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Metolachlor, a widely used herbicide, is classified as a Group C carcinogen by the U.S. Environmental Protection Agency based

on increased liver neoplasms in female rats. Epidemiologic studies of the health effects of metolachlor have been limited. The

Agricultural Health Study (AHS) is a prospective cohort study including licensed private and commercial pesticide applicators in

Iowa and North Carolina enrolled 1993–1997. We evaluated cancer incidence through 2010/2011 (NC/IA) for 49,616 applicators,

53% of whom reported ever using metolachlor. We used Poisson regression to evaluate relations between two metrics of metola-

chlor use (lifetime days, intensity-weighted lifetime days) and cancer incidence. We saw no association between metolachlor use

and incidence of all cancers combined (n 5 5,701 with a 5-year lag) or most site-specific cancers. For liver cancer, in analyses

restricted to exposed workers, elevations observed at higher categories of use were not statistically significant. However, trends

for both lifetime and intensity-weighted lifetime days of metolachor use were positive and statistically significant with an unex-

posed reference group. A similar pattern was observed for follicular cell lymphoma, but no other lymphoma subtypes. An earlier

suggestion of increased lung cancer risk at high levels of metolachlor use in this cohort was not confirmed in this update. This

suggestion of an association between metolachlor and liver cancer among pesticide applicators is a novel finding and echoes

observation of increased liver neoplasms in some animal studies. However, our findings for both liver cancer and follicular cell

lymphoma warrant follow-up to better differentiate effects of metolachlor use from other factors.

Metolachlor is a chloroacetanilide herbicide that was first regis-
tered in 1976 and is used primarily on corn, soybeans and sor-
ghum. The US Environmental Protection Agency (USEPA) has
classified metolachlor as a “possible human carcinogen” based

on mixed results in rodent studies, with a statistically signifi-
cant increase in liver neoplasms seen in female rats at high
dose levels.1

Epidemiologic studies of the health effects of metolachlor
are quite limited. An ecologic study in Maryland found a
nonsignificantly increased risk of childhood bone cancer in
areas with detectable levels of metolachlor in groundwater
supplies2; interpretation of these results is limited by the
presence of multiple contaminants in the groundwater.

To date, the health effects of occupational exposure to
metolachlor have been studied only in the Agricultural Health
Study (AHS), a prospective study that includes commercial and
private pesticide applicators in Iowa and private pesticide appli-
cators in North Carolina. Methodological details of this cohort
study have been described elsewhere.3,4 Both a nested case–
control study of lung cancer5 and a prospective follow-up
through 2002 of applicators who used metolachlor6 observed
increased risks for lung cancer with high lifetime days of use.
These analyses saw weaker associations with intensity-weighted
lifetime days, a metric that accounts for exposure-modifying
factors.7 Associations between metolachlor use and incidence of
a number of other cancers were also examined in the prospec-
tive study.6 The study found a decreasing risk of prostate can-
cer with increasing lifetime days of reported use. Rectal cancer
was significantly elevated in the highest lifetime-days category
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and nonsignificantly elevated using intensity-weighted lifetime
days. However, cases were sparse, and the elevations were atte-
nuated when nonexposed applicators were used for compari-
son.6 No statistically significant associations with ever use of
metolachlor were seen in AHS studies of multiple risk factors
for specific cancers in applicators: melanoma,8 pancreatic can-
cer9 and colon or rectal cancer.10

The current evaluation extended follow-up of the cohort
(through 2010 in North Carolina and 2011 in Iowa) to fur-
ther evaluate the associations between occupational use of
metolachlor and cancer incidence. This update also incorpo-
rated new exposure information from a follow-up interview.
While exposure–response relations for all cancers with at
least 20 cases in metolachlor users were examined, results for
lung, prostate and rectal cancer were of particular interest in
light of previous analyses, and liver cancer was of interest
because of the animal data.

Methods
Population

Pesticide applicators were enrolled at pesticide licensing ses-
sions conducted between 1993 and 1997 in Iowa (private and
commercial applicators) and North Carolina (private applica-
tors only). Of the 57,310 licensed restricted-use applicators in
this cohort, we excluded 6,259 because they did not provide
sufficient information to quantify days of metolachlor use;
1,094 because of a cancer diagnosis other than nonmelanoma
skin cancer before enrollment in the AHS; and 341 who had
no person-time at risk. Of the 49,616 eligible applicators, 36
were included in the lifetime-days usage analyses but
excluded from analyses of intensity-weighted lifetime days
because they lacked data for the latter metric.

We ascertained cancer incidence by linking cohort records
to cancer registry files through 2010 for North Carolina and
2011 for Iowa. In addition, to determine vital status, we
linked cohort members to the death registries of these two
states and to the National Death Index.

Exposure assessment for the AHS has been described in
depth elsewhere.7,11–13 At enrollment, self-administered ques-
tionnaires were used to collect data on lifetime pesticide use
and application practices, demographic and lifestyle data and
personal and family history of cancer. Approximately 5 years
later (1999–2005), applicators completed a telephone ques-
tionnaire about pesticide use during the most recent year of

application as an indicator of pesticide use over the interval
since enrollment.14,15 Overall, 36,342 applicators (63% of the
full cohort) responded to this second questionnaire. We eval-
uated two metrics: lifetime days and intensity-weighted life-
time days of metolachlor use. The lifetime days metric was
the summation of self-reported use from the enrollment and
follow-up questionnaires.11 The weighting factors for the
intensity-weighted lifetime days metric were designed to
account for use of personal protective equipment, methods of
pesticide application, whether the applicator repaired pesti-
cide application equipment and whether the applicator mixed
pesticides. These factors were modified since the previous
analyses of metolachlor to incorporate refinements based on
field measurement data for subgroups of the AHS population,
resulting in minor changes to the intensity-weighted lifetime
days.7 In addition, analyses included a data-driven multiple
imputation for days of use for applicators who did not com-
plete the 1999–2005 questionnaire.15

Statistical analysis

With the availability of 5-year follow-up (AHS phase 2)
information, we computed metolachlor use as a time-
dependent quantity. We categorized lifetime days and
intensity-weighted lifetime days of use with quartiles based
on the distribution among exposed cancer cases (excluding
nonmelanoma skin cancers). As in the original analysis,6 we
observed that demographic characteristics for groups with
higher metolachlor use were more similar to those using less
metolachlor than to unexposed applicators, and therefore
again produced two sets of analyses: one restricted to person-
time after first metolachlor use and a second without this
restriction.

We used Poisson regression to generate rate ratios (RRs)
and 95% confidence intervals (CIs) for the relations among
metolachlor use and all cancers combined, as well as specific
cancer sites, and the MIANALYZE procedure to determine
variances for 95% CI calculation when using phase 2 imputed
data. We used SAS (version 9.3; SAS Institute, Cary, NC) for
all analyses. We accumulated person-time-at-risk for each
2-year calendar increment from the date of enrollment
(1993–1997) through the earliest of the study end date
(December 31, 2010 in North Carolina and December 31,
2011 in Iowa), date of first cancer diagnosis (other than non-
melanoma skin cancer), date of death or the date first moved

What’s new?

Metolachlor, a widely used herbicide, has been classified as a possible human carcinogen (Group C) by the U.S. Environmental

Protection Agency based on an increase in liver neoplasms in female rats. This update of pesticide applicators in the Agricul-

tural Health Study is the first occupational epidemiology assessment to report positive associations between metolachlor use

and liver cancer in humans. For both liver cancer and follicular cell lymphoma, lifetime and intensity-weighted lifetime days of

metolachor use showed positive trends that were statistically significant when applicators with no metolachlor use were used

as the referent group.
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out of state. We used the midpoint value of each exposure
category treated as a continuous variable to test for linear
trend. All tests were two-sided and conducted at a 5 0.05. To
account for disease latency, we selected a 5-year lag for the
primary analyses, discounting the five most recent years of
exposure, but also conducted unlagged analyses for compari-
son with earlier AHS analyses.

We adjusted all models for attained age (using restricted
cubic splines), cigarette smoking (never/low/high, with the
median value of pack-years among smokers used to demar-
cate low and high categories), alcohol use reported in the
year before enrollment (never, and tertiles of number of
drinks per month among applicators reporting drinking),
family history of cancer at any site in first-degree relatives
(yes/no), applicator type (private, commercial) and state of
residence (Iowa/North Carolina). For oral cavity cancers, we
also assessed the effects of adjusting for ever use of oral
tobacco (snuff or chewing tobacco). We adjusted for sex and
race (white, nonwhite) for all cancers combined and for race
for cancers of the prostate and lung. For the other outcomes
of interest, all or almost all cases occurred in white males, so
all applicators were retained in the analyses with no adjust-
ment for sex or race (with the exception of exclusions for
sex-specific cancers). We identified the five most highly cor-
related pesticides by categorizing unlagged intensity-weighted
lifetime days for each pesticide and calculating the correlation
with quartiles of intensity-weighted lifetime days for metola-
chlor. To adjust for these pesticides in the analyses, we cate-
gorized exposure to each as never, low and high, with the
median of intensity-weighted lifetime days used to differenti-
ate low from high exposure. A separate category was used to
indicate missing data for each correlated pesticide.

Results
Among the 49,616 applicators meeting inclusion criteria,
26,505 (53%) reported any metolachlor use (Table 1).
Follow-up for all applicators averaged 14.9 years, double the
average follow-up available for the first analysis of cancer
incidence and metolachlor use. The applicators were almost
all white (97%) and male (97%). For most demographic and
exposure characteristics, differences between applicators who
did not use metolachlor and those with any use were larger
than differences among the groups with different levels of
use. Applicators reporting metolachlor usage were more likely
to have consumed alcohol in the past year and to have at
least a high school education. The largest difference was state
of residence, with >70% of applicators in each usage category
residing in Iowa, compared to 57% of those who did not use
metolachlor. Alcohol consumption and smoking differed by
state, with the former higher in Iowa and the latter higher in
North Carolina.

Applicators in the highest metolachlor usage quartile dif-
fered in some respects from the applicators who did not use
metolachlor and those who used less metolachor; in particu-
lar, many more in the highest quartile were commercial

applicators (20.6% of applicators in quartile 4 vs. <8% of
applicators in each of the other usage groups and in nonusers
of metolachlor). Applicators in the highest usage group were
also most likely to have used one or more of the highly cor-
related pesticides: imazethapyr, alachlor, atrazine, dicamba
and/or trifluralin.

Among applicators who ever used metolachlor, with low-
exposed applicators as the referent, results for all cancers
combined and for most specific cancer sites exhibited few
trends or significant elevations in the top quartiles for life-
time days or intensity-weighted lifetime days of use with a 5-
year lag (Table 2). However, several cancers did show
increased (oral cavity, rectal and testicular cancer) or
decreased (leukemia and prostate and stomach cancer) risk
with higher levels of metolachlor use. Neither point estimates
nor trends were statistically significant. For oral cavity malig-
nancies, adjusting for oral tobacco (snuff or dip) use had lit-
tle effect on the results.

Although NHL as a grouped outcome showed no evidence
of a trend, RRs for the follicular cell lymphoma subtype16

were elevated in all categories for lifetime days and, in the
third and fourth quartiles, for intensity-weighted lifetime
days, though trends were not statistically significant. Liver
cancer showed nonstatistically significant increased risks in
the third and fourth quartiles for both exposure metrics; the
tests for trend were not significant (p5 0.10). Because liver
cancer was the only outcome with fewer than five cases in
the lowest metolachlor use category with cutpoints based on
all cancers combined, we also performed alternate analyses
using categories based on the equal distribution of exposed
liver cancer cases. The results were similar (data not shown)
to those presented above, although risk estimates increased
and the trend approached statistical significance (p5 0.07)
for intensity-weighted lifetime days.

Analyses with the unexposed as the referent did not
change the conclusions for most outcomes (Table 3). Point
estimates for lung and pancreatic cancers were lower, with all
exposed categories in deficit in these analyses, but neither the
category estimates nor trends attained statistical significance.
For leukemia, the small suggestion of a negative trend disap-
peared, and for rectal cancer, point estimates in the top three
quartiles decreased. For all outcomes, findings were similar
when unlagged data were used (results not shown). Results
were also similar for sensitivity analyses excluding applicators
who did not respond to the second questionnaire and analy-
ses removing applicator type from the models.

The most notable results of the analyses with the unex-
posed referent were for follicular cell lymphoma and liver
cancer, both of which had statistically significant positive
trends. Follicular cell lymphoma showed elevations in all but
the first quartile, with the highest lifetime-days quartile
attaining statistical significance; trends for both metolachlor
use metrics were statistically significant. A test for homogene-
ity did not show statistically significant differences between
NHL subtypes, but cases were sparse for some subtypes,
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Table 1. Selected demographic and lifestyle characteristics of applicators by cumulative metolachlor use in the Agricultural Health Study,
1993–2011

Lifetime days of metolachlor use1, no lag

No use Quartile 1 Quartile 2 Quartile 3 Quartile 4

Characteristic2 (n 5 23,111) (n 5 7,866) (n 5 5,079) (n 5 6,757) (n 5 6,803)

Age (years) number (%)

<50 4,070 (17.6) 1,824 (23.2) 968 (19.1) 1,254 (18.6) 1,205 (17.7)

50–<60 6,498 (28.1) 2,448 (31.1) 1,664 (32.8) 2,304 (34.1) 2,708 (39.8)

60–<70 6,095 (26.4) 1,951 (24.8) 1,369 (27.0) 1,738 (25.7) 1,747 (25.7)

�70 6,448 (27.9) 1,643 (20.9) 1,078 (21.2) 1,461 (21.6) 1,143 (16.8)

Sex

Male 22,060 (95.5) 7,777 (98.9) 5,035 (99.1) 6,710 (99.3) 6,753 (99.3)

Female 1,051 (4.5) 89 (1.1) 44 (0.9) 47 (0.7) 50 (0.7)

Race

White 22,427 (97.0) 7,683 (97.7) 4,981 (98.1) 6,633 (98.2) 6,687 (98.3)

Non-White 616 (2.7) 167 (2.1) 93 (1.8) 116 (1.7) 98 (1.4)

Missing 68 (0.3) 16 (0.2) 5 (0.1) 8 (0.1) 18 (0.3)

Family history of cancer

Yes 13,249 (57.3) 4,608 (58.6) 2,851 (56.1) 3,860 (57.1) 3,958 (58.2)

No 9,080 (39.3) 3,038 (38.6) 2,145 (42.2) 2,770 (41.0) 2,728 (40.1)

Missing 782 (3.4) 220 (2.8) 83 (1.6) 127 (1.9) 117 (1.7)

Smoking history (pack-years)

None 11,810 (51.1) 4,306 (54.7) 2,919 (57.5) 3,752 (55.5) 3,641 (53.5)

Low (<11.25) 7,004 (30.3) 2,154 (27.4) 1,430 (28.2) 1,912 (28.3) 1,906 (28.0)

High (�11.25) 3,952 (17.1) 1,306 (16.6) 692 (13.6) 1,044 (15.5) 1,221 (17.9)

Missing 345 (1.5) 100 (1.3) 38 (0.7) 49 (0.7) 35 (0.5)

Alcohol consumption over past year (drinks per month)

Never in past year 8,379 (36.2) 2,262 (28.8) 1,331 (26.2) 1,667 (24.7) 1,565 (23.0)

<1.875 3,362 (14.5) 1,203 (15.3) 798 (15.7) 951 (14.1) 919 (13.5)

�1.875–<14.5 5,887 (25.5) 2,344 (29.8) 1,648 (32.4) 2,226 (32.9) 2,140 (31.4)

�14.5 4,926 (21.3) 1,903 (24.2) 1,215 (23.9) 1,823 (27.0) 2,090 (30.7)

Missing 557 (2.4) 154 (2.0) 87 (1.7) 90 (1.3) 89 (1.3)

Education

<High school 2,338 (10.1) 561 (7.1) 277 (5.5) 345 (5.1) 317 (4.7)

High school graduate/GED 10,704 (46.3) 3,824 (48.6) 2,328 (45.8) 3,158 (46.7) 3,104 (45.6)

>High school 9,525 (41.2) 3,342 (42.5) 2,392 (47.1) 3,148 (46.6) 3,240 (47.6)

Missing 544 (2.4) 139 (1.8) 82 (1.6) 106 (1.6) 142 (2.1)

State of residence

Iowa 13,202 (57.1) 5,725 (72.8) 4,037 (79.5) 5,422 (80.2) 5,162 (75.9)

North Carolina 9,909 (42.9) 2,141 (27.2) 1,042 (20.5) 1,335 (19.8) 1,641 (24.1)

Applicator type3

Private 21,315 (92.2) 7,414 (94.3) 4,792 (94.3) 6,230 (92.2) 5,403 (79.4)

Commercial 1,796 (7.8) 452 (5.7) 287 (5.7) 527 (7.8) 1,400 (20.6)

Five most correlated4 pesticides

Use of Imazethapyr

No 17,360 (75.1) 4,247 (54.0) 2,128 (41.9) 2,375 (35.1) 2,085 (30.6)

Yes 5,342 (23.1) 3,389 (43.1) 2,794 (55.0) 4,197 (62.1) 4,506 (66.2)

Missing 409 (1.8) 230 (2.9) 157 (3.1) 185 (2.7) 212 (3.1)
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including follicular cell. For liver cancer, we observed statisti-
cally significant increases in the third and fourth quartiles
and statistically significant trends for both lifetime days and
intensity-weighted lifetime days.

Discussion
This updated examination of metolachlor use and cancer in
the AHS cohort found suggestions of positive associations
between metolachlor use and incidence of both liver cancer
and follicular cell lymphoma, though there were few exposed
cases for either outcome (n5 25 and 32, respectively). To
our knowledge, this is the first occupational epidemiology
study to report positive associations between metolachlor
exposure and these two outcomes. The findings for liver can-
cer are of particular interest, given observations of increased
liver neoplasms in some animals exposed to metolachlor.

Studies underlying the USEPA classification of metolachor
as a “possible human carcinogen” found mixed results in
rodents, with female rats showing the most strongly positive
results for hepatic neoplasms.17 No increased tumor incidence
was observed in Charles River DC-1 mice.18 Other hepatic
effects in rats included induction of liver enzymes,19,20 a dose-
related increase in hepatocellular hypertrophy (male rats)17

and cystic cholangioma at high doses (female rats).17 A study
comparing the effects on cells of metolachlor and alachlor, a

structural analog, found metolachlor to be less cytotoxic than
alachlor to human hepatoma (HepG2) cells.21 Another study
found metolachlor to be less cytotoxic than alachlor and aceto-
chlor to rat hepatocytes but of equivalent potency in human
hepatocytes. In addition to the hepatic effects,22 increased inci-
dence of nasal cavity tumors was reported in male rats in a
high dose group.23 In our study, there were too few female
applicators to evaluate sex differences for specific cancer sites.

The potential mechanism of metolachlor hepatic carcino-
genicity is unknown, and results appear to differ for rat and
human cells and subcellular components. Metolachlor has
been shown to induce hepatic CYP2B1/2 activity in male
rats.19 Researchers have suggested an activation pathway
leading to a DNA-reactive dialykylbenzoquinone imine, but a
study found that while rat liver microsomes exposed to meto-
lachlor produced one important intermediate [2-chloro-N-(2-
methyl-6-ethylphenyl)acetamide], human liver microsomes
did not.18 However, other investigators have shown greater
potential for cytotoxicity in human than in rat hepatocytes.22

Clarification of the reasons for these differences would facili-
tate evaluation of the potential for carcinogenicity in
humans.

We also observed statistically significant positive trends
for follicular lymphoma for both lifetime and intensity-
weighted lifetime days. While a previous AHS analysis of

Table 1. Selected demographic and lifestyle characteristics of applicators by cumulative metolachlor use in the Agricultural Health Study,
1993–2011 (Continued)

Lifetime days of metolachlor use1, no lag

No use Quartile 1 Quartile 2 Quartile 3 Quartile 4

Characteristic2 (n 5 23,111) (n 5 7,866) (n 5 5,079) (n 5 6,757) (n 5 6,803)

Use of Alachlor

No 14,800 (64.0) 3,384 (43.0) 1,723 (33.9) 2,197 (32.5) 1,735 (25.5)

Yes 7,793 (33.7) 4,289 (54.5) 3,214 (63.3) 4,371 (64.7) 4,899 (72.0)

Missing 518 (2.2) 193 (2.5) 142 (2.8) 189 (2.8) 169 (2.5)

Use of Atrazine

No 10,870 (47.0) 2,168 (27.6) 856 (16.9) 854 (12.6) 512 (7.5)

Yes 11,796 (51.0) 5,586 (71.0) 4,177 (82.2) 5,836 (86.4) 6,231 (91.6)

Missing 445 (1.9) 112 (1.4) 46 (1.0) 67 (0.9) 60 (0.9)

Use of Dicamba

No 14,927 (64.6) 3,695 (47.0) 1,821 (35.9) 2,123 (31.4) 1,835 (27.0)

Yes 7,440 (32.2) 3,905 (49.6) 3,089 (60.8) 4,456 (65.9) 4,752 (69.8)

Missing 744 (3.2) 266 (3.4) 169 (3.3) 178 (2.6) 216 (3.2)

Use of Trifluralin

No 15,093 (65.3) 3,421 (43.5) 1,553 (30.6) 1,802 (26.7) 1,548 (22.8)

Yes 7,155 (31.0) 4,184 (53.2) 3,373 (66.4) 4,759 (70.4) 5,047 (74.2)

Missing 863 (3.7) 261 (3.3) 153 (3.0) 196 (2.9) 208 (3.0)

1Based on enrollment and first follow-up information. Metolachlor quartile cutpoints based on distribution of all cancer cases: (i) 0–�18.75,
(ii) >18.75–�38.75, (iii) >38.75–�113.5, (iv) >113.5 lifetime days.
2Demographic and lifestyle factors reported at enrollment.
3The term “private applicators” refers primarily to farmers and “commercial applicators” to professional pesticide applicators.
4Five most correlated pesticides determined by categorizing unlagged intensity-weighted lifetime days for each pesticide and calculating the correla-
tion with quartiles of intensity-weighted lifetime days for metolachlor.
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Table 2. Rate ratios1 for all cancers with 20 or more exposed cases by quartiles of lifetime days and intensity-weighted lifetime days of
metolachlor use among Agricultural Health Study applicators (n 5 26,505) who ever used metolachlor (with person-time in the low-
metolachlor use category as referent), 5-year lag

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

All cancers

Q13 699 1.00 reference 694 1.00 reference

Q2 626 1.00 (0.90–1.13) 604 0.96 (0.86–1.08)

Q3 611 1.00 (0.89–1.13) 610 0.97 (0.86–1.10)

Q4 589 0.97 (0.86–1.11) 0.64 613 0.92 (0.80–1.05) 0.27

Bladder

Q1 33 1.00 35 1.00

Q2 21 0.67 (0.38–1.18) 21 0.59 (0.33–1.03)

Q3 28 0.86 (0.50–1.47) 22 0.60 (0.34–1.06)

Q4 29 0.84 (0.45–1.57) 0.92 32 0.75 (0.41–1.38) 0.80

Brain

Q1 7 1.00 10 1.00

Q2 7 1.29 (0.43–3.86) 5 0.52 (0.16–1.66)

Q3 10 1.70 (0.58–5.05) 8 0.89 (0.32–2.53)

Q4 7 1.71 (0.49–6.02) 0.41 8 1.10 (0.35–3.49) 0.57

Colon

Q1 40 1.00 46 1.00

Q2 44 1.16 (0.73–1.84) 41 0.97 (0.62–1.52)

Q3 45 1.20 (0.72–2.04) 43 1.00 (0.61–1.65)

Q4 45 1.19 (0.72–1.97) 0.60 44 0.96 (0.57–1.63) 0.91

Esophagus

Q1 7 1.00 9 1.00

Q2 9 1.26 (0.42–3.76) 4 0.59 (0.16–2.19)

Q3 7 1.05 (0.33–3.35) 13 1.73 (0.63–4.73)

Q4 14 1.81 (0.63–5.21) 0.27 12 1.58 (0.50–4.97) 0.24

Kidney

Q1 20 1.00 19 1.00

Q2 22 1.14 (0.59–2.18) 21 1.01 (0.51–1.99)

Q3 24 1.14 (0.57–2.27) 27 1.17 (0.60–2.28)

Q4 21 0.89 (0.44–1.80) 0.59 20 0.69 (0.32–1.48) 0.24

Liver

Q1 2 1.00 3 1.00

Q2 4 1.86 (0.31–11.1) 3 0.85 (0.16–4.52)

Q3 7 3.13 (0.56–17.4) 8 1.83 (0.42–8.02)

Q4 10 4.01 (0.68–23.5) 0.10 9 1.71 (0.33–8.83) 0.44

Lung

Q1 50 1.00 49 1.00

Q2 41 0.97 (0.63–1.51) 41 0.88 (0.54–1.44)

Q3 51 1.17 (0.77–1.79) 50 1.07 (0.66–1.72)

Q4 42 0.90 (0.55–1.48) 0.73 47 0.87 (0.52–1.44) 0.70
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Table 2. Rate ratios for all cancers with 20 or more exposed cases by quartiles of lifetime days and intensity-weighted lifetime days of
metolachlor use among Agricultural Health Study applicators (n 5 26,505) who ever used metolachlor (with person-time in the low-
metolachlor use category as referent), 5-year lag (Continued)

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

Melanoma

Q1 29 1.00 38 1.00

Q2 27 1.10 (0.63–1.91) 17 0.54 (0.30–0.97)

Q3 29 1.20 (0.68–2.10) 27 0.91 (0.52–1.60)

Q4 27 1.19 (0.65–2.18) 0.60 30 1.03 (0.55–1.93) 0.43

Oral cavity

Q1 10 1.00 14 1.00

Q2 21 2.34 (1.06–5.16) 12 1.06 (0.48–2.36)

Q3 16 1.88 (0.82–4.31) 19 1.69 (0.79–3.61)

Q4 14 1.78 (0.72–4.39) 0.63 16 1.66 (0.70–3.96) 0.21

Pancreas

Q1 14 1.00 12 1.00

Q2 9 0.82 (0.34–2.00) 13 1.33 (0.57–3.13)

Q3 9 0.86 (0.35–2.11) 7 0.73 (0.26–2.03)

Q4 9 0.94 (0.34–2.54) 0.99 9 0.88 (0.30–2.60) 0.57

Prostate

Q1 306 1.00 292 1.00

Q2 266 0.94 (0.80–1.12) 276 1.05 (0.88–1.24)

Q3 255 0.93 (0.77–1.11) 245 0.94 (0.77–1.13)

Q4 232 0.86 (0.70–1.04) 0.15 245 0.89 (0.72–1.10) 0.15

Rectum

Q1 13 1.00 11 1.00

Q2 23 1.87 (0.86–4.07) 25 2.29 (0.95–5.54)

Q3 24 1.84 (0.87–3.92) 23 2.16 (0.97–4.80)

Q4 21 1.71 (0.75–3.90) 0.44 23 2.01 (0.80–5.06) 0.45

Stomach

Q1 13 1.00 12 1.00

Q2 10 0.84 (0.36–1.98) 9 0.82 (0.33–2.02)

Q3 10 0.95 (0.40–2.23) 10 0.94 (0.37–2.39)

Q4 4 0.41 (0.12–1.40) 0.18 7 0.68 (0.23–2.06) 0.57

Testes

Q1 9 1.00 9 1.00

Q2 4 0.76 (0.23–2.49) 5 0.98 (0.32–3.06)

Q3 6 1.24 (0.42–3.62) 7 1.83 (0.61–5.55)

Q4 5 2.00 (0.58–6.91) 0.20 3 1.60 (0.34–7.56) 0.39

Thyroid

Q1 8 1.00 9 1.00

Q2 6 0.95 (0.31–2.92) 7 0.98 (0.34–2.80)

Q3 5 0.75 (0.22–2.56) 3 0.35 (0.08–1.61)

Q4 7 1.24 (0.37–4.16) 0.68 7 0.93 (0.26–3.35) 0.91

Lymphohematopoietic malignancies

Q1 82 1.00 80 1.00

Q2 69 0.93 (0.67–1.30) 61 0.85 (0.60–1.20)
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metolachlor did not find associations between metolachlor
use and either NHL or lymphohematopoietic cancers in gen-
eral,6 an AHS examination of cancer incidence related to ala-
chlor use reported a positive, statistically significant trend for
lymphohematopoietic cancers.24 In human lymphocytes,
metolachlor has not been found to induce sister chromatid

exchanges.25 Whether metolachlor produces a clastogenic
response in human lymphocytes is unclear, with both posi-
tive20 and negative26 reports.

The findings from this update of the cohort are similar to
those in the earlier report on cancer incidence and metolachlor
use6 for rectal cancer, with nonsignificant elevations in all

Table 2. Rate ratios for all cancers with 20 or more exposed cases by quartiles of lifetime days and intensity-weighted lifetime days of
metolachlor use among Agricultural Health Study applicators (n 5 26,505) who ever used metolachlor (with person-time in the low-
metolachlor use category as referent), 5-year lag (Continued)

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

Q3 55 0.79 (0.55–1.13) 63 0.87 (0.60–1.26)

Q4 61 0.93 (0.64–1.36) 0.73 62 0.86 (0.57–1.29) 0.64

Leukemia

Q1 13 1.00 14 1.00

Q2 12 0.99 (0.43–2.26) 8 0.51 (0.20–1.31)

Q3 5 0.46 (0.16–1.33) 9 0.65 (0.26–1.61)

Q4 10 0.83 (0.32–2.11) 0.61 10 0.63 (0.24–1.67) 0.62

Non-Hodgkin lymphoma (NHL)4

Q1 66 1.00 64 1.00

Q2 51 0.87 (0.60–1.27) 50 0.90 (0.62–1.33)

Q3 49 0.88 (0.59–1.30) 48 0.88 (0.59–1.33)

Q4 50 0.97 (0.64–1.48) 0.94 52 0.95 (0.60–1.49) 0.95

Chronic/small/prolymphocytic/mantle B-cell NHL

Q1 19 1.00 17 1.00

Q2 16 0.95 (0.47–1.92) 16 1.20 (0.58–2.47)

Q3 19 1.12 (0.55–2.29) 20 1.36 (0.64–2.88)

Q4 13 0.98 (0.44–2.16) 0.98 14 1.11 (0.46–2.69) 0.93

Diffuse large B-cell lymphoma

Q1 13 1.00 15 1.00

Q2 12 0.90 (0.39–2.07) 8 0.61 (0.25–1.49)

Q3 8 0.72 (0.28–1.89) 8 0.50 (0.18–1.35)

Q4 9 0.76 (0.28–2.05) 0.57 12 0.83 (0.30–2.26) 0.96

Follicular cell lymphoma

Q1 5 1.00 7 1.00

Q2 10 2.48 (0.84–7.32) 6 1.08 (0.36–3.24)

Q3 7 1.84 (0.53–6.34) 10 2.04 (0.71–5.88)

Q4 9 3.24 (0.96–11.0) 0.14 8 2.08 (0.61–7.10) 0.21

Multiple myeloma

Q1 15 1.00 11 1.00

Q2 6 0.42 (0.15–1.14) 9 0.77 (0.30–1.99)

Q3 8 0.54 (0.22–1.35) 8 0.79 (0.30–2.12)

Q4 10 0.74 (0.29–1.88) 0.93 11 1.04 (0.37–2.93) 0.76

1Adjusted for age, smoking, alcohol, applicator status (private or commercial), family history of cancer (any site), state of residence and the pesti-
cides most highly correlated with metolachlor (imazethapyr, alachlor, atrazine, dicamba, trifluralin). All cancers combined also adjusted for sex and
race. Lung and prostate cancers also adjusted for race.
2Median number of cases over five imputations.
3For lifetime-days analyses with a 5-year lag, Q1 >0–�15 days, Q2 >15–�38.75 days, Q3 >38.75–�108.5 days, Q4> 108.5 days. For
intensity-weighted lifetime-days analyses, Q1 >0–�490, Q2 >490–�1,403, Q3 >1,403–�4,103, Q4>4,103 units.
4Subtypes for non-Hodgkin lymphoma as defined by Morton et al.16
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Table 3. Rate ratios1 for cancers with at least 20 exposed cases by quartiles of lifetime exposure days and intensity-weighted lifetime expo-
sure days to metolachlor among Agricultural Health Study cohort applicators (with unexposed person-time as the referent), 5-year lag

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

All cancers

Unexposed 3,248 1.00 (referent) 3,248 1.00 (referent)

Q13 619 0.95 (0.86–1.04) 619 0.98 (0.89–1.08)

Q2 626 0.96 (0.88–1.06) 604 0.95 (0.86–1.05)

Q3 611 0.97 (0.88–1.06) 610 0.96 (0.87–1.07)

Q4 589 0.94 (0.85–1.04) 0.30 613 0.92 (0.83–1.02) 0.14

Bladder

Unexposed 168 1.00 168 1.00

Q1 32 0.99 (0.65–1.51) 33 1.11 (0.74–1.68)

Q2 21 0.64 (0.39–1.06) 21 0.64 (0.39–1.05)

Q3 28 0.88 (0.56–1.40) 22 0.70 (0.43–1.15)

Q4 29 0.92 (0.58–1.48) 0.74 32 0.98 (0.63–1.54) 0.74

Brain

Unexposed 38 1.00 38 1.00

Q1 7 0.81 (0.32–2.04) 10 1.19 (0.56–2.57)

Q2 7 0.91 (0.38–2.17) 5 0.57 (0.20–1.67)

Q3 10 1.20 (0.53–2.71) 8 1.01 (0.42–2.46)

Q4 7 1.21 (0.47–3.08) 0.56 8 1.31 (0.52–3.29) 0.59

Colon

Unexposed 241 1.00 241 1.00

Q1 38 0.80 (0.55–1.16) 44 0.94 (0.65–1.36)

Q2 44 0.89 (0.61–1.30) 41 0.85 (0.59–1.23)

Q3 45 0.90 (0.62–1.31) 43 0.86 (0.60–1.24)

Q4 45 0.88 (0.60–1.28) 0.60 44 0.81 (0.55–1.19) 0.28

Esophagus

Unexposed 40 1.00 40 1.00

Q1 7 0.78 (0.32–1.89) 8 0.84 (0.35–2.00)

Q2 9 0.95 (0.41–2.23) 4 0.47 (0.16–1.35)

Q3 7 0.82 (0.34–1.95) 13 1.35 (0.67–2.72)

Q4 14 1.33 (0.61–2.88) 0.45 12 1.16 (0.52–2.61) 0.47

Kidney

Unexposed 112 1.00 112 1.00

Q1 18 0.84 (0.49–1.45) 17 0.90 (0.52–1.57)

Q2 21 0.97 (0.58–1.60) 21 0.92 (0.55–1.55)

Q3 24 1.03 (0.63–1.70) 27 1.16 (0.72–1.87)

Q4 21 0.86 (0.50–1.50) 0.74 20 0.74 (0.42–1.30) 0.44

Liver

Unexposed 17 1.00 15 1.00

Q1 2 0.97 (0.17–5.50) 3 1.65 (0.37–7.23)

Q2 4 1.79 (0.54–5.93) 3 1.33 (0.35–4.99)

Q3 7 3.06 (1.05–8.90) 8 3.14 (1.11–8.88)

Q4 10 3.99 (1.43–11.1) <0.01 9 3.18 (1.10–9.22) 0.03
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Table 3. Rate ratios for cancers with at least 20 exposed cases by quartiles of lifetime exposure days and intensity-weighted lifetime expo-
sure days to metolachlor among Agricultural Health Study cohort applicators (with unexposed person-time as the referent), 5-year lag
(Continued)

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

Lung

Unexposed 330 1.00 330 1.00

Q1 45 0.81 (0.58–1.14) 43 0.86 (0.60–1.24)

Q2 42 0.77 (0.54–1.10) 41 0.75 (0.51–1.10)

Q3 51 0.91 (0.65–1.28) 50 0.89 (0.63–1.26)

Q4 42 0.70 (0.47–1.02) 0.12 47 0.72 (0.49–1.05) 0.13

Melanoma

Unexposed 134 1.00 134 1.00

Q1 24 0.86 (0.54–1.38) 33 1.15 (0.75–1.76)

Q2 27 1.00 (0.64–1.57) 17 0.63 (0.36–1.09)

Q3 28 1.09 (0.69–1.71) 27 1.06 (0.66–1.69)

Q4 27 1.07 (0.66–1.74) 0.64 31 1.20 (0.74–1.94) 0.44

Oral cavity

Unexposed 69 1.00 69 1.00

Q1 9 0.63 (0.30–1.34) 13 0.87 (0.45–1.67)

Q2 21 1.41 (0.82–2.44) 12 0.85 (0.44–1.64)

Q3 16 1.14 (0.63–2.07) 19 1.36 (0.76–2.41)

Q4 14 1.08 (0.56–2.10) 0.64 16 1.29 (0.68–2.45) 0.28

Pancreas

Unexposed 73 1.00 73 1.00

Q1 11 0.72 (0.36–1.44) 9 0.59 (0.27–1.28)

Q2 9 0.64 (0.31–1.34) 13 0.95 (0.50–1.79)

Q3 9 0.61 (0.29–1.30) 7 0.49 (0.22–1.12)

Q4 9 0.64 (0.29–1.42) 0.25 9 0.60 (0.27–1.32) 0.15

Prostate

Unexposed 1,242 1.00 1,242 1.00

Q1 276 1.04 (0.91–1.20) 261 1.00 (0.86–1.16)

Q2 266 1.00 (0.86–1.15) 272 1.07 (0.93–1.23)

Q3 255 0.98 (0.84–1.15) 245 0.96 (0.82–1.13)

Q4 232 0.92 (0.78–1.08) 0.25 245 0.92 (0.78–1.08) 0.26

Rectum

Unexposed 104 1.00 104 1.00

Q1 12 0.66 (0.35–1.26) 10 0.55 (0.28–1.11)

Q2 23 1.29 (0.79–2.12) 25 1.38 (0.83–2.28)

Q3 24 1.32 (0.80–2.18) 22 1.36 (0.81–2.29)

Q4 21 1.32 (0.76–2.28) 0.18 23 1.37 (0.79–2.36) 0.14

Stomach

Unexposed 47 1.00 47 1.00

Q1 13 1.68 (0.87–3.26) 12 1.64 (0.82–3.29)

Q2 10 1.18 (0.55–2.52) 9 1.14 (0.52–2.51)

Q3 10 1.25 (0.59–2.64) 10 1.18 (0.54–2.56)

Q4 4 0.52 (0.17–1.58) 0.25 7 0.82 (0.34–2.02) 0.61
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Table 3. Rate ratios for cancers with at least 20 exposed cases by quartiles of lifetime exposure days and intensity-weighted lifetime expo-
sure days to metolachlor among Agricultural Health Study cohort applicators (with unexposed person-time as the referent), 5-year lag
(Continued)

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

Testes

Unexposed 23 1.00 23 1.00

8 1.47 (0.62–3.46) 8 1.20 (0.48–2.96)

4 0.90 (0.29–2.77) 5 0.97 (0.34–2.73)

Q3 6 1.28 (0.48–3.38) 7 1.44 (0.56–3.75)

Q4 5 1.47 (0.47–4.62) 0.56 3 0.80 (0.20–3.14) 0.91

Thyroid

Unexposed 39 1.00 39 1.00

Q1 7 0.81 (0.33–2.00) 8 0.93 (0.38–2.24)

Q2 6 0.79 (0.31–2.01) 7 0.96 (0.40–2.28)

5 0.65 (0.23–1.84) 3 0.37 (0.10–1.43)

Q4 7 1.05 (0.41–2.71) 0.98 7 1.00 (0.38–2.61) 0.76

Lymphohematopoietic malignancies

Unexposed 307 1.00 307 1.00

Q1 70 1.11 (0.84–1.48) 67 1.11 (0.83–1.48)

Q2 69 1.12 (0.84–1.49) 61 1.01 (0.74–1.38)

Q3 55 0.95 (0.69–1.30) 63 1.06 (0.78–1.45)

61 1.13 (0.82–1.56) 0.66 62 1.06 (0.77–1.47) 0.74

Leukemia

Unexposed 52 1.00 52 1.00 referent

Q1 12 1.26 (0.61–2.57) 12 1.43 (0.72–2.87)

12 1.38 (0.68–2.79) 8 0.82 (0.35–1.95)

Q3 5 0.68 (0.26–1.80) 9 1.20 (0.55–2.60)

Q4 10 1.40 (0.64–3.08) 0.67 10 1.34 (0.60–2.98) 0.52

Non-Hodgkin lymphoma (NHL)4

Unexposed 247 1.00 247 1.00

Q1 55 1.09 (0.79–1.50) 53 1.05 (0.76–1.45)

Q2 52 1.03 (0.74–1.44) 51 1.04 (0.74–1.45)

Q3 50 1.04 (0.74–1.45) 51 1.02 (0.72–1.44)

Q4 50 1.13 (0.80–1.61) 0.55 53 1.09 (0.76–1.56) 0.68

Chronic/small/prolymphocytic/mantle B-cell NHL

Unexposed 72 1.00 72 1.00

Q1 17 1.10 (0.60–2.03) 14 0.85 (0.44–1.64)

Q2 16 1.12 (0.63–2.00) 16 1.17 (0.65–2.11)

Q3 19 1.36 (0.77–2.39) 20 1.38 (0.78–2.42)

13 1.32 (0.69–2.52) 0.69 14 1.20 (0.62–2.35) 0.41

Diffuse large B-cell lymphoma

Unexposed 64 1.00 64 1.00

Q1 8 0.67 (0.30–1.48) 10 0.85 (0.41–1.78)

Q2 12 0.88 (0.44–1.76) 8 0.68 (0.31–1.48)

Q3 8 0.69 (0.31–1.54) 8 0.54 (0.22–1.29)

Q4 9 0.64 (0.28–1.47) 0.30 12 0.83 (0.38–1.80) 0.52
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categories above the referent but no significant trend. Prostate
cancer continues to have decreasing risks with increasing life-
time days of exposure, although the results in the update are
not statistically significant.

The excess lung cancer at higher lifetime days of metola-
chlor exposure previously seen in the cohort5,6 is absent in
this update, with no observed exposure response and no
notable or statistically significant increase in any exposure
quartile. When we replicated the original analysis using the
original exposure information collected at enrollment, but
incorporating the 6 years of additional follow-up, the rela-
tions with both lifetime days and intensity-weighted lifetime
days were less strong than in the previous analysis.6 Quite a
number of lung cancer cases have accrued in the interim;
while the original analysis had 46 metolachlor-using cases
with no lag imposed, the current analysis has almost 200
such cases with a 5-year lag. When we then added the expo-
sure information from the follow-up questionnaire, the expo-
sure response was dampened further, although this effect of
the additional exposure data was more modest than the effect
of extending follow-up. Sensitivity analyses, which (i)
removed the imputed values and (ii) limited analysis to par-
ticipants who completed the follow-up questionnaire, did not
produce large changes in the results. Pesticides most corre-
lated with metolachlor use differed in the two studies, but an
additional sensitivity analysis using the original pesticide con-
founders also failed to explain the difference between the two
analyses. Collectively, these results suggest that the addition
of person-time and new cases with different metolachlor use

patterns account for the majority of the attenuation of the
previously observed relation between metolachlor and lung
cancer. In the update, only 15% of applicators reported using
metolachlor in the most recent farming year, in contrast with
48% reporting ever-use of metolachlor on the enrollment
questionnaire; 20% of the cohort were no longer farming as
of phase 2 follow-up. In addition, the volume of metolachlor
used in the United States has declined since the mid-
1990s,27,28 and increased use of personal protective equip-
ment, other changes in application methods and changes in
metolachlor formulation during the follow-up period may
have decreased exposures. The apparent attenuation of lung
cancer risk may indicate that diminishing use has reduced
risk, that the previous results were due to chance or that
latency may be important. In our study, with unexposed
applicators in the reference group, the relation is in fact neg-
ative, though not statistically significant.

Study strengths include the size of the cohort, which com-
prises 26,505 metolachlor users, as well as 23,111 nonusers of
this herbicide. The questionnaires used were quite comprehen-
sive, including information on use of other pesticides, use of
personal protective equipment and methods of application.
The imputation method used was developed based on applica-
tor characteristics and, for metolachlor, data withheld from
development of the imputation algorithm were quite consistent
with results generated by the algorithm.15 Recall bias was mini-
mized by initial collection of pesticide use and lifestyle infor-
mation at study entry, and assessments of the reliability of
pesticide use report data in the study have been positive.12,13

Table 3. Rate ratios for cancers with at least 20 exposed cases by quartiles of lifetime exposure days and intensity-weighted lifetime expo-
sure days to metolachlor among Agricultural Health Study cohort applicators (with unexposed person-time as the referent), 5-year lag
(Continued)

Lifetime days Intensity-weighted lifetime days

Cancer site N2 RR (95% CI) p-Trend N RR (95% CI) p-Trend

Follicular cell lymphoma

Unexposed 24 1.00 24 1.00

Q1 4 0.93 (0.31–2.79) 6 1.37 (0.52–3.57)

Q2 10 2.43 (1.07–5.52) 6 1.45 (0.56–3.78)

Q3 7 1.76 (0.64–4.81) 10 2.67 (1.10–6.49)

Q4 9 2.89 (1.13–7.38) 0.03 8 2.57 (0.95–6.95) 0.04

Multiple myeloma

Unexposed 52 1.00 52

Q1 15 1.46 (0.77–2.78) 11 1.13 (0.54–2.34)

Q2 6 0.63 (0.25–1.60) 9 0.87 (0.39–1.92)

Q3 8 0.86 (0.39–1.92) 8 0.94 (0.42–2.12)

Q4 10 1.20 (0.55–2.60) 0.87 11 1.27 (0.59–2.72) 0.60

1Adjusted for age, smoking, alcohol, applicator status (private or commercial), family history of cancer (any site), state of residence and the pesti-
cides most highly correlated with metolachlor (alachlor, atrazine, dicamba, imazethapyr, trifluralin). All cancers combined also adjusted for sex and
race. Lung and prostate cancers also adjusted for race.
2Median number of cases over five imputations.
3For lifetime-days analyses with a 5-year lag, unexposed 5 0 days, Q1 >0–�15 days, Q2 >15–�38.75 days, Q3 >38.75–�108.5 days, Q4>108.5
days. For intensity-weighted lifetime-days analyses, unexposed 5 0 days, Q1 >0–�490, Q2 >490–�1,403, Q3 >1,403–�4,103, Q4>4,103 units.
4Subtypes for non-Hodgkin lymphoma as defined by Morton et al.16
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Our inability to distinguish between two metolachlor iso-
mers, S-metolachlor and R-metolachlor, is a limitation of the
study. S-metolachlor is the more herbicidally active isomer.
The original metolachlor marketed was a 50–50 mixture of the
R- and S-isomers. In 1997, the manufacturer registered a new
product, S-metolachlor, which contained 88% S-isomer, 12%
R-isomer. S-metolachlor can be applied at a lower rate than
the old product because it has more of the active isomer. The
old formulation was taken off the market in September 1999,
but was brought back onto the market as a generic in 2003.29

Chronic toxicity testing on Daphnia magna found R-metola-
chlor to be significantly more toxic with respect to longevity
and reproductive outcomes than S-metolachlor30; smaller
amounts of product with higher concentrations of S-metola-
chlor can be applied because of its greater efficacy, leading to
the potential for reduced applicator exposures.

Additional follow-up time would allow for sensitivity anal-
yses using a multiplier assuming reduced intensity calculation
for days accrued from 1999 forward. However, one study
reported that while S-metolachlor did not increase the fre-
quency of micronuclei, a commercial formulation of S-meto-
lachlor did; the authors suggest that additional xenobiotics in
the commercial formulation may be responsible for this
effect.31 If “other or inert” ingredients (which may vary over
time and by commercial formulation and are often not iden-
tified in commercial products), rather than metolachlor itself,

are responsible for apparent associations, then accounting for
the change in the relative proportions of the isomers may do
little to improve assessment of the relations between metola-
chlor and these malignancies.

The finding of a positive exposure–response relation
between liver cancer and metolachlor use comprises the first
report suggesting that the increased liver neoplasms observed
in rats may have a correlate in humans. The trends for liver
cancer results, as well as for follicular cell lymphoma, were
positive regardless of the reference group but attained statisti-
cal significance in analyses using unexposed person-time as the
referent. Additional follow-up would facilitate assessment of
whether the differences in the results reflect greater statistical
power with a larger reference category or other exposure-
related factors that we were unable to control for in our analy-
ses. Further follow-up would also permit better assessment of
the role of latency in these associations, as well as evaluation
of the role of metolachlor exposure in other health outcomes,
particularly those for which cases are sparse or for which a
longer lag period may be more biologically plausible.
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