
Hofmann et al. BMC Cancer 2013, 13:282
http://www.biomedcentral.com/1471-2407/13/282
RESEARCH ARTICLE Open Access
Polycyclic aromatic hydrocarbons: determinants
of urinary 1-hydroxypyrene glucuronide
concentration and risk of colorectal cancer in the
Shanghai Women’s Health Study
Jonathan N Hofmann1*, Linda M Liao1, Paul T Strickland2, Xiao-Ou Shu3, Gong Yang3, Bu-Tian Ji1, Hong-Lan Li4,
Nathaniel Rothman1, Farin Kamangar5, Yu-Tang Gao4, Wei Zheng3 and Wong-Ho Chow6
Abstract

Background: Associations between polycyclic aromatic hydrocarbons (PAHs) and colorectal cancer have been
reported previously but few studies have characterized PAH exposure using biological measurements. We evaluated
colorectal cancer risk in relation to urinary concentration of 1-hydroxypyrene glucuronide (1-OHPG), a polycyclic
aromatic hydrocarbon (PAH) metabolite, and assessed determinants of PAH exposure among controls in the
Shanghai Women’s Health Study (SWHS).

Methods: Concentrations of 1-OHPG were measured in spot urine samples collected from 343 colorectal cancer
cases and 343 individually matched controls. Questionnaires were administered to collect information on
demographic characteristics and reported exposures. Odds ratios were calculated for risk of colorectal cancer in
relation to quartiles of urinary 1-OHPG concentration. Potential determinants of natural log-transformed urinary
1-OHPG concentration were evaluated among a combined sample of controls from this study and another nested
case–control study in the SWHS (Ntotal=652).

Results: No statistically significant differences in risk of colorectal cancer by urinary 1-OHPG levels were observed.
Among controls, the median (interquartile range) urinary 1-OHPG concentration was 2.01 pmol/mL (0.95-4.09).
Active and passive smoking, using coal as a cooking fuel, eating foods that were cooked well done, and recent
consumption of fried dough (e.g., yóutiáo) were associated with elevated levels of 1-OHPG, though only active
smoking and fried dough consumption achieved statistical significance in multivariate analyses.

Conclusions: This study does not provide evidence of an association between urinary levels of 1-OHPG and risk of
colorectal cancer among women. Several environmental and dietary sources of PAH exposure were identified.
Overall, the levels of 1-OHPG in this population of predominantly non-smoking women were considerably higher
than levels typically observed among non-smokers in Europe, North America, and other developed regions.
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Background
Polycyclic aromatic hydrocarbons (PAHs) are byproducts
of incomplete combustion of organic materials. Individ-
uals may be exposed to PAHs through various environ-
mental sources including tobacco smoke, ambient air
pollution, and consumption of grilled foods [1]. High
levels of PAH exposure have been observed for various
occupational activities including coal gasification, coke
production, aluminum smelting, coal-tar distillation, and
paving and roofing with coal-tar pitch [2]. The Inter-
national Agency for Research on Cancer has classified
PAH exposure in these occupational settings as a Group
1 carcinogen (“carcinogenic to humans”).
Colorectal cancer is the third most common type of

incident cancer in the world among both men and
women [3]. There is some evidence of an increased risk of
colorectal cancer in relation to PAH exposure. Colorectal
cancer mortality was elevated among PAH-exposed gas
furnace workers in an occupational cohort study in
Germany [4], and several case–control studies have
reported associations between estimated dietary intake of
benzo(a)pyrene, a particular PAH compound, and risk of
colorectal adenoma [5-8]. In a prospective investigation
within the Prostate, Lung, Colorectal and Ovarian Cancer
Screening Trial, higher estimated dietary benzo(a)pyrene
intake was associated with an increased risk of incident
rectal adenoma but not colon adenoma [9]. Furthermore,
active cigarette smoking, a major source of PAH exposure,
has also been consistently associated with an increased
risk of colorectal cancer [10].
However, few studies have evaluated the relationship

between PAH exposure biomarkers and risk of colorectal
adenoma [11] or colorectal cancer [12]. In this nested
case–control study, we evaluated the risk of colorectal can-
cer in relation to urinary concentration of 1-hydroxypyrene
glucuronide (1-OHPG), a metabolite of pyrene and an
established biomarker of PAH exposure [13], among
participants in the Shanghai Women’s Health Study. As a
secondary analysis, we evaluated the relations between
urinary 1-OHPG concentration and potential determi-
nants of PAH exposure among a combined sample of
controls from this study and a related nested case–control
study of gastric cancer.

Methods
Study participants
Colorectal cancer cases and matched controls were
selected from among participants in the Shanghai
Women’s Health Study (SWHS), a prospective cohort of
approximately 75,000 women enrolled between 1997
and 2000 [14]. Of the 65,574 women in the SWHS
cohort who provided spot urine samples at enrollment,
347 were diagnosed with incident colorectal cancer
through December 2005. One control was individually
matched to each case based on age (±2 years), date of
sample collection (within 1 month), menopausal status
at sample collection, time of sample collection (morning
or afternoon), and time interval since last meal (within
two hours). Four of the colorectal cancer cases were
subsequently determined to have been misdiagnosed;
these cases and the corresponding matched controls
were excluded from the analyses of colorectal cancer
risk, leaving 343 cases (colon cancers, N=205; rectal
cancers, N=138) and matched controls.
A total of 652 controls from the SWHS cohort were

included in the analyses of determinants of urinary
1-OHPG concentration (347 controls from the colorectal
cancer study, and 305 controls from a nested case–control
study of gastric cancer for which samples were analyzed
contemporaneously at the same laboratory).

Data and urine specimen collection
The design and collection of data and specimens in the
SWHS has been described [14]. Briefly, women between
40–70 years of age were recruited from selected urban
communities in Shanghai, China from 1997 to 2000. All
subjects provided written informed consent, and the study
protocols were approved by the Institutional Review
Boards of the National Cancer Institute, Vanderbilt
University, and the Shanghai Cancer Institute. After
obtaining informed consent, subjects completed a self-
administered questionnaire and an in-person interview.
Information was collected on demographic characteristics,
active and passive cigarette smoking, diet and cooking
practices, occupational history, and various other factors.
Height and weight were measured at the time of the
in-person interview.
Subjects were also asked to provide a spot urine sample,

which was kept cold and processed within 6 hours for
long-term storage. Another questionnaire was completed
at the time of sample collection to obtain additional infor-
mation about diet, smoking, and medication use within
the previous week and the 24-hour period prior to urine
collection.

Outcome ascertainment
Colorectal cancer cases were identified through linkage
with the Shanghai Cancer Registry and the Shanghai
Vital Statistics Unit records, and in biennial follow-up
visits with participants. Information on the date of cancer
diagnosis was collected, and diagnoses were verified by
reviewing medical charts and diagnostic slides. Incident
cases of colon and rectal cancers diagnosed through
December 2005 were included in this analysis.

Measurement of urinary 1-OHPG concentration
Measurements of urinary concentration of 1-OHPG
were performed using immunoaffinity chromatography
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and synchronous fluorescence spectroscopy [13]. Assays
were performed in batches of 20 including laboratory
QC samples and blinded duplicate samples in each
batch. The coefficient of variation (CV) for replicate
measurements of urinary 1-OHPG concentration across
batches using aliquots from a single quality control pool
was 10.6%. In an analysis of blinded duplicate samples
from 30 subjects, the Spearman rank correlation coeffi-
cient for paired 1-OHPG measurements was 0.82.
The assay limit of detection was 0.1 pmol/mL. For

measurements below the limit of detection (7.6% and
7.3% of cases and controls, respectively), a value of 0.05
pmol/mL was assigned.
Statistical analysis
Conditional logistic regression analyses were performed
to estimate odds ratios (ORs) and 95% confidence inter-
vals (CIs) for risk of colorectal cancer in relation to
creatinine-adjusted urinary 1-OHPG concentration, which
was categorized as quartiles based on the distribution in
controls. Statistical tests for trend were performed by
modeling the within-category medians as a continuous
parameter. We also evaluated colorectal cancer risk in re-
lation to creatinine-adjusted urinary 1-OHPG concentra-
tion as a continuous variable; as in previous studies [15], a
one unit change was defined as half the difference between
the 25th and 75th percentile measurements in controls.
Analyses were performed with and without adjustment for
the following covariates: age (years); education level;
smoking status; aspirin use; estimated fruit, vegetable, and
folate intake; measured body mass index (BMI); and
leisure time and occupational physical activity [in meta-
bolic equivalent hours per week (MET-h/wk), as esti-
mated in ref. [16]. Because intra-individual variability in
1-hydroxypyrene levels was modestly reduced in first
morning void urine samples compared to 24-hour urine
samples after adjustment for creatinine [17], we used
creatinine-adjusted 1-OHPG concentrations in our main
analyses. However, to evaluate whether correcting
1-OHPG measurements for creatinine concentration had
any effect on the resulting risk estimates, we performed
sensitivity analyses using 1-OHPG concentrations without
correction for creatinine, and with creatinine concentra-
tion included as an independent variable in the statistical
model, as recommended by Barr et al. [18]. Several
analyses were performed to assess whether the association
differed by time from sample collection to case diagnosis,
including an analysis restricted to cases (and correspond-
ing matched controls) diagnosed two or more years after
sample collection, and analyses stratified by duration of
follow-up (below/above the median time of 3.8 years from
sample collection to diagnosis, and above the 75th percent-
ile of follow-up time to diagnosis of 5.6 years). We also
conducted analyses stratified by tumor location (colon vs.
rectal) and menopausal status.
As secondary analyses, we evaluated urinary 1-OHPG

concentration as a dependent variable in relation to
selected exposures that were suspected a priori to con-
tribute to PAH exposure. These analyses were conducted
among a combined set of control subjects (N=652).
Measurements of 1-OHPG concentration were corrected
for creatinine concentration, and data were natural log-
transformed to achieve a normal distribution. Results
are reported as the geometric mean (GM) and 95% CI
within each exposure category. Self-reported exposures
from the baseline questionnaire that were evaluated
included active and passive smoking status, cooking fuel
type, cooking ventilation conditions, and food prepar-
ation methods. We also evaluated smoking and food
preparation methods in the last week and last 24 hours
prior to sample collection (as reported on the sample
collection questionnaire). Independent t-tests were used
to evaluate each variable separately in relation to
1-OHPG concentration. We also performed multivariate
analyses for exposures reported on the baseline ques-
tionnaire (Model 1) and exposures reported for the last
24 hours on the sample collection questionnaire (Model
2); both models were adjusted for age in years, level of
education, measured BMI, and study sample (i.e., controls
from the colorectal cancer study or gastric cancer study).
All statistical analyses were performed using Stata

version 10 (StataCorp LP, College Station, TX). Findings
were considered statistically significant if two-sided
P-values were < 0.05.

Results
Colorectal cancer
Colorectal cancer cases and matched controls were simi-
lar in level of education, marital status, fruit and vege-
table consumption, BMI, folate intake, and physical
activity (Table 1). Smoking was uncommon in general
among study participants, but was slightly less common
among cases than among controls (2% and 5%, respect-
ively). Urinary levels of 1-OHPG, with or without adjust-
ment for creatinine, were not significantly different
between cases and controls. The geometric means
(95% CIs) of creatinine-adjusted 1-OHPG concentration
in urine were 0.15 (95% CI 0.13-0.17) and 0.16 (95% CI
0.14-0.18) μmol/mol creatinine for cases and matched
controls, respectively (P = 0.4, paired t-test).
No statistically significant differences in risk of colo-

rectal cancer by creatinine-adjusted 1-OHPG concentra-
tion were observed; adjustment for selected covariates
did not have any appreciable effect on risk estimates
(Table 2). Results were similar when husband’s smoking
status was included in the multivariate analysis, and
when smoking variables were not included in the



Table 1 Frequencies of selected characteristics for
colorectal cancer cases and matched controlsa

Characteristic Cases
(N=343)

Controls
(N=343)

Age in years, mean (SD) 59.0 (8.4) 59.1 (8.4)

Level of education

Elementary school or less 144 (42.0) 154 (44.9)

Middle school 99 (28.9) 87 (25.4)

High school 68 (19.8) 60 (17.5)

College 32 (9.3) 42 (12.2)

Marital status

Not married 61 (17.8) 62 (18.1)

Married 282 (82.2) 281 (81.9)

Menopausal status

Pre-menopausal 74 (21.6) 77 (22.5)

Post-menopausal 268 (78.4) 266 (77.6)

Ever smoked cigarettes (≥1/day for
6+ months)

No 336 (98.0) 326 (95.0)

Yes 7 (2.0) 17 (5.0)

Aspirin use in last year (3+/wk for >2 mo)

No 334 (97.4) 329 (95.9)

Yes 9 (2.6) 14 (4.1)

Vegetable intake, g/week, mean (SD) 303 (179) 284 (160)

Fruit intake, g/week, mean (SD) 243 (167) 248 (177)

Folate intake, μg/day, mean (SD) 288 (100) 290 (99)

Measured body mass index (BMI), mean (SD) 24.7 (3.2) 24.8 (3.4)

Leisure time physical activity (MET hrs/wk),
mean (SD)

110 (44) 108 (46)

Cumulative occupational energy expenditure
(kJ/min), mean (SD)

243 (99) 230 (98)

Abbreviations: SD standard deviation, BMI body mass index, MET hrs/wk
metabolic equivalent hours per week.
a Reported as frequencies (%) within each category unless otherwise specified.

Hofmann et al. BMC Cancer 2013, 13:282 Page 4 of 9
http://www.biomedcentral.com/1471-2407/13/282
statistical model (data not shown). Risk of colon cancer,
but not rectal cancer, appeared to decrease slightly with
increasing levels of creatinine-adjusted 1-OHPG; however,
this trend was not statistically significant when 1-OHPG
was analyzed as a continuous variable. Risk estimates did
not change appreciably after exclusion of cases (and corre-
sponding matched controls) diagnosed within two years of
sample collection, and we did not observe differences in
risk by menopausal status or duration of follow-up.

Determinants of 1-OHPG levels
The geometric mean (95% CI) of creatinine-adjusted 1-
OHPG concentrations by categories of selected exposures
from the baseline questionnaire are reported in Table 3.
Among 652 controls, the median (25th-75th percentile)
urinary 1-OHPG levels with and without adjustment for
creatinine were 0.21 (0.11-0.38) μmol/mol creatinine and
2.01 (0.95-4.09) pmol/mL, respectively. Subjects who
reported ever smoking had significantly higher 1-OHPG
levels than non-smokers (P = 0.03). We observed a bor-
derline significant association between husband’s smoking
status and 1-OHPG concentration; women whose hus-
bands were current smokers had higher levels of 1-OHPG
than women whose husbands never smoked (P = 0.05).
Results for passive smoking were similar when we re-
stricted to women who never smoked. Mean 1-OHPG
levels were approximately twice as high among subjects
who reported using coal for cooking at their current resi-
dence compared to subjects who used gas or other types
of fuel, though this difference did not achieve statistical
significance (P = 0.08). Relative to subjects who ever ate
stir-fried meats, those who did not had higher 1-OHPG
levels; this difference was borderline significant (P = 0.05).
We also evaluated creatinine-adjusted 1-OHPG con-

centration in relation to reported recent exposures from
the sample collection questionnaire (Table 4). Similar to
the results of the baseline questionnaire analysis, partici-
pant smoking was associated with elevated 1-OHPG
levels. We observed statistically significant trends of in-
creasing 1-OHPG concentration by number of cigarettes
smoked in the last week (P = 0.03) and the last 24 hours
(P = 0.04) prior to sample collection. Subjects who
reported eating fried dough (yóutiáo) in the last 24
hours also had significantly higher 1-OHPG levels than
subjects who did not eat these foods (P = 0.01). No other
notable differences in 1-OHPG concentration in relation
to recent exposures were observed.
Results of multivariate analyses of creatinine-adjusted

1-OHPG concentration in relation to selected character-
istics from the baseline questionnaire (Model 1) and
reported exposures within the last 24 hours from the
sample collection questionnaire (Model 2) are shown in
Table 5. As in the bivariate analyses, participant smoking
status was a statistically significant determinant of 1-
OHPG concentration in both multivariate models. In
Model 1, husband’s smoking status was associated with a
slight, non-significant elevation in 1-OHPG concentra-
tion. Other factors in Model 1 that were associated with
elevated levels of 1-OHPG included eating foods that
were cooked well done (43% higher geometric mean
relative to subjects who did not eat “browned” foods)
and use of coal as a cooking fuel (63% higher geometric
mean relative to subjects who used gas or other types of
cooking fuel). In Model 2, recent consumption of fried
dough products continued to be a significant determin-
ant of 1-OHPG concentration after covariate adjustment
(P = 0.01).
Results of all analyses of colorectal cancer risk and

determinants of 1-OHPG levels were similar when
1-OHPG concentration was not corrected for creatinine
and when creatinine was included as a covariate in the



Table 2 Risk of colorectal cancer in relation to creatinine-adjusted urinary 1-OHPG concentrationa

1-OHPGb Ncases Ncontrols Unadjusted OR (95% CI) Adjusted OR (95% CI) c

Colorectal cancer

Q1: <0.10 89 86 Ref Ref

Q2: ≥0.10 to <0.196 100 86 1.11 (0.74-1.68) 1.11 (0.73-1.71)

Q3: ≥0.196 to <0.331 80 86 0.89 (0.58-1.37) 0.88 (0.56-1.38)

Q4: ≥0.331 74 85 0.84 (0.55-1.30) 0.85 (0.54-1.33)

Ptrend = 0.3 Ptrend = 0.3

Per 1-unit increase in 1-OHPGd 0.98 (0.95-1.02) 0.98 (0.95-1.02)

Colon cancer

Q1: <0.10 54 48 Ref Ref

Q2: ≥0.10 to <0.196 59 53 0.96 (0.56-1.64) 0.93 (0.53-1.65)

Q3: ≥0.196 to <0.331 50 51 0.84 (0.47-1.50) 0.77 (0.41-1.46)

Q4: ≥0.331 42 53 0.70 (0.39-1.24) 0.69 (0.40-1.29)

Ptrend = 0.2 Ptrend = 0.2

Per 1-unit increase in 1-OHPGd 0.98 (0.93-1.03) 0.98 (0.93-1.03)

Rectal cancer

Q1: <0.10 35 38 Ref Ref

Q2: ≥0.10 to <0.196 41 33 1.35 (0.70-2.61) 1.43 (0.70-2.93)

Q3: ≥0.196 to <0.331 30 35 0.95 (0.49-1.83) 0.93 (0.46-1.87)

Q4: ≥0.331 32 32 1.08 (0.56-2.09) 1.09 (0.54-2.21)

Ptrend = 0.9 Ptrend = 0.9

Per 1-unit increase in 1-OHPGd 0.99 (0.92-1.07) 0.98 (0.91-1.07)

Abbreviations: 1-OHPG 1-hydroxypyrene glucuronide, OR odds ratio, CI confidence interval.
a Quartiles were determined based on the distribution of creatinine-adjusted 1-OHPG measurements among controls.
b μmol/mol creatinine.
c Adjusted for the following covariates: age, education, smoking status, aspirin use, fruit intake, vegetable intake, folate intake, measured body mass index (BMI),
leisure time physical activity, and occupational physical activity.
d A 1-unit increase was defined as half of the difference between the 25th and 75th percentiles for creatinine-adjusted 1-OHPG measurements among controls.
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statistical model (data not shown). We also performed
analyses of colorectal cancer risk in relation to those ex-
posures that were associated with elevated urinary
1-OHPG levels (e.g., personal smoking status, husband
smoking status, consumption of fried dough products,
and cooking with a coal stove), and no statistically
significant associations were observed (not shown).

Discussion
In this nested case–control study among participants in
the SWHS, we did not find evidence of an association be-
tween urinary concentration of 1-OHPG, an established
marker of PAH exposure, and risk of colorectal cancer.
There is considerable evidence from both animal and
human studies that PAHs and PAH-containing materials
are carcinogenic [reviewed in ref. [19]. Potential exposure
to PAHs from employment as a gas furnace worker [4],
smoking [10], and reported meat consumption [5-9] has
been linked to colorectal cancer and colorectal adenoma.
Each of these risk factors might involve exposure to vari-
ous pyrolysis compounds, though PAHs are suspected to
be among the agents responsible for the association with
colorectal cancer. In one case–control study, Sinha and
colleagues [5] estimated dietary intake of benzo(a)pyrene
(a PAH metabolite) and its relation with colorectal aden-
oma risk. The investigators reported an odds ratio of 5.6
comparing subjects in the highest quintile of estimated
dietary benzo(a)pyrene intake relative to the lowest quin-
tile, and a statistically significant dose–response trend was
observed [5]. However, in a more recent large prospective
study, estimated dietary intake of benzo(a)pyrene was not
associated with colorectal cancer risk [20].
In the present study, we sought to further evaluate the

hypothesis that PAH exposure is associated with an in-
creased risk of colorectal cancer using urinary 1-OHPG
concentration as a quantitative biological measure of
PAH exposure. Very few studies have evaluated colorec-
tal cancer risk in relation to biological markers of PAH
exposure. A hospital-based case–control study of colo-
rectal adenoma among non-smoking U.S. residents by
Gunter et al. [11] characterized PAH exposure based on
the level of leukocyte PAH-DNA adducts, which is con-
sidered to be a marker of relatively recent exposure i.e.,
within the last week; ref. [21]. In this case–control study,



Table 3 Creatinine-adjusted urinary 1-OHPG
concentration (μmol/mol creatinine) in relation to
reported exposures from the baseline questionnaire

Exposure N GM (95% CI) P value

Overall 652 0.18 (0.16-0.19)

Smoking variables

Ever smoked

No 622 0.17 (0.16-0.19) 0.03

Yes 30 0.28 (0.18-0.44)

Husband’s smoking status

Never smoked 239 0.16 (0.14-0.19) Ref

Former smoker 77 0.15 (0.11-0.21) 0.8

Current smoker 233 0.20 (0.17-0.23) 0.05

Not married 100 0.18 (0.14-0.23) 0.4

Cooking variables

Type of cooking fuel used at
current residence

Gas or other besides coal 640 0.18 (0.16-0.19) Ref

Coal 12 0.33 (0.17-0.64) 0.08

Cooking ventilation conditions

Good 391 0.17 (0.16-0.20) Ref

Fairly good 249 0.19 (0.16-0.22) 0.6

Poor 12 0.13 (0.05-0.33) 0.4

Food consumption variables

Doneness of fried or baked meat or fish

Not brown or never eat 104 0.18 (0.13-0.24) Ref

Light brown 292 0.17 (0.15-0.20) 0.8

Dark brown 218 0.18 (0.16-0.21) 0.8

Entirely brown 11 0.27 (0.18-0.40) 0.4

Fried meats

Never 207 0.19 (0.16-0.22) 0.5

Ever 445 0.17 (0.15-0.19)

Stir-fried meats

Never 20 0.30 (0.16-0.56) 0.05

Ever 632 0.17 (0.16-0.19)

Roasted meats

Never 206 0.20 (0.16-0.23) 0.2

Ever 446 0.17 (0.15-0.19)

Smoked meats

Never 439 0.18 (0.16-0.20) 0.8

Ever 213 0.17 (0.15-0.20)

Abbreviations: 1-OHPG 1-hydroxypyrene glucuronide, GM geometric mean,
CI confidence interval.

Table 4 Creatinine-adjusted urinary 1-OHPG
concentration (μmol/mol creatinine) in relation to recent
exposures reported on the sample collection
questionnaire

Exposure N GM
(95% CI)

P value

Smoking variables

In the last week

No 626 0.17 (0.16-0.19) 0.10

Yes 26 0.26 (0.15-0.46)

In the last 24 hours

No 627 0.17 (0.16-0.19) Ref

Yes 25 0.27 (0.15-0.48) 0.09

1-5 cigarettes 11 0.22 (0.09-0.55)

6-10 cigarettes 9 0.22 (0.09-0.54) Ptrend = 0.04

>10 cigarettes 5 0.60 (0.05-6.73)

Number of cigarettes in last
week as a continuous variable

652 β = 0.008 0.03

Number of cigarettes in last 24
hours as a continuous variable

652 β = 0.053 0.04

Food consumption variables

Fried dough products

In the last week

No 446 0.17 (0.15-0.19) 0.3

Yes 206 0.19 (0.16-0.23)

In the last 24 hours

No 587 0.17 (0.15-0.19) 0.01

Yes 65 0.26 (0.19-0.34)

Fried meats

In the last week

No 500 0.18 (0.16-0.20) 0.9

Yes 152 0.18 (0.14-0.21)

In the last 24 hours

No 583 0.18 (0.16-0.20) 0.9

Yes 69 0.18 (0.14-0.24)

Stir-fried or roasted meats

In the last week

No 110 0.19 (0.15-0.25) 0.4

Yes 542 0.17 (0.16-0.19)

In the last 24 hours

No 297 0.19 (0.16-0.22) 0.3

Yes 355 0.17 (0.15-0.19)

Abbreviations: 1-OHPG 1-hydroxypyrene glucuronide, GM geometric mean,
CI confidence interval.
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individuals in the highest quartile of leukocyte PAH-DNA
adduct levels had a significantly greater risk of colorectal
adenoma than individuals in the lowest quartile, and a
statistically significant dose–response trend of increasing
colorectal adenoma risk by quartile of PAH-DNA adduct
level was observed. However, this study was limited by a
relatively small number of cases of colorectal adenoma
(N=82), and blood samples were collected after diagnosis.



Table 5 Multivariate analyses of determinants of natural
log-transformed creatinine-adjusted urinary 1-OHPG
concentration

Exposure β Percent difference in
GM

P
value

Model 1: exposures from baseline questionnaireb

Smoking status

Never Ref

Ever 0.501 65% 0.03

Husband’s smoking status

Noc Ref

Yes 0.148 16% 0.2

Doneness of fried or baked meat or fish

Not brown or never eat Ref

Light brown −0.016 −2% 0.9

Dark brown 0.002 0% 1.0

Entirely brown 0.357 43% 0.4

Type of cooking fuel used at current residence

Gas or other besides coal Ref

Coal 0.491 63% 0.2

Cooking ventilation
conditions

Good Ref

Fairly good 0.014 1% 0.9

Poor −0.334 −28% 0.4

Model 2: exposures within the last 24 hours from sample
collection questionnaireb

Number of cigarettes 0.062 6% per cigarette
smoked

0.02

Ate fried dough products

No Ref

Yes 0.406 50% 0.01

Ate fried meats

No Ref

Yes 0.034 3% 0.8

Ate stir-fried or roasted
meats

No Ref

Yes −0.087 −8% 0.4

Abbreviations: 1-OHPG 1-hydroxypyrene glucuronide, GM geometric mean.
a Estimated using the following formula: exp(β) - 1.
b Adjusted for age, education, measured BMI, and study sample (colorectal or
gastric cancer study).
c Includes subjects who are not married, or whose husbands never smoked or
formerly smoked.
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More recently, Agudo et al. [12] conducted a case-cohort
study evaluating the relationship between aromatic DNA
adduct levels in pre-diagnostic leukocytes and risk of
colorectal cancer (154 cases). The investigators reported a
statistically significant increased risk of colorectal cancer
with increasing levels of aromatic DNA adducts, and
observed a stronger association for colon cancer than for
rectal cancer. In the present study, we were unable to con-
firm these findings using pre-diagnostic urinary 1-OHPG
measurements in a larger sample of colorectal cancer
cases and individually matched controls.
As a secondary analysis, we also evaluated potential

determinants of urinary 1-OHPG concentration among
652 control subjects from the SWHS cohort. This
sample was comprised of women ages 40 to 70 residing
in Shanghai, China, only 4.6% of whom ever smoked
cigarettes. In general, the levels of 1-OHPG in this popu-
lation were considerably higher than what is typically
observed among non-smokers in the United States,
Europe and Korea, where median levels are approximately

0.3-0.4 pmol/mL [22,23]. The median (interquartile range)
urinary concentration of 1-OHPG that we observed was
2.01 pmol/mL (0.95-4.09), which is comparable to levels
observed in other populations in Linxian, China [24],
northeastern Iran [25], and South Brazil [26], all of which
are regions with well-characterized high levels of PAH
exposure.
Results of bivariate and multivariate analyses revealed

that active and passive smoking, cooking with coal as a
fuel source, eating meat or fish that was cooked until it
was “entirely brown”, and recent consumption of fried
dough products influenced levels of 1-OHPG. However,
only active smoking and recent consumption of fried
dough products were associated with statistically signifi-
cant increases in urinary 1-OHPG concentration after
adjustment for other covariates. Active cigarette smok-
ing has been consistently associated with higher urinary
levels of 1-OHPG in various populations [22,25-27]. It is
reasonable to expect that passive smoke exposure might
also influence 1-OHPG levels. Our findings regarding
passive smoking were consistent with the results of a
previous study of determinants of urinary 1-OHPG con-
centration among children in South Korea, which found
that the reported number of cigarettes smoked in the
child’s home was associated with increased 1-OHPG
concentration [28].
Diet, in particular consumption of charbroiled meats,

has also been recognized as an important determinant of
1-OHPG concentration [1,23]. Lee et al. [28] reported
that consumption of grilled fish, but not grilled meats,
was associated with children’s’ levels of 1-OHPG. We
found that the “doneness” of fried or baked meat or fish
was associated with 1-OHPG concentration, though
results were not statistically significant. Consumption of
fried dough products – such as yóutiáo, a deep-fried
twisted dough stick that is a popular breakfast food often
purchased from street vendors or in snack shops – could
potentially be an important dietary source of PAH
exposure. High levels of benzo(a)pyrene have been
detected in cooking oil fumes from shops selling yóutiáo
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[29], and it is possible that individuals might be exposed
via ingestion of dough that has been fried in cooking oil
containing PAHs. This finding suggests that consumption
of fried dough foods such as yóutiáo should be considered
in future studies that assess dietary PAH exposure in
Chinese populations. Though very few subjects never ate
stir-fried meats (N=20), we observed higher 1-OHPG
levels in this group. This finding was unexpected, and no
such association between 1-OHPG levels and recent con-
sumption of stir-fried or roasted meats was observed.
However, it is possible that this association may reflect
other differences in diet, and further investigation of
dietary PAH exposure among these individuals may reveal
other potential sources of exposure.

Strengths and limitations
The large sample size, prospective collection of urine
samples, and availability of data on potential confounding
factors were strengths of this study. Because samples were
collected prospectively and results were similar when
cases diagnosed within two years of sample collection
were excluded, it is unlikely that early disease processes
would have affected 1-OHPG measurements. The avail-
ability of prospectively collected data on covariates mini-
mized potential recall bias and allowed us to control for
potential confounding factors such as age, BMI, physical
activity, and fruit and vegetable intake in our analyses.
There were also several limitations in this study. Urine

was collected as a spot sample for practical reasons,
though the interpretation of urinary creatinine levels
used for the correction to ≥24 hour urine output may be
problematic. To address this issue, we performed sensi-
tivity analyses without correction for creatinine and with
adjustment for creatinine concentration as a covariate in
the statistical model; results were similar to what was
observed in the main analyses.
As with most prospective investigations involving a

single pre-diagnostic specimen, it is possible that urin-
ary levels of 1-OHPG may not have reflected long-term
PAH exposure status or exposure levels during the
etiologically relevant period. In our analyses among
controls, we identified associations between several
reported sources of exposure from the baseline and
sample collection questionnaires and urinary concentra-
tion of 1-OHPG, suggesting that 1-OHPG levels may be
a reasonable reflection of both usual and recent expos-
ure to PAHs. It should be noted that when we evaluated
colorectal cancer risk in relation to these sources of
PAH exposure, our findings were similarly null. The
median time from urine sample collection until diagno-
sis of colorectal cancer in this study was 3.8 years;
continued follow-up of the cohort may be useful to as-
sess relations between long-term PAH exposure and
colorectal cancer risk.
Most previous studies of determinants of 1-OHPG
concentration have been based on relatively small sample
sizes, and the inclusion of a large number of healthy
subjects (N = 652) was a strength of the present study.
However, despite the large sample size, some of the
reported exposures were relatively uncommon in this
population. Also, there was somewhat less heterogen-
eity of 1-OHPG levels relative to other highly exposed
populations [25,26], which may have limited our ability
to detect associations with colorectal cancer and to
evaluate determinants of PAH exposure. We were unable
to assess ambient exposure to PAHs in this study, an
important determinant of exposure in previous studies
[30] that could possibly explain the high and relatively
homogeneous levels of 1-OHPG in our study population.

Conclusions
We did not find evidence of an association between
urinary 1-OHPG levels and colorectal cancer risk in this
nested case–control study. Future studies with greater
duration of follow-up and characterization of PAH expos-
ure over a longer time period are needed to better under-
stand the role of PAHs in the etiology of colorectal cancer.
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