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Background: Little is known about environmental factors that may increase the risk of prostate cancer. We estimated asso- \
ciations between incident prostate cancer and environmental concentrations of five ambient volatile organic compounds (VOCs):
benzene; n-decane; ethylbenzene; hexane; and 1,2,4-trimethylbenzene.

Methods: This study is based on a population-based case-control study of incident prostate cancer (PROtEuS) in men < 75 years
of age living in Montreal, Canada, in 2005 to 2012. We included 1172 cases and 1177 population controls. We had personal infor-
mation, lifetime residential addresses, occupational exposures, and a variety of area-wide covariables. We inferred concentrations of
the five VOCs using Bayesian geostatistical models using data from a dense environmental survey conducted in Montreal in 2005 to
2006. We used different sets of adjustments to estimate odds ratios (OR) and confidence intervals.

Results: We found nonlinear associations such that the ORs increased monotonically and then either flattened or fell off with
increased exposures. The model that contained other environmental variables and contextual variables led to lower ORs and results
were similar when we restricted analyses to controls recently screened or tested for prostate cancer or cases with low- or high-grade
tumors. A change from the 5th to 25th percentile in mean environmental benzene levels led to an adjusted OR of 2.00 (95% confi-
dence interval = 1.47, 2.71).

Conclusion: We found positive associations between prostate cancer and concentrations of benzene and ethylbenzene, inde-
pendently of previous testing for prostate cancer or tumor grade, suggesting that exposure to certain ambient VOCs may increase
incidence.
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Introduction

Causal risk factors for prostate cancer include age, first-degree
family history and Sub-Saharan ancestry,! and some genetic
factors explain about 30% of the familial risk.? Other possible
modifiable factors include obesity, physical inactivity, alcohol,
diet exposure to certain pesticides,> monocyclic aromatic hydro-
carbons, polycyclic aromatic hydrocarbons, chromium, and pes-
ticides and possibly occupations that involve night work and
firefighting.!+12

There is little information as to whether air pollution is asso-
ciated with the risk of developing prostate cancer. In the pres-
ent study population, we have found positive associations with
ambient NO, and ultrafine particles.'>'* In other studies,'*-2° the
role of speciéc ambient air pollutants in the etiology of prostate
cancer has been investigated, but none included exposure to vol-
atile organic compounds (VOCs).

Some VOCs cause cancer, such as benzene,?! and plausible
mechanisms include endocrine disruption and direct action

21

What this study adds

This is the first study of the incidence of prostate and ambi-
ent exposures to five selected volatile organic compounds. We
found nonlinear associations such that the odds ratios increased
monotonically and then either flattened or fell off with increased
exposures. For benzene, we observed a two-fold excess in the
odds of developing prostate cancer for being exposed environ-
mentally as compared with nonexposed men. These results sug-
gest that some of these compounds, some of which are known
carcinogens, like benzene, may increase risk even at low ambient
concentrations.
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through oxidation of the metabolites of catechols of estro-
gens or benzene to quinones, which can cause DNA adducts
and may through errors in DNA repair initiate mutations and
hence malignancies.® Many VOCs occur naturally in petroleum
and crude oil products. Benzene derives from industry but also
is a component of exhaust fumes of combustion engine vehi-
cles. N-decane is often used in organic chemical synthesis, as
it is an organic solvent. Ethylbenzene is emitted from burning
oil, gas, and coal and from industrial applications, such as in
the manufacture of styrene. Hexane is used in several indus-
tries that manufacture or use paints, adhesives, and solvents.?>?*
1,2,4-trimethylbenzene (TMB) is a gasoline additive and used as
a solvent, as a paint and lacquer thinner, in making dyes and in
producing prescription drugs.

The objective of the present analyses was to estimate, in
men under the age of 76 years living in Montreal, associations
between developing prostate cancer and ambient concentra-
tions of five VOCs (benzene, n-decane, ethylbenzene, hexane,
1,2,4-trimethylbenzene).

Methods
Study population

We conducted a population-based case-control study in Montreal
that was designed to investigate the role of occupational and
environmental exposures in prostate cancer (“Prostate Cancer
and Environment Study,” PROtEuS).8%11-142425 We enrolled
newly diagnosed, histologically confirmed cases of prostate can-
cer treated in French-language Montreal hospitals in 2005 to
2009, under 76 years of age at time of diagnosis or recruitment,
residing in the Montreal area, and registered on Quebec’s per-
manent electoral list. These hospitals covered over 80% of all
prostate cancer cases diagnosed in the area.

Controls were randomly selected from the electoral list of
French-speaking men, they were frequency-matched to cases on
age (S-year caliper), and they had to fulfill the same criteria as
cases. Controls were recruited concurrently with cases, although
some controls were selected up to 2012 to increase numbers.
The present study was approved by the ethics committees of all
participating institutions and all participants provided written
informed consent.

For the present analyses, we had estimates of VOCs only on
the Island of Montreal and consequently we excluded partic-
ipants living off-island (about 59% of the total study popula-
tion). Response rates for the entire study were 79% for cases
and 56% for controls.

Fieldwork and data collection

Using the same set of questionnaires for cases and controls, trained
research assistants administered face-to-face interviews. We
inquired about sociodemographic and lifetime anthropometric
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characteristics, medical history including previous testing for
prostate cancer, diabetes, family history of cancer, physical activ-
ity at home, work and leisure, smoking, alcohol consumption, and
dietary habits. Hip and waist circumferences were measured by
the interviewer. The degree of aggressiveness of the tumor, defined
by the Gleason score, was abstracted from pathology reports. We
had their full addresses at time of diagnosis or interview and 10
years before those dates, and these were geocoded.

We included ambient NO,, ultrafine particles, and greenness
because we found in the present study positive associations with
the two air pollutants'>* and a negative association with resi-
dential greenness.”

Estimating ambient concentrations of NO, and VOCs

We conducted three dense monitoring campaigns of NO, in
Montreal in 2005 and 2006.%° Briefly, we placed over 130 sam-
plers (December 2005, April 2006, August 2006) in areas likely
to have high spatial variability of traffic-related pollution and
in areas with high population density. We collocated Ogawa
samplers that measured concentrations of NO, with passive 3M
3500 Organic Vapour Monitors (3M Company, Saint Paul, MN)
that measured selected VOCs. After a 2-week uninterrupted
sampling period, a commercial laboratory in Mississauga, ON,?’
extracted the samples with carbon disulfide and quantified the
samples using gas chromatography and mass spectrometer detec-
tor (GC-MSD) using NIOSH methods 1003, 1500, and 1501
with a detection limit of 0.01 to 0.02 pg/m?® (Supplemental Table
1; http://links.lww.com/EE/A206). We corrected concentrations
with three field blanks per survey. The multipoint calibration
curve had an R? > 0.999 and we have shown that co-located
samplers were consistent with each other.?

We used a combination of land-use regression and geostatisti-
cal methods?® to estimate the spatial distribution for each of the
five VOCs across the monitoring campaigns. We used common
land-use predictors (e.g., buildings, open areas)?*?** and included
average and total NOx and total daily traffic volume?' estimated
from emission modeling system.>? Population density for 2016
was based on Canadian census data.® Easting and northing coor-
dinates were also included in the models. We selected variables
and buffer sizes for each VOC in each campaign by using least
absolute shrinkage and selection operator (LASSO).3*

We fitted four regression models for each VOC, and we used
Bayesian models to predict the concentrations of each VOC at
all residential addresses. We modeled the natural logarithmic
concentrations of each VOC at each location and campaign.
The base model included an indicator variable to represent the
campaign, an intercept, the land-use predictors, and the coordi-
nates. In some of the models, we also included a latent spatial
structure to accommodate for residual spatial structure after
accounting for the land-use variables. We used the minimum
value of the Watanabe-Akaike Information Criterion to select
the final model.

We used Markov Chain Monte Carlo methods® to obtain sam-
ples from the posterior distribution and computed the mean value
at each location. After computing the posterior distribution for
each campaign, we then computed mean concentrations across
campaigns and these estimates were used in the present analyses.

Estimating ambient concentrations of ulirafine particles

We made use of estimated ambient concentrations of ultrafine par-
ticles from a land-use regression model using data from a mobile
monitoring campaign conducted between 2011 and 2012.3¢

Estimating greenness

We used Landsat-5 data to estimate the daily normalized differ-
ence vegetation index (NDVI). NDVI is defined as the ratio of


http://links.lww.com/EE/A206
mailto:mark.goldberg@mcgill.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Goldberg et al. e Environmental Epidemiology (2022) 6:6231

the difference between near-infrared (NIR) and visible radiation
(R) to their sum, hence is calculated as (NIR - R)/(NIR + R)
and expresses the ratio of reflected radiation to incoming radi-
ation.’” The values of NDVI range from -1 to +1, with negative
values indicating absence of vegetation.

Estimating occupational exposures

During the in-depth interview, we used methods developed orig-
inally by Gérin, Siemiatycki and colleagues®® to obtain detailed
information on jobs (see Supplement; http://links.lww.com/
EE/A206 for details). We used a semistructured questionnaire
that elicited details regarding participants’ work histories that
included all jobs held during their lifetime and an expert team
translated these job histories to semiquantitative indices of occu-
pational exposure.’®*' These methods of attributing exposure
from detailed job histories using experts has been shown to be
reliable.*#

Assessment of trends in volatile organic compounds
between 1995 and 2006

The Canadian National Air Pollution Surveillance Program
(NAPS), operated by Environment and Climate Change Canada,*
has four monitoring sites in Montreal that use SUMMA canisters
on a 6-day schedule to measure VOCs. Samples were analyzed
using gas chromatography/flame ionization for C2 hydrocarbons
and a combined gas chromatography/mass selective detector
system for C3 to C12 hydrocarbons and chlorinated hydrocar-
bons.*” We abstracted from the public access files concentrations
for hexane, ethylbenzene, benzene, and TMB (n-decane is not
measured by NAPS) and plotted these by time.

www.environmentalepidemiology.com

Statistical analyses

We used unconditional logistic regression to estimate odds
ratios (ORs) and associated 95% confidence intervals (CIs) of
developing prostate cancer in relation to exposure to the five
VOC:s estimated at participants’ residences at diagnosis or inter-
view as well as at their address 10 years prior to interview. The
principal analyses are based on the addresses at time of diagno-
sis Or interview.

We determined the shape of the response function for each con-
tinuous covariable from age-adjusted logistic models. We assessed
the functional form for each continuous covariable using natu-
ral cubic spline functions of 3 and 6 degrees of freedom (df) and
selected the df that provided the most plausible response curve.

A hypothetical and simplified directed acyclic graph (DAG)
was used to assist in defining personal, environmental, and
occupational variables that should be included in the regression
models (Supplemental Figure 1; http:/links.lww.com/EE/A206).
This DAG comprised confirmed and potential risk factors for
prostate cancer as well as environmental and area-wide vari-
ables that may lead to open backdoor paths. To account for the
frequency-matching by age, all models contained age, modeled
as a natural cubic spline function on 3 df.

We developed a consecutive series of models that show
the effects of different sets of potential confounding vari-
ables (Supplemental Table 2; http:/links.lww.com/EE/A206).
Including covariables not associated with exposure may decrease
statistical precision*®; thus, in some models we excluded covari-
ables that were not associated with each VOC such that the
covariable did not change the age-adjusted OR of the VOC by
5% or more (hereafter referred to as the “5% rule”).

We included first-degree family history, family income,
marital status, smoking and alcohol consumption, diet, his-
tory of diabetes, NDVI, ambient concentrations of NO, and

Distributions of selected continuous risk factors for incident prostate cancer and associated age-adjusted ORs and 95% Cls for an

interquartile range increase, Montreal, Canada, 2005 to 2012.2

Standard Interquartile Age-adjusted OR for an
Variable Mean  deviation Minimum range Maximum increase of the IQR 95% Cl
Age” 64.25 6.89 40 11 7 0.87 0.70,1.08
Maximum body mass index (kg/m?) 28.49 472 1214 5.61 68.61 0.92 0.84,1.02
Cigarette pack-years, lifetime 23.78 28.52 0.00 39.50 225.00 0.97 0.86, 1.08
Alcoholic drink-years, lifetime 80.51 144.26 0.00 87.39 2,656.00 1.02 0.97,1.07
Area-wide variables from the census (1000 m buffer
around centroid of postal code)
% did not complete high school® 22.48 7.88 4.40 11.93 44.31 1.36 1.20,1.54
Median household income ($) 58,211 15,627 37,153 12,714 161,047 0.81 0.76,0.87
% Low income® 28.37 9.47 3.88 12.84 53.70 1.32 1.18,1.48
% Recent immigrants® 7.03 4.39 0.49 3.94 28.56 1.01 0.90,1.13
Unemployment rate® 7.96 247 2.48 3.66 16.13 215 1.41,3.30
NDVI 0.29 0.07 0.08 0.09 0.57 0.74 0.67,0.83
NO, (ppb) 12.15 2.76 5.59 414 23.16 1.20 1.06, 1.36
UFP (cm-9) 24194 5217 10,288 4,104 91,056 1.01 0.95, 1.08
Duration of occupational exposures® (years)°
Benzene’ 2.15 7.26 0 0 51 0.99¢ 0.94,1.04
MAH, not from environmental tobacco smoke 6.36 12.11 0 7 58 0.91 0.68,1.22
Chromium¢? 1.89 7.39 0 0 58 0.99 0.95,1.03
Pesticides? 0.69 3.92 0 0 44 0.99 0.93,1.05
PAHSs, from any sources, no ETS 6.88 12.47 0 8 51 0.89 0.61,1.29
PAHs, from other sources® 1.12 5.62 0 0 49 0.99 0.94,1.04
PAHSs, from petroleum 5.97 11.78 0 5 51 0.94 0.74,1.19
Diesel, any 6.07 11.79 0 5 51 0.91 0.72,1.15
Unleaded gasoline 7.08 11.75 0 12 51 1.21 0.97,1.51

From 1172 cases and 1177 controls.

"Exposure estimated by expert assessments (see Fieldwork and data collection section of the Methods).

“Modeled as natural cubic spline functions and the ORs are for an increase in the interquartile range.
9Modeled as natural cubic spline functions and the ORs are for an increase of unity.

¢0ur estimate for ever exposed occupationally to benzene (1.30; 95% Cl = 1.02, 1.68) was similar to that found in our previous article (OR = 1.24).
ETS indicates environmental tobacco smoke; MAH, monocyclic aromatic hydrocarbons; NDVI, normalized difference vegetation index; PAH, polycyclic aromatic hydrocarbons; UFP, ultrafine particles.
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Distribution of selected categorical risk factors for incident prostate cancer and associated age-adjusted ORs and 95% Cls,

Montreal, Canada, 2005 to 2012.

Cases (N =1,172)

Controls (N =1,177)

Number % Number % Age-adjusted OR 95% Cl

Annual family income

<$20,000 165 14.08 174 14.78 1

$20,000 to $29,999 177 15.10 164 13.93 1.16 0.86,1.57

$30,000 to $49,999 268 22.87 276 23.45 1.00 0.76,1.32

$50,000 to $79,999 224 19.11 220 18.69 1.03 0.78,1.37

$80,000 and more 240 20.48 239 20.31 0.95 0.72,1.27

Other (prefer not to respond, do not know) 98 8.36 104 8.84 1.00 0.71,1.42
Ancestry

European 999 85.24 971 82.50 1

Black 96 8.19 63 5.35 1.44 1.03,2.00

Asian 13 1.1 43 3.65 0.29 0.16,0.55

Other 54 4.61 91 7.73 0.56 0.40,0.80

Do not know 10 0.85 9 0.76 1.05 0.42,2.59
Highest level of schooling

Elementary school 284 24.23 249 21.16 1

High school 359 30.63 327 27.78 0.90 0.72,1.13

College 166 1416 192 16.31 0.68 0.52,0.90

University 361 30.80 408 34.66 0.70 0.56, 0.88

Other (do not know or missing) 2 017 1 0.08 1.96 0.18,21.78
First-degree relative with history of prostate cancer

No 880 75.09 1,024 87.00

Yes 252 21.50 117 9.94 1.98,3.18

Do not know 40 3.41 36 3.06 0.80,2.00
Frequency of fruit and vegetable consumption

<6 291 24.83 305 25.91 1

>6 and <9 335 28.58 305 25.91 1.16 0.92,1.45

>9 and <12 273 23.29 292 24.81 0.97 0.77,1.23

>12 265 22.61 272 23.11 1.01 0.80,1.28

Do not know or missing 8 0.68 3 0.25 2.89 0.76,11.04
Diabetes

No 1,003 85.58 950 80.71 1

Yes 166 14.16 226 19.20 0.72 0.58,0.90

Do not know or missing 3 0.26 1 0.08 2.83 0.29,27.33
Physical activity

Not very active 285 24.32 354 30.08 1

Moderately active 269 22.95 272 23.11 1.23 0.98,1.55

Very active 613 52.30 550 46.73 1.43 1.18,1.74

Do not know or missing 5 0.43 1 0.08 713 0.83,61.45
Timing of the last prostate cancer screening by prostate specific
antigen or digital rectal examination

Within last 2 years 1,160 98.97 871 74.00 NA

2-5 years earlier 1 0.09 98 8.33 NA

>b years earlier 0 0.00 47 3.99 NA

Never screened 1 0.09 134 11.39 NA

Do not know 10 0.85 27 2.29 NA
Gleason score

<6 (low grade) 837 71.41 NA NA

>7 (high grade) 334 28.50 NA NA

Missing 1 0.09 NA NA

ultrafine particles. We also included several area-wide (contex-
tual) variables that provide measures of socioeconomic status
in the neighborhood of the participant, using a buffer of 1 km
around the centroid of the postal code area; that is, percent of
the population with low education, median household income,
percent with low income, percent of the population who are
recent immigrants, and unemployment rate. We also included
duration of probable or definite occupational exposures, lagged
by § years, for benzene, toluene, xylenes, and styrene combined
as well as chromium, pesticides, polycyclic aromatic hydrocar-
bons from petroleum and from other sources, diesel fumes, and
unleaded gasoline fumes.

The final model included all VOCs even though including
different components of the mixture, including other air pollut-
ants, could lead to overadjustment from collider bias.*-!

We started first with the personal variables and then added
in area-level variables, the two air pollutants, and finally, the
selected occupational exposures, and then all the VOCs together.
We show results for each VOC and we present graphs of mar-
ginal effects.”>% We computed ORs and 95% ClIs from the fitted
functions for changes from the Sth to the 25th percentile, the
25th to the 50th percentile, the 50th to the 75th percentile, and
the 75th to the 95th percentile using a method that we devel-
oped previously for natural cubic spline functions.**

We also conducted separate analyses for high-grade (Gleason
scores >7 or [4+3]) and low-grade (Gleason scores <7 or [3+4])
tumors, retaining the full set of controls; as well, retaining all
cases, we included only controls (74%) who were screened or
tested for prostate cancer within the last 2 years before interview,
thereby reducing the likelihood of latent, undiagnosed cancers.
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Results

Characteristics of the study population

The total number of study participants was 3,987. As only par-
ticipants living on the Island of Montreal were included in the
present analyses, this left 1172 cases and 1177 controls (59% of
the total study population). Tables 1 and 2 show the distribution
of potential confounding variables. Cases were slightly younger
than controls and had similar patterns of body mass index,
cumulative lifetime consumption of cigarettes and alcohol, fruit
and vegetable consumption, and annual family income. Almost
all cases were recently screened or tested for prostate cancer,
were more likely than controls to have a family history of pros-
tate cancer, to be of Sub-Saharan ancestry, to have a lower prev-
alence of diabetes, and had greater physical activity levels. Cases
also tended to have lower odds than controls if they completed
college or university.

In Table 1, the results for ultrafine particles do not quite
reflect the previously reported risks and this is partly due to
the use in the present analyses of data restricted to men living
within Montreal. Cases and controls were similar with respect
to most occupational exposures except benzene, where our
estimate for ever exposed occupationally to benzene was 1.30
(95% CI = 1.02, 1.68), similar to that found in our previous
paper (OR = 1.24).8

Table 3 shows the distributions of mean concentrations of
the predicted posterior exposure distribution for the five VOCs,
measured in pg/m?3, according to the residence at time of diagno-
sis or interview. These estimates are comparable to the average
concentrations from the four NAPS stations for 2005 to 2006,
namely: hexane (2.5 pg/m?); ethylbenzene (1.4 pug/m?); benzene
(2.3 pg/m?); and TMB (0.8 pg/m?). All VOCs but hexane were
correlated with each other, with Spearman correlation coeffi-
cients varying from 0.5 to 0.8.

Using data from the NAPS with fixed-site monitors, we found
that concentrations decreased monotonically from 1995 until
2006, with average percent changes of predicted values from
a linear regression line by time as follows: benzene: 71%; eth-
ylbenzene, 56%; hexane, 53%; and TMB, 81% (Supplement
Figures 3; http:/links.lww.com/EE/A206). However, these
trends were not consistent across all monitoring stations with
increases in concentrations in ethylbenzene at two stations and
increases for TMB at one station starting around 2004.
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Associations for exposure to VOCs at the address at time
of diagnosis or interview

Our primary analyses were based on estimated mean concen-
trations of the VOCs for addresses at time of diagnosis or inter-
view. Figure 1 show the selected marginal age-adjusted response
patterns, where we found that risks increased monotonically
and then either flattened or fell off with increased exposures.

The ORs for mean estimates of the VOCs are shown in
Tables 4-11 where we present estimates from the model
adjusted only for age (model 1), adjusted for age and personal
variables (model 2), and adjusted for all personal, environmen-
tal, and area-wide covariables, excluding covariables not asso-
ciated with the VOC according to the “5% rule” (model 7).
We selected these models as many of the others showed similar
findings. (Supplemental Table 3; http:/links.lww.com/EE/A206
show the complete results of all 10 models and Supplemental
Table 4; http:/links.lww.com/EE/A206 present all the models
stratified by low- and high-grade tumors.) The age-adjusted
analyses are presented to show the amount of confounding in
the data. All the VOCs exhibited nonlinear response patterns
with the incidence of prostate cancer, and we thus present ORs
for changes in exposure across the Sth, 25th, 75th, and 95th
percentiles.

Model 7 generally showed lower ORs and, in some instances,
this model may have included some area-wide variables that
may not be true confounding variables, thereby attenuating the
ORs because of overadjustments arising from spatial correla-
tions. We demonstrate in the section on n-decane how the ORs
attenuate by adding contextual covariables.

Benzene

Benzene exhibited a nonlinear pattern (Figure 1A) with the ORs
increasing and then flattening at about 1 pg/m?. The flattening
of the curve is not due to influential data points, as the rug plots
are quite dense in that region. We did not find dramatic changes
in the estimates when we added in various covariables (Table 4).
For model 7, the OR for mean benzene in the lower part of the
curve (5th to 25th percentile) was 2.00 (95% CI = 1.47, 2.71),
and from 25th to the 75th percentile, it was 1.42 (95% CI =
1.16,1.74), a decrease from the age-adjusted model of 15% and
11%, respectively. When we only included controls who were

Distributions of mean ambient concentrations, in pg/m?, for the five VOCs, according to address at time of interview or diagnosis by

case status, Montreal, Canada, 2005 to 2012.

Ambient VOCs Minimum 25th percentile Median 75th percentile Maximum Mean Interquartile range Standard deviation
Mean
Benzene
Total 0.56 0.92 1.33 2.59 0.41 0.29
Cases 0.56 0.99 1.35 2.59 0.36 0.28
Controls 0.56 0.86 1.30 2.18 0.44 0.30
n-Decane
Total 1.56 1.94 2.88 1.77 0.38 0.29
Cases 1.59 1.96 2.88 1.80 0.37 0.28
Controls 1.53 1.93 2.86 1.75 0.40 0.30
Ethylbenzene
Total 1.88 2.55 2.85 3.22 4.57 2.88 0.67 0.48
Cases 1.89 2.62 2.90 3.27 4.33 2.94 0.65 0.45
Controls 1.88 2.45 2.77 3.16 4.57 2.82 0.71 0.50
Hexane
Total 5.36 6.88 7.30 7.90 13.19 7.49 1.02 0.94
Cases 5.89 6.90 7.29 7.87 12.91 7.47 0.97 0.88
Controls 5.36 6.85 7.31 7.94 13.19 7.51 1.08 0.99
1,2,4-trimethyl-benzene
Total 0.69 0.96 1.06 .21 1.77 1.09 0.25 0.18
Cases 0.76 0.98 1.08 1.22 1.77 1.11 0.24 0.18
Controls 0.69 0.94 1.04 1.20 1.72 1.07 0.26 0.18
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screened for prostate cancer 2 years before the index date and
restricted to either low- or high-grade tumors, the patterns in
response approximated those found among all participants.

We estimated the total OR for being exposed to ambient
and occupational exposures to benzene. Extending model 7 to
include exposure to occupational benzene we found no interac-
tion between occupational and environmental exposures (results

Environmental Epidemiology

not shown). The OR for ever exposed occupationally was 1.30
(95% CI = 1.02, 1.68) and for a 10-year increase in the dura-
tion of occupational exposure the OR was 1.1 (95% CI = 0.98,
1.23). As these models are multiplicative, exposure to benzene in
both environments is computed by multiplying the environmen-
tal ORs by 1.3 and 1.1, respectively, and Table 5 shows the total
increase in OR for exposure to benzene in both environments.

Prostate cancer
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Figure 1. Marginal, age-adjusted response functions for the risk of prostate cancer for each of the five VOCs measured using mean values. The units for the
exposures are in ug/m?. The solid line represents the maximum likelihood estimates using a natural cubic spline function on 3degrees of freedom. The gray band
shows the pointwise 95% confidence interval and the rug plot at the top refers to values for cases and the bottom refers to controls. A, Mean values of benzene.
B, Mean values of n-decane. C, Mean values of ethylbenzene. D, Mean values of hexane. E, Mean values of 1,2,4-trimethylbenzene.
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n-Decane analyses were similar to the main ones. We did not measure
Similar to the response function for benzene, the ORs  occupational exposure to n-decane nor to any of the remain-
increased and then flattened at about 1.6 pg/m®. For model 7 ing VOCs.
(Table 6), the OR for mean n-decane for an increase from the To show possible spurious attenuation of ORs that may be
5th to the 25th percentile was 1.26 (95% CI = 0.98, 1.61),  due to incorrectly including contextual variables in the model,
and from 25th to the 75th percentile, it was 1.09 (95% CI  Table 7 shows that adding NDVI and three contextual variables
= 0.88, 1.33), and from the 75th to the 95th percentile, it  attenuated the slope for n-decane in the part of the curve from
was 0.97 (95% CI = 0.82, 1.16). Results in the subgroup  the 5th to the 25th percentile.

Associations from selected models between incident prostate cancer and exposure to ambient benzene evaluated from address
at time of interview, Montreal, Canada, 2005 to 2012.

Model 7—(adjusted for all personal, environmental
and area-wide covariables® excluding covariables
Model 2 (adjusted for  not associated with the VOC according to the 5%

Model 1 (age-adjusted) personal variables?) rule®)
OR (95% Cl) OR (95% Cl) OR (95% Cl)

Mean Benzene

From 5% to 25% percentile (0.73 t0 0.92) 2.35(1.82,3.03) 2.28 (1.76, 2.95) 2.00 (1.47,2.71)

Mean benzene—change from 25% to 75% percentile 1.60 (1.33,1.93) 1.65 (1.35,2.01) 1.42(1.16,1.74)
0.92101.33)

Mean benzene—change from 75% to 95% percentile 1.01(0.88,1.15) 1.01(0.88,1.16) 0.95(0.82,1.10)
(1.3310 1.64)

Including only recently screened or tested” controls

Mean benzene—change from 5% to 25% percentile 2.45(1.87,3.21) 2.29(1.74,3.02) 1.93 (1.39, 2.69)
(0.73100.93)

Mean benzene—change from 25% to 75% percentile 1.69 (1.38, 2.08) 1.68 (1.36, 2.09) 142 (1.13,1.77)
(0.93101.33)

Mean benzene—change from 75% to 95% percentile 1.02 (0.88,1.18) 1.03 (0.88, 1.20) 0.95(0.81,1.13)
(1.3310 1.64)

Low-grade®

Mean benzene—change from 5% to 25% percentile 217 (1.64, 2.87) 2.12(1.59,2.82) 2.43(1.79,3.31)
(0.73100.91)

Mean benzene—change from 25% to 75% percentile 1.64 (1.34,2.02) 1.75(1.41,2.18) 1.64 (1.32,2.02)
0.91101.33)

Mean benzene—change from 75% to 95% percentile 1.02 (0.87,1.18) 1.01 (0.86,1.18) 0.95(0.81,1.12)
(1.3310 1.64)

High-grade®

Mean benzene—change from 5% to 25% percentile 2.83(1.82, 4.40) 2.65 (1.69, 4.14) 2.15(1.28, 3.60)
(0.72100.89)

Mean benzene—change from 25% to 75% percentile 1.78 (1.34,2.37) 1.69 (1.25, 2.28) 1.55(1.12,2.15)
(0.89101.32)

Mean benzene—change from 75% to 95% percentile 0.99 (0.80, 1.21) 0.97 (0.78, 1.20) 0.98 (0.78,1.24)

(1.32 10 1.64)

This model included age, ancestry, first-degree family history, family income, marital status, body mass index, pack-years of smoking, alcohol drink-years, frequency of fruit and vegetable consumption,
and history of diabetes.

"The environmental variables included NDVI using a 1-km buffer from the centroid of the 6-character postal code and concentrations of NO, and ultrafine particles inferred from land-use regression models
at the address of participants. The census variables included percentages not complete high school, low income, and recent immigrants, unemployment rate, and median household income evaluated for
the 6-character postal code. The occupational exposures considered were monocyclic aromatic hydrocarbons, chromium, pesticides, polycyclic aromatic hydrocarbons, diesel fumes, and unleaded gasoline
fumes.

“The 5% rule refers to excluding a variable that in the age-adjusted models for each VOC did not change the estimate of effect by more than 5%. For VOCs modeled as cubic splines, we applied this rule to
any of the regression coefficients on the cubic spline function.

“Screened or tested controls refer to those who were screened or tested medically for prostate cancer within the last two years before interview.

*High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores <7 or [3+4] tumors, retaining the full set of controls.

Total odds ratio for ever exposed to occupational benzene and to different levels of the mean estimates of environmental benzene.?

Categories of mean con- OR for environmental Total OR for ever exposed to

centrations of environmen- exposure to benzene for an occupational benzene and Total OR for every 10 years of duration of exposure to occu-
tal benzene increase across percentiles to environmental benzene pational benzene and to environmental benzene

5th to 25th percentile 2.00 2.60 2.20

25th to 75th percentile 1.45 1.89 1.60

75th to 95th percentile 0.95 1.23 1.04

aFrom multiplicative models using the same covariables as in model 7 and including occupational exposures to benzene, in separate models, for ever exposed and duration of exposure.
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Ethylbenzene

A similar pattern to that of n-decane was observed, but there was
more of a tendency for decreased ORs at higher exposures rather
than a flattening of the curve, although CIs were quite broad.
Table 8 shows that the corresponding ORs from model 7 for the
same set of percentiles of mean ethylbenzene were 1.82 (95%
Cl=1.26,2.62),1.34 (95% CI = 1.07,1.68), and 0.89 (95% CI
= 0.73, 1.08), respectively. Results were similar when excluding
unscreened controls or restricting to low- or high-grade tumors.

Hexane

Hexane exhibited a similar response function to ethylbenzene,
as it increased until a value of about 7 pg/m? and then decreased
in a linear fashion. Table 9 shows that the corresponding ORs
for model 7 for the same set of percentiles of mean hexane
were 1.28 (95% CI = 1.06, 1.56), 0.94 (95% CI = 0.81, 1.10),
and 0.82 (95% CI = 0.71, 0.95), respectively. After excluding

Environmental Epidemiology

unscreened controls and referring to the range from the 5th to
the 25th percentiles, we found that the OR was attenuated (OR
= 1.00 vs. 1.28). We also found attenuations for this exposure
range amongst cases with low-grade tumors (OR = 0.97 vs.
1.28) but similar ORs for those with high-grade tumors.

1,2,4-Trimethylbenzene

This VOC showed a monotonically, nonlinear trend that
slightly increased at higher concentrations but with very wide
CIs. The largest slope was again found in the lowest exposure
range and thereafter the slopes were constant (Table 10); viz.,
for the same set of percentiles, we found ORs for model 7 of
1.33 (95% CI = 0.98,1.79), 1.03 (95% CI = 0.80, 1.32), and
1.03 (95% CI = 0.81, 1.32), respectively. Accounting for the
wider Cls at higher exposures in the analyses of the three sub-
groups, we concluded that the patterns were similar to that of
all participants.

Associations from selected models between incident prostate cancer and exposure to ambient n-decane evaluated from addresses

at time of interview, Montreal, Canada, 2005 to 2012.

Model 2 (adjusted Model 7 — (adjusted for all personal and environmental

Model 1 for personal and area-wide covariables® excluding covariables not
(age-adjusted) variables?) associated with the VOC according to the 5% rule®)
OR (95% ClI) OR (95% Cl) OR (95% Cl)

Mean n-decane

Mean n-decane—change from 5% to 25% percentile (1.37 to 1.56)
Mean n-decane—change from 25% to 75% percentile (1.56 to 1.94)
Mean n-decane—change from 75% to 95% percentile (1.94 to 2.30)
Including only recently screened or tested controls®

Mean n-decane—change from 5% to 25% percentile (1.37 to 1.55)  1.83 (1.46, 2.2
Mean n-decane—change from 25% to 75% percentile (1.55t0 1.94)  1.29 (1.05, 1.6
Mean n-decane—change from 75% to 95% percentile (1.94 t0 2.31)  0.96 (0.79, 1.1

Low-grade®

1.72(1.38,2.13)
1.20 (0.99, 1.46)
0.97 (0.82,1.15)

8
0  1.28(1.03, 1.60)
6

1.65 (1.32, 2.06)
1.21(0.99, 1.48) . .
1.01(0.85,1.21) 0.97 (0.82,1.16)

1.26 (0.98, 1.61)

) 1.73(1.38,2.18) 1,30 (1.00, 1.67)
1.17 (0.94, 1.46)

) 1.00(0.82,1.21) 092 (0.76,1.12)

Mean n-decane—change from 5% to 25% percentile (1.36 to 1.55)
Mean n-decane—change from 25% to 75% percentile (1.55 to 1.93)
Mean n-decane—change from 75% to 95% percentile (1.93 to 2.30)
High-grade®

Mean n-decane—change from 5% to 25% percentile (1.36 to 1.55)
Mean n-decane—change from 25% to 75% percentile (1.55 to 1.94)
Mean n-decane—change from 75% to 95% percentile (1.94 to 2.29)

1.62(1.27,2.07)
1.15(0.93, 1.41)
0.96 (0.80,1.17)

2.25(1.48,3.42)
1.43(1.07,1.91)
0.98 (0.7, 1.24)

1.57 (1.22,2.02) 1.20(0.91,1.59)
1.15(0.93, 1.43) 1.04 (0.84,1.30)
1.01(0.83,1.29) 0.94 (0.78,1.14)
2.1 (1.38,3.25) 1,55 (0.97, 2.48)
1.41 (1.04,1.91) 1.30(0.96,1.77)
1.00 (0.78, 1.28) 0.95 (0.74,1.22)

Screened controls refer to those who were screened for prostate cancer within the last two years before interview. High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores

<7 or [3+4] tumors, retaining the full set of controls.

This model included age, ancestry, first-degree family history, family income, marital status, body mass index, pack-years of smoking, alcohol drink-years, frequency of fruit and vegetable consumption,

and history of diabetes.

*The environmental variables included NDVI using a 1-km buffer from the centroid of the 6-character postal code and concentrations of NO, and ultrafing particles inferred from land-use regression models
at the address of participants. The census variables included percentages not complete high school, low income, and recent immigrants, unemployment rate, and median household income evaluated for
the 6-character postal code. The occupational exposures considered were monocyclic aromatic hydrocarbons, chromium, pesticides, polycyclic aromatic hydrocarbons, diesel fumes, and unleaded gasoline

fumes.

The 5% rule refers to excluding a variable that in the age-adjusted models for each VOC did not change the estimate of effect by more than 5%. For VOCs modeled as cubic splines, we applied this rule to

any of the regression coefficients on the cubic spline function.

“Screened or tested controls refer to those who were screened or tested medically for prostate cancer within the last 2 years before interview.
*High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores <7 or [3+4] tumors, retaining the full set of controls.

Effect of adding different area-wide variables to model 7 for exposure to ambient n-decane evaluated from address at time of inter-

view, Montreal, Canada, 2005 to 2012.

Mean n-decane—
change from 5% to 25%
percentile (1.37 to 1.56)

Mean n-decane—change
from 75% to 95% percen-
tile (1.94 to 2.30)

Mean n-decane—change
from 25% to 75% percen-
tile (1.56 to 1.94)

OR 95% Cl OR 95% Cl OR 95% Cl
M7.1: Age only 1.72 1.38,2.13 1.21 0.99,1.46 0.97 0.82,1.15
M7.2: M7.1 + First-degree relative with history of prostate cancer 1.7 1.38,2.13 119 0.98,1.44 1.00 0.84,1.18
M7.3: M7.2 + NDVI 1.56 1.24,1.95 1.16 0.95,1.41 0.97 0.82,1.15
M7.4: M7.3 + % not completed high school 1.48 1.17,1.86 1.16 0.95, 1.42 0.96 0.81,1.14
M7.5: M7.4 + Median household income 1.45 1.15,1.83 1.15 0.95,1.41 0.97 0.81,1.15
M7.6: M7.5 + % Low income 1.26 0.98, 1.61 1.09 0.88,1.33 0.97 0.82,1.16
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Associations from selected models between incident prostate cancer and exposure to ambient ethylbenzene evaluated from

address at time of interview, Montreal, Canada, 2005 to 2012.

Model 2 (adjusted = Model 7—(adjusted for all personal and environmental
Model 1 (age-ad-  for personal vari- and area-wide covariables® excluding covariables not
justed) ables?) associated with the VOC according to the 5% rule®)
OR (95% CI) OR (95% CI) OR (95% Cl)

Mean ethylbenzene

Mean ethylbenzene—change from 5% to 25% percentile 2.55(1.91, 3.40)

(2.08 t0 2.55)

Mean ethylbenzene—change from 25% to 75% percentile 1.35(1.10, 1.66)
(2.55103.22)

Mean ethylbenzene—change from 75% to 95% percentile 0.91(0.75,1.11)
(3.2210 3.70)

Including only recently screened or tested controls*

Mean ethylbenzene—change from 5% to 25% percentile
(2.08 t0 2.55)

Mean ethylbenzene—change from 25% to 75% percentile
(2.55103.22)

Mean ethylbenzene—change from 75% to 95% percentile
(3.22 10 3.69)

Low-grade®

Mean ethylbenzene—change from 5% to 25% percentile
(2.07 t0 2.54)

Mean ethylbenzene—change from 25% to 75% percentile
(2.54 10 3.22)

Mean ethylbenzene—change from 75% to 95% percentile
(3.22103.70)

High-grade®

Mean ethylbenzene—change from 5% to 25% percentile
(2.05 10 2.50)

Mean ethylbenzene—change from 25% to 75% percentile
(2.50103.17)

Mean ethylbenzene—change from 75% to 95% percentile
(3.17 t0 3.66)

2.30(1.88,2.82)
1.67 (1.46, 1.90)

0.85(0.71,1.01)

2.04 (1.65,2.52)
1.59 (1.39,1.82)

0.89 (0.74,1.07)

2.23(1.64,3.02)
1.60 (1.31, 1.96)

0.76 (0.59, 1.00)

2.47 (1.84,3.39) 1.82(1.26,2.62)

1,37 (110,1.71) 1.34(1.07,1.68)

0.93(0.76,1.13) 0.89 (0.73,1.08)

2.19(1.77,2.70) 1.73(1.35,2.23)

1.63(1.42,1.87) 1.39(1.18,1.65)

0.86 (0.72,1.04) 0.89(0.74,1.08)

2.08 (1.67, 2.60) 1.86 (1.4, 2.40)

1.64 (1.42,1.90) 1.51(1.28,1.79)

0.91(0.75,1.10) 0.92 (0.76,1.10)

2.09 (1.63,2.87) 1.54 (1.05, 2.28)

1.51(1.22,1.87) 1.23(0.94,1.62)

0.76 (0.57, 1.00) 0.80 (0.61,1.05)

Screened controls refer to those who were screened for prostate cancer within the last two years before interview. High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores

<7 or [3+4] tumors, retaining the full set of controls.

This model included age, ancestry, first-degree family history, family income, marital status, body mass index, pack-years of smoking, alcohol drink-years, frequency of fruit and vegetable consumption,

and history of diabetes.

"The environmental variables included NDVI using a 1-km buffer from the centroid of the 6-character postal code and concentrations of NO, and ultrafine particles inferred from land-use regression models
at the address of participants. The census variables included percentages not complete high school, low income and recent immigrants, unemployment rate, and median household income evaluated for
the 6-character postal code. The occupational exposures considered were monocyclic aromatic hydrocarbons, chromium, pesticides, polycyclic aromatic hydrocarbons, diesel fumes, and unleaded gasoline

fumes.

“The 5% rule refers to excluding a variable that in the age-adjusted models for each VOC did not change the estimate of effect by more than 5%. For VOCs modeled as cubic splines, we applied this rule to

any of the regression coefficients on the cubic spline function.

“Screened or tested controls refer to those who were screened or tested medically for prostate cancer within the last 2 years before interview.
°High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores <7 or [3+ 4] tumors, retaining the full set of controls.

Modeling all of the volatile organic compounds together

Table 11 shows the results when including all the VOCs in the
age-adjusted model, in model 2 and model 7. For models 2 and
7, we selected all covariables that appeared in any of the analy-
ses of the individual VOCs.

The results across all three models were similar but these
estimates were attenuated compared with the analyses pre-
sented above (Tables 6, 8, 10-11). In the age-adjusted models
for a change from the 5th to the 25th percentiles, the ORs
from the main analyses were all highly attenuated, with
reductions of: benzene, 23%; n-decane, 45%; ethylbenzene,
42%; hexane, 19%; and TMB, 42%. Only benzene and ethyl-
benzene showed positive associations for this range of expo-
sures whereas the response patterns for n-decane, hexane,
and TMB were flat.

Modeling the volatile organic compounds using past

residences
We also had address information in 1996, about 10 years
before interview, available for 1625 of 2349 participants. The

Spearman correlation coefficients for mean estimates between
current and past addresses varied between 0.77 and 0.90.
Although we had fewer participants in these analyses, we found
similar results to the main findings (Supplement Table 5; http:/
links.lww.com/EE/A206), although the slopes for all but ben-
zene were attenuated.

Discussion

In this large population-based case-control study, we found
nonlinear associations for all five VOCs such that the ORs
increased monotonically and then either flattened or fell off
with increased exposures. For benzene, we estimated the total
OR from occupational and environmental exposures. The
model (model 7) that contained other environmental variables
and contextual variables led to lower ORs, and they were atten-
uated when including all VOCs in the model. We did not find
important differences in sub-analyses in which we only included
controls recently screened or tested for prostate cancer, or those
with low- or high-grade tumors. The ORs using both sets of
addresses were similar.
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Associations from selected models between incident prostate cancer and exposure to ambient hexane evaluated from addresses at

time of interview, Montreal, Canada, 2005 to 2012.

Model 7—(adjusted for all personal and envi-

Model 2 (adjusted ronmental and area-wide covariables® excluding
Model 1 (age-ad- for personal vari-  covariables not associated with the VOC accord-
justed) ables?) ing to the 5% rule®)
OR (95% Cl) OR (95% Cl) OR (95% Cl)

Mean hexane

Mean hexane—change from 5% to 25% percentile (6.38 to 6.88)
Mean hexane—change from 25% to 75% percentile (6.88 to 7.90)
Mean hexane—change from 75% to 95% percentile (7.90 to 9.19)
Including only recently screened or tested controls®

Excluding unscreened controls

Mean hexane—change from 5% to 25% percentile (6.37 to 6.87)
Mean hexane—change from 25% to 75% percentile (6.87 to 7.90)
Mean hexane—change from 75% to 95% percentile (7.90 to 9.14)
Low-grade®

Mean hexane—change from 5% to 25% percentile (6.38 to 6.87)
Mean hexane—change from 25% to 75% percentile (6.87 to 7.91)
Mean hexane—change from 75% to 95% percentile (7.91 to 9.24)
High-grade®

Mean hexane—change from 5% to 25% percentile (6.35 to 6.86)
Mean hexane—change from 25% to 75% percentile (6.86 to 7.92)
Mean hexane—change from 75% to 95% percentile (7.92 to 9.20)

1.28 (1.06, 1.56)
0.94 (0.81,1.10)
0.82 (0.71, 0.95)

1(0.99,1.23)
(0.95, 1.25)
90(0.78,1.0
1.05 (0.95, 1.16)
.04 (0.90,
0.91(0.78,

1.39.(1.01,1.92)
0.94 (0.73,1.20)
0.71 (0.55,0.92)

1.24(1.02,1.52)
0.95(0.81,1.11)
0.84 (0.73, 0.98)

110 (0.98, 1.22)
1.09 (0.94, 1.25)
0.91(0.79,1.04

1.03(0.93,1.15)
1.02(0.88,1.18)
0.93 (0.79,1.08)
1.32 (0.95, 1.85)

0.93(0.72,1.20)
0.74 (0.57, 0.95)

1.28 (1.06, 1.56)
0.94 (0.81,1.10)
0.82 (0.71, 0.95)

1.00 (0.90,1.12)
0.93 (0.80, 1.07)
0.79 (0.69, 0.91)

0.97 (0.87,1.09)
0.91 (0.79, 1.06)
0.83 (0.71, 0.96)

1.28(0.92,1.77)
0.76 (0.59, 0.99)
0.61 (0.47,0.80)

Screened controls refer to those who were screened for prostate cancer within the last two years before interview. High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores

<7 or [3+4] tumors, retaining the full set of controls.

This model included age, ancestry, 1% degree family history, family income, marital status, body mass index, pack-years of smoking, alcohol drink-years, frequency of fruit and vegetable consumption, and

history of diabetes.

*The environmental variables included NDVI using a 1-km buffer from the centroid of the 6-character postal code and concentrations of NO, and ultrafine particles inferred from land-use regression models
at the address of participants. The census variables included percentages not complete high school, low income and recent immigrants, unemployment rate, and median household income evaluated for
the 6-character postal code. The occupational exposures considered were monocyclic aromatic hydrocarbons, chromium, pesticides, polycyclic aromatic hydrocarbons, diesel fumes, and unleaded gasoline

fumes.

The 5% rule refers to excluding a variable that in the age-adjusted models for each VOC did not change the estimate of effect by more than 5%. For VOCs modeled as cubic splines, we applied this rule to

any of the regression coefficients on the cubic spline function.

“Screened or tested controls refer to those who were screened or tested medically for prostate cancer within the last 2 years before interview.
*High-grade defined as Gleason scores >7 or [4+ 3] and low-grade were Gleason scores <7 or [3+4] tumors, retaining the full set of controls.

Estimating past exposure

In some of our previous studies, we made use of backcasting
methods®® that rescaled by time the spatial estimates from the
land-use models developed from our dense monitoring pro-
grams, thus producing spatial-temporal estimates. These meth-
ods, which made use of the network of fixed-site monitors,
would not perform adequately in the present study as there are
only four sampling sites.

Our analyses of these fixed-site monitors showed secular
decreases in concentrations, although increases were found in
a few VOCs starting around 2004. The percent reductions in
concentrations varied between 53% and 81% from 1995 to
2006 and these declines parallel those of other criteria air pol-
lutants, such as NO, ¢ Assuming no spatial variability in secular
trends that would dz'ifferentially affect values assigned to partic-
ipants, these decreases should not change the shape of the dis-
tributions and thus should not alter the ORs computed between
percentiles.

Modeling covariables

Our intent with using a complex series of models that made vari-
ous assumptions about causal processes was to provide a plausible
range of estimates of relative risk. We had information on multiple
suspected potential confounders for prostate cancer, such as socio-
economic and lifestyle factors, and these were included in our mod-
els even though they may not be causal. In general, the shape of
response curves and the estimates derived from these did not vary
dramatically by model, except for the co-pollutant model of the
five VOCs, and based on our current knowledge and what we mea-
sured we are confident that we captured the important covariables.

10

The ORs decreased when we added in contextual variables
defined from the census (model 7). This model may not be cor-
rect because the addition of contextual variables may lead to
overadjustment arising solely from spatial correlations rather
than causal associations.*-! Contextual covariables or random
effects models are sometimes used because of concerns with spa-
tial autocorrelation that may be induced because of similarity
in adjacent areas. As participants were drawn from across the
city, we would not expect a high degree of clustering. On the
other hand, these contextual variables may capture indirectly
unknown or unmeasured causal variables that vary spatially,
but it our view that these models likely underestimate the true
relative risk.

The ORs were attenuated when we modeled the VOCs
together, although our conclusion for benzene did not change.
We caution that these latter results may not be valid as there
may be overadjustment because of the correlations between
the VOCs, collider bias, unmeasured confounding, including
unmeasured components of the mixture, and measurement
errors.¥>! As Goldberg et al. suggested “Given the intrinsic dif-
ficulties of assessing effects with co-pollutants, we would recom-
mend conducting sensitivity analyses adjusting for different sets
of potential confounding factors,”*! which is the strategy we fol-
lowed here. In sum, it is likely that inclusion of contextual vari-
ables and modeling the VOCs together likely underestimated the
ORs, but we would expect the “true” ORs are somewhere in
between models 2 and 7.

It is unclear why we found nonlinear patterns in the ORs, such
that they decreased or remained flat after certain concentrations,
other than the obvious one that more controls were exposed at
higher concentrations. These may reflect true exposure-response
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Associations from selected models between incident prostate cancer and exposure to ambient TMB evaluated from addresses at
time of interview, Montreal, Canada, 2005 to 2012.

www.environmentalepidemiology.com

Model 7—(adjusted for all personal and envi-
Model 2 (adjusted ronmental and area-wide covariables® excluding

Model 1 (age-ad- for personal  covariables not associated with the VOC accord-

justed) variables?) ing to the 5% rule°)
OR (95% Cl) OR (95% Cl) OR (95% Cl)
Mean TMB
Mean TMB—change from 5% to 25% percentile (0.83 to 0.96) 1.94 (1.51,2.49 1.87 (1.45,2.41) 1.33(0.98,
Mean TMB—change from 25% to 75% percentile (0.96 to 1.21) 1.24(1.00, 1.53) 1.26 (1.01,1.57) 1.03(0.80, 1.32)
Mean TMB—change from 75% to 95% percentile (1.21 to 1.43) 1.11(0.89, 1.39) 1.15(0.91,1.45) 1.03(0.81,

Including only recently screened or tested controls®

Mean TMB—change from 5% to 25% percentile (0.83 to 0.96)
Mean TMB—change from 25% to 75% percentile (0.96 to 1.21)
Mean TMB—change from 75% to 95% percentile (1.21 to 1.43)

Low-grade®

Mean TMB—change from 5% to 25% percentile (0.83 to 0.96)
Mean TMB—change from 25% to 75% percentile (0.96 to 1.21)
Mean TMB—change from 75% to 95% percentile (1.21 to 1.43)

High-grade®

Mean TMB—change from 5% to 25% percentile (0.82 to 0.95)
Mean TMB—change from 25% to 75% percentile (0.95 to 1.20)
Mean TMB—change from 75% to 95% percentile (1.20 to 1.42)

212 (1.63,2.75)
1.28(1.02,1.62)
1.12(0.87,1.44)

1.92 (1.45,2.53)
1.23(0.98, 1.54)
1.20 (0.94,1.52)

2.08 (1.34,3.22)
1.32 (0.96,1.80)
091 (0.65,1.27)

2.03 (1,55, 2.65)
1.24(0.98,1.58)
1.17(0.90,1.52)

1.90 (1.42, 2.53)
1.29 (1.01,1.64)
1.23(0.96, 1.58)

1.94 (1.24,3.04)
1.26 (0.90, 1.74)
0.90 (0.64,1.27)

1.10(0.67,1.82)
1.01(0.70,1.47)
0.89 (0.62,1.27)

Screened controls refer to those who were screened for prostate cancer within the last two years before interview. High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores
<7 or [3+4] tumors, retaining the full set of controls.

This model included age, ancestry, 1 degree family history, family income, marital status, body mass index, pack-years of smoking, alcohol drink-years, frequency of fruit and vegetable consumption, and
history of diabetes.

"The environmental variables included NDVI using a 1-km buffer from the centroid of the 6-character postal code and concentrations of NO, and ultrafine particles inferred from land-use regression models
at the address of participants. The census variables included percentages not complete high school, low income and recent immigrants, unemployment rate, and median household income evaluated for
the 6-character postal code. The occupational exposures considered were monocyclic aromatic hydrocarbons, chromium, pesticides, polycyclic aromatic hydrocarbons, diesel fumes, and unleaded gasoline
fumes.

The 5% rule refers to excluding a variable that in the age-adjusted models for each VOC did not change the estimate of effect by more than 5%. For VOCs modeled as cubic splines, we applied this rule to
any of the regression coefficients on the cubic spline function.

Screened or tested controls refer to those who were screened or tested medically for prostate cancer within the last 2 years before interview.

*High-grade defined as Gleason scores >7 or [4 + 3] and low-grade were Gleason scores <7 or [3+4] tumors, retaining the full set of controls.

Selected results including all five VOCs together in the model, concentrations evaluated from addresses at time of interview for inci-
dent prostate cancer, Montreal, 2005 to 2012.

Benzene n-Decane Ethylbenzene Hexane TMB
Model 1 — age-adjusted + all VOCs
VOC—change from 5% to 25% percentile 1.80(1.29,2.52) 0.95(0.71,1.25) 1.49 (0.95, 2.36) 1.04 (0.85,1.28) 1.13(0.81,1.57)
VOC—change from 25% to 75% percentile 1.52 (1.20,1.93) 0.91(0.73,1.15) 1.15(0.84,1.57) 0.94(0.80,1.11) 0.94(0.70,1.26
VOC—change from 75% to 95% percentile 1.02 (0.88,1.17) 0.95(0.78,1.15) 0.87(0.69,1.12) 0.91(0.77,1.07) 1.08(0.82,1.4

Model 2% + all VOCs

VOC—change from 5% to 25% percentile
VOC—change from 25% to 75% percentile
VOC—change from 75% to 95% percentile
Model 7° + all VOCs

VOC—change from 5% to 25% percentile
VOC—change from 25% to 75% percentile
VOC—change from 75% to 95% percentile

1.81 (1,29, 2.55)
1.56 (1.22, 2.00)
1.02 (0.8, 1.18)
1.77 (1.25,2.52)

1.47 (1.14,1.91)
0.96 (0.82,1.13)

0.94 (0.70, 1.26)
0.93 (0.73,1.20)
1.08 (0.88,1.32)

1.47 (0.92, 2.35)
1.12(0.81,1.54)
0.85 (0.66, 1.09)

1,29 (0.79, 2.11)
1.06 (0.76, 1.48)
0.83 (0.64, 1.06)

1.05 (0.85, 1.29)
0.92 (0.76,1.10)
0.90 (0.75, 1.07)

1.04 (0.74,1.47)
0.87 (0.62,1.21)
1.00 (0.74, 1.35)

Adjusted for age, ancestry, first-degree relative with history of prostate cancer, income, marital status, BMI continuous, cigarette pack-years lifetime continuous, drink-years lifetime continuous, frequency
of fruit and vegetable consumption and diabetes.
"Mean VOC model adjusted for age, first-degree relative with history of prostate cancer, NDVI, % not complete high school, median household income, % low income and % recent immigrants.

the VOCs. However, according to census tract data, the rates for
recent immigration, unemployment, low educational level, and
low household income were similar in areas of participants and
nonparticipants, both among cases and controls, suggesting that
the potential for selection bias may be limited.'>!*

patterns, such as due to people being exposed to complex mix-
tures where there maybe synergies between pollutants, and pos-
sibly from measurement error as most pollutants in the mixture
were not measured.

On the other hand, it is possible that the lower response rates
in the control series (56%) could be responsible for these non-
linearities. (Participation rates in our study were comparable or
better to other studies entailing extensive in-person data col-
lection.’”) Differential response rates could have influenced our
results if participation was associated with socioeconomic char-
acteristics that were also associated with ambient exposure to

Other methodological considerations

We fitted Bayesian spatial regression models using data from
three dense sampling campaigns in Montreal®® in which over

11
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130 sites were used. A strength of our spatial model was
that both the spatial- and campaign-specific variability was
accounted for, instead of averaging the data across campaigns,
and this provided comparisons of concentrations across cam-
paigns and VOCs. We used 3M passive monitors because they
were easy to install on fixed city poles at about 3 m, they did
not require electricity or pumps, and if stolen they would not
be costly to replace. The passive samplers have been shown
to be reliable in measuring VOCs over extended periods of
time,*® and an analysis of the dosimeters from outdoor sam-
pling with a duration of 72 hours was comparable to auto-
mated continuous gas chromatography measurements.’”” In
our exposure survey, we found that co-located samplers were
reliable and that mean concentrations of four of the VOCs
for participants were similar to that from the four fixed-site
stations.

Other methods could have been used that could lead to more
accurate estimates, such as Summa canisters and flame and pho-
toionization detectors, but they are not suitable for remote sites
without electricity, their operation is difficult in cold weather,
they require knowledge of the proportions of concentrations of
the different VOCs, and these methods are expensive.

Misclassification of exposure is inevitable, as we estimated
concentrations near participants’ residences over the course of
a year, we did not have complete exposure information on all
previous addresses, and thus we could not estimate accurately
historical exposures which would be more relevant given the
expected long latency for most solid tumors. One may expect
that these errors are nondifferential and should lead to an atten-
uation of relative risk.

A strength of the study is the large sample size and the avail-
ability of information on disease aggressiveness, as well as
screening and previous medical testing for prostate cancer. The
study was set in a population with free and universal access
to healthcare and this population was regularly screened for
prostate cancer at the time of subjects’ ascertainment, thereby
reducing the potential for disease misclassification due to
under-detection of prostate cancer amongst controls. Moreover,
we had the ability to restrict analyses to recently screened men,
which yielded results like those in the main analyses.

This is the first study of associations between exposure to
these environmental VOCs and prostate cancer. The positive
associations with ambient benzene are consistent with our own
evaluations of occupational benzene,® strengthening the case
that exposure to benzene may increase the risk of developing
prostate cancer. On the other hand, occupational exposures to
benzene are associated with other solvents, notably toluene and
xylenes, underscoring the difficulty of uniquely identifying an
etiological agent in complex mixtures.*-*! We know of no other
studies of other VOCs, so it is premature to make any causal
statements.

Conclusions

Our findings provide evidence for an increased risk of prostate
cancer among men exposed to five ambient VOCs.
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