among subjects with a
high 1N/2N ratio (regression coefficient = —25.5 ng/dl; 95%
CI —44.6, —6.43) to subjects with a low IN/2N ratio
(—10.4ng/dl; 95% CI —46.4, 25.5) (Table 3). However, the
regression coefficient from subjects with a high 1N/2N ratio
was similar to that from analysis including all subjects
(—25.2; 95% CI —42.3, —8.05).

The opposite trend was observed for IN/2N ratio
subgroups in linear regression models for urinary 1N and
sperm DNA damage, estimated as the percentage of DNA in
the tail measured by the neutral comet assay (Table 3). A
stronger positive association was observed among subjects
with a low 1N/2N ratio (regression coefficient = 6.99%; 95%
CI 3.07, 10.9) compared to subjects with a high 1N/2N ratio
(1.76%; 95% —0.34, 3.85).

Results from the carbaryl exposure calibration analyses
were not as clear (Approach 3; Table 4). Effect estimates
were attenuated when 1IN levels estimated to be from
carbaryl exposure (1N.) were used in the models compared
to the observed IN levels (1N,). Unexpectedly, effect
estimates from 1N, were also lower for sperm motility and
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Table 3. Adjusted regression coefficients for change in serum testosterone (ng/dl) and percentage of total DNA in comet tail per unit increase in (In)
SG-adjusted 1N

1N/2N ratio Serum testosterone® DNA in Comet tail®

Estimate, in ng/dl (95% CI)° P-value Estimate, in (%) (95% CI)¢ P-value
All —25.2 (—42.3, —8.05) 0.004 3.16 (1.27, 5.06) 0.001
Ratio <2 —10.4 (—46.4, 25.5) 0.57 6.99 (3.07, 10.9) 0.0007
Ratio >2 —25.5 (—44.6, —6.43) 0.009 1.76 (—0.34, 3.85) 0.1

N =267 (n=96 for ratio <2, n=171 for ratio >2). Testosterone was not measured in 36 subjects, 12 subjects taking hormone medication were excluded,
and 54 subjects were excluded with SG above 1.03 or below 1.01.

PN =213 (n=65 for ratio <2, n= 148 for ratio >2). Comet assay results were not available for 70 subjects, 40 subjects with a history of medical risk factors
for infertility were excluded, and 46 subjects were excluded with SG above 1.03 or below 1.01.

“Adjusted for SHBG, age, BMI, smoking, and time of day at blood draw.

dAdjusted for age and smoking status.

Table 4. Adjusted linear regression coefficients for intermediate reproductive associated with an interquartile range increase in observed 1-naphthol

(IN,), estimated 1-naphthol from carbaryl (1N,), and estimated naphthalene exposure using 2N concentration

IN,

INGS 2N

Sperm Motility (%)°
Testosterone (ng/dl)°
Tail %

—4.70 (-8.24, —1.16)
—25.8 (—43.4, —8.26)
3.24 (1.30, 5.19)

~1.52 (=5.12, 2.07)
~14.2 (=314, 3.14)
1.29 (~0.61, 3.21)

~3.45 (~7.87, 0.97)
4.8 (—47.0, ~2.54)
4.15 (1.73, 6.58)

All metabolite levels adjusted for specific gravity.

#1N, calculated with 1N/2N linear equation from 322 JP-8 exposed workers. Negative 1N, values were omitted from the analysis; N =248, 242, and 195 for

motility, testosterone, and tail percent models, respectively.
®Adjusted for age and abstinence time.

“Adjusted for SHBG, age, BMI, smoking, and time of day at blood draw.

9Adjusted for age and smoking status.

serum testosterone compared to those from naphthalene
exposure (estimated as 2N levels). Consistent with results from
the stratified analysis, naphthalene exposure (2N) was more
strongly associated with tail percent than both 1N, and 1N..

Several linear equations with slightly different intercepts
and slopes were considered from different strata and substrata
in the JP-8 study (smokers vs. nonsmokers; high, medium,
and low naphthalene exposure). However, results did not
differ appreciably when using the various equations, and
results from the full data set are presented here for robustness.
Because some of the resulting 1N, values (approximately 8%)
were negative following calibration, analysis was conducted
when excluding all negative values, and also when negative
values were assigned a value equal to one-half of the lowest
observed positive 1N value. Results were similar between the
two methods for treating negative 1N, values.

Discussion

A limitation of our previous findings, where we reported
associations between urinary 1IN levels and intermediate
measures of male reproductive health, was the inability to
distinguish between exposures to carbaryl and naphthalene in
the population. In the present study, data were reanalyzed,
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using the ratio of 1N to 2N to differentiate between carbaryl
and naphthalene as sources of 1N in each subject. We found
stronger associations between IN and sperm motility and
serum testosterone when carbaryl was the likely source of 1N
(high 1N/2N ratio compared to low 1N/2N ratio; Approach
2). The opposite was found for DNA damage (tail%), which
was more strongly associated with 1N among men with low
IN/2N ratios, which is indicative of naphthalene exposure.
Results for tail percent were consistent with effect modifica-
tion by 1N/2N when an interaction term was included in
multiple regression models (Approach 1). As the parameter
estimate for 1N was positive while that for the interaction
term was negative, the strength of the association between 1N
and tail percent weakened with increasing 1N/2N ratio. Also,
the association between naphthalene and tail percent
observed with Approach 3, which used the level of 2N to
estimate naphthalene exposure, was consistent with results
from Approaches 1 and 2.

These results suggest that sperm DNA damage is
associated with exposure to naphthalene or, perhaps, to
other PAH if naphthalene is serving as a surrogate for PAH
more generally (Rappaport et al., 2004). Although the
genotoxic potential of naphthalene has not been extensively
studied (ATSDR, 2003), there is ample evidence, from both
in vivo and in vitro studies, that other PAHs are genotoxic in
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somatic and sperm cells (Gaspari et al., 2003; DeMarini,
2004; ATSDR, 1995). Results from the present study
indicate that sperm motility and circulating testosterone are
associated with exposure to carbaryl. This leads to the
hypothesis that carbaryl impacts sperm quality (i.e. motility)
through the endocrine system rather than by direct action on
sperm DNA as originally hypothesized (Meeker et al.,
2004b). Limited animal and in vitro studies suggest that
carbaryl alters endocrine activity (Ghosh and Bhattacharya,
1990; Klotz et al., 1997).

The distribution of unadjusted urinary 1N values in the
present study is similar to the distributions among males
recently reported by the Second and Third National Reports
on Human Exposure to Environmental Chemicals (CDC,
2003, 2005). The median, 90th, and 95th percentile 1N levels
in the present study were 2.86, 7.61, and 13.3 ug/l,
respectively, compared to 1.40, 6.60, and 11.0 ug/l in the
Second National Report and 1.98, 12.2, and 21.5 ug/l in the
Third National Report. The 2N concentrations reported in
the Third National Report were higher than in the present
study. The median, 90th, and 95th, percentile levels for 2N in
the Third National Report were 2.51, 16.4, and 28.1 ug/l,
respectively, compared to 0.96, 7.66, and 15.2 ug/l in the
present study. Levels of 1N and 2N representing the median,
90th, and 95th percentiles in our study are also somewhat
lower than those indicated previously by Hill et al. (1995) in
a nonrepresentative sample of adults, that is, 4.4, 26, and
43 pg/l for 1N, respectively, and 3.4, 21, and 30 ug/I for 2N.

As carbaryl and naphthalene are metabolized and excreted
rapidly, urinary levels of 1N reflect exposure in the previous
24-48h (reviewed by Maroni et al., 2000; Preuss et al.,
2003). Nonetheless, we recently showed that a single urine
sample was reasonably predictive of 3-month average urinary
IN levels (Meeker et al., 2005). The intraclass correlation
coefficient (ICC) for 1N was 0.5 (the ICC increased to 0.7
when a single extreme value was removed), and a single urine
sample correctly classified men in the highest 3-month 1N
tertile with a sensitivity of 0.6 and specificity of 0.9.

Data on the relationship between urinary 1N and 2N from
two occupational populations were applied in the present
study. First, a IN/2N ratio was chosen to separate subjects
by primary exposure source, based on a study of carbaryl
applicators (Shealy et al., 1997). Among applicators in that
study, there was little correlation between 1IN and 2N
(R*=0.2, P>0.050), whereas the correlation was much
greater among nonapplicators (R*=0.6, P=0.0001). This
suggests that 1N was derived from exposure to carbaryl
among applicators, whereas naphthalene was the likely
source of 1N in nonapplicators. In occupational studies of
naphthalene exposure (e.g. coke oven workers), much higher
correlations between 1IN and 2N have been reported,
reflecting direct and specific naphthalene exposure (Preuss
et al., 2005; Serdar et al., 2003b; Yang et al., 1999; Bieniek,
1997). This is consistent with the high correlation between
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IN and 2N and the low I1N/2N ratios found among smokers
in the present study, because cigarette smoke is a source of
naphthalene.

We also investigated a calibration method (Approach 3) to
adjust 1N levels for concurrent carbaryl and naphthalene
exposure. This approach employed a calibration curve
between levels of IN and 2N derived from a group of
workers exposed to naphthalene (from jet fuel). As
Approach 3 resulted in weaker associations than those from
Approaches 1 and 2, we conclude either that the calibration
method did not reduce exposure measurement error or
possibly that total 1N (from both carbaryl and naphthalene)
is a better predictor of intermediate measures of male
reproductive health than the portion of 1N derived from
carbaryl alone. The latter possibility that 1N rather than
carbaryl or naphthalene is the causative agent will require
further data to consider more thoroughly.

In conclusion, we explored alternatives for teasing out the
proportions of urinary 1N that could be attributed to
exposures to either carbaryl or naphthalene. We found that
stratification of subjects according to their 1N/2N ratios
altered our understanding of associations between urinary
IN and various measures of male reproductive health. Men
with high 1N/2N ratios had stronger associations between
IN and sperm motility and circulating testosterone levels
than men with low 1N/2N ratios. This indicates that sperm
motility and circulating testosterone levels may have been
depressed owing to exposure to carbaryl among men with
high 1N/2N ratios. Conversely, we found stronger associa-
tions between 1N and sperm DNA damage among men with
lower IN/2N ratios, suggesting that sperm DNA damage
may be caused by exposure to naphthalene and perhaps to
other PAHs. This was consistent when comparing associa-
tions of IN and 2N with DNA damage, where the
relationship was stronger for 2N. As has been previously
proposed but untested to date, our results support that the
IN/2N ratio should be used to differentiate between groups
of men with likely exposure to carbaryl or naphthalene. Also,
our results further verify that it may be appropriate for
studies of naphthalene-related effects to estimate exposure
through levels of urinary 2N. Our attempt at adjusting
urinary 1N levels for naphthalene exposures, based upon a
calibration curve of IN vs. 2N from a naphthalene-exposed
population, was less conclusive but could suggest that 1N per
se is responsible for the observed effects. This conjecture will
require further confirmation.
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