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Abstract Acrylamide, a potential human carcinogen, has

been discovered in a variety of heat-treated carbohydrate-

rich food products. Previously, dietary acrylamide intake

was shown to be associated with endocrine-related cancers

in humans. We assessed the association between dietary

acrylamide intake and risk of postmenopausal breast cancer

stratified by estrogen and progesterone receptor status. This

study was embedded within the Netherlands Cohort Study

on diet and cancer, which was initiated in 1986 enrolling

62,573 women aged 55–69 years at baseline. After 13.3 years

of follow-up, 2225 incident breast cancer cases were

ascertained, with hormone receptor status information for

43%. Cox proportional hazards analysis was applied to

determine hazard ratios in quintiles of dietary acrylamide

intake stratifying on estrogen receptor (ER) and progester-

one receptor (PR) and smoking status. No association was

observed for overall breast cancer or receptor-negative

breast cancer risk, irrespective of smoking status. A statis-

tically non-significantly increased risk of ER positive, PR

positive and joint receptor-positive breast cancer was found

in never-smoking women. The multivariable-adjusted haz-

ard ratios were 1.31 (95% CI: 0.87–1.97, Ptrend = 0.26) for

ER?, 1.47 (0.86–2.51, Ptrend = 0.14) for PR?, and 1.43

(0.83–2.46, Ptrend = 0.16) for ER?PR?, when comparing

women in the highest quintile of acrylamide intake (median

36.8 lg/day) to women in the lowest (median 9.5 lg/day).

This study showed some indications of a positive associa-

tion between dietary acrylamide intake and receptor-posi-

tive breast cancer risk in postmenopausal never-smoking

women. Further studies are needed to confirm or refute our

observations.
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Estrogen receptor � Progesterone receptor

Introduction

In the western world, breast cancer is the most common

malignant disease in women, and one out of every eight

women will develop the disease during her lifetime [1].

Important causes are genetic defects, reproductive factors,

alcohol, overweight, and physical inactivity, but these

factors do not account for the total number of incident

breast cancer cases [2]. Moreover, risk factors differ

according to estrogen receptor (ER) and progesterone

receptor (PR) status of the tumors [3], underscoring the

importance of stratifying on receptor status when investi-

gating breast cancer etiology.

Acrylamide, an industrial chemical classified as a

probable human carcinogen, was discovered in 2002 in

various carbohydrate-rich foods such as bread, crisps, and
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cookies [4]. Dietary acrylamide forms naturally when

amino acids, mainly asparagine, and reducing sugars

combine at temperatures above 120�C (Maillard browning)

[5]. Acrylamide exposure also occurs with smoking and

smokers have on average four times higher acrylamide–

hemoglobin adduct (AA–Hb) levels, an internal dose

marker, than non-smokers [6].

It is generally thought that acrylamide is carcinogenic

through a genotoxic pathway [7], after conversion to gly-

cidamide, a DNA-reactive epoxide. This mechanism has

been the focus of most of the toxicological acrylamide

research. Recently, some, but not all, epidemiological

studies found a positive association between dietary

acrylamide exposure and the risk of strongly endocrine-

related cancers (ovarian, endometrial, and ER positive

breast cancer) [8, 9], which may suggest a different car-

cinogenic pathway. One of the hypothesized mechanisms

behind acrylamide-induced carcinogenicity, other than

genotoxicity, is modulation of sex hormone systems [10]. If

acrylamide were to affect these systems, it may primarily

be a risk factor for ER and PR positive breast cancer, as

reproduction-related exposures seem to be more strongly

associated with the risk of receptor-positive breast cancer

[3]. In a previous analysis, we observed no association with

overall breast cancer risk [9]. Here, we aim to investigate

the association between dietary acrylamide intake and

postmenopausal breast cancer risk in receptor-defined

subgroups in a large prospective cohort study.

Materials and methods

Study design and population

This study is embedded within the Netherlands Cohort

Study on diet and cancer (NLCS) [11]. The NLCS started

in September 1986 with the inclusion of 62,573 women

aged 55–69 years, all presumed to be postmenopausal. At

baseline, the cohort members completed a self-adminis-

tered food frequency questionnaire (FFQ) containing 150

foods and questions on lifestyle habits, and medical, and

reproductive history.

A case-cohort design was applied for data processing

and analysis [11], and to this purpose a random subcohort

of 2589 women was sampled from the total cohort shortly

after baseline. This subcohort is followed up regularly for

migration and vital status to determine the collected per-

son–time experience.

Incident breast cancer cases from the total cohort have

been detected by annual record linkage with the nine

regional cancer registries and the Netherlands Pathology

Registry (PALGA). The completeness of cancer follow-up

was estimated to be at least 96% [12], whereas the follow-up

of the subcohort was 100% complete at the end of the

13.3 year follow-up period.

Breast cancer tumors were coded according to the

[International Classification of Diseases for Oncology

(ICD-O)-3: C50]. Receptor status information was

obtained from four regional Dutch cancer registries (other

cancer registries had not collected this information before

2000) and was assessed by either immunohistochemistry or

biochemical assay. During the follow-up, 2225 incident

breast cancer cases were identified from the total cohort,

with ER status available for 966 (43%) cases. PR status had

not been assessed in one of the four cancer registries and

was thus only available for 615 cases, corresponding to

28% of the total number of cases. Cases were stratified into

separate and concordant ER and PR subgroups to assess

potential heterogeneity of the acrylamide-associated risk.

Cases and subcohort members were excluded if they had

a baseline diagnosis of cancer other than skin cancer and if

their dietary data were incomplete or inconsistent. Fur-

thermore, cases were excluded if they had non-epithelial or

non-invasive tumors. Discordant (ER? PR- and ER-

PR?) cases were excluded due to small number of cases.

Figure 1 depicts the number of cases in each separate and

joint ER and PR stratum.

Acrylamide exposure assessment

Acrylamide intake was assessed from the FFQ, with

questions on frequency and portion size of consumption of

150 foods, combined with the mean acrylamide concen-

tration of each food determined from chemical analysis of

several Dutch samples per food. The acrylamide intake

assessment is comprehensively described in a previous

paper by our group [9].

Data analysis

The accumulated person-years of the entire cohort are

estimated using the subcohort, while cases are enumerated

for the entire cohort. The case–cohort analysis is based on

13.3 years of follow-up (September 1986–December

1999).

Cases with known receptor status were compared to

cases with unknown receptor status according to dietary

and non-dietary variables, and tumor characteristics by the

Wilcoxon–Mann–Whitney U-test and Pearson v2 test to

investigate heterogeneity between the case groups and

hence potential selection bias.

Baseline characteristics of the subcohort were compared

across quintiles of acrylamide intake by use of the Krus-

kal–Wallis test and Pearson v2 test.

Cox proportional hazards models were used to examine

the relationship between dietary acrylamide exposure and
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overall breast cancer risk and the risk in receptor-defined

subgroups. Hazard ratios (HR) and 95% confidence inter-

vals (CI) were estimated per 10 lg/day increment in

acrylamide intake and for quintiles of intake using the

lowest as the reference category. For the receptor-negative

endpoints, analyses were conducted with acrylamide divi-

ded into tertiles due to the small number of cases. Tests for

linear trend were performed by assigning the median

acrylamide intake in each intake category to the categories,

and fitting the ordinal exposure categories as a continuous

variable. The proportional hazards assumption was tested

through scaled Schoenfeld residuals [13]. The extra vari-

ance introduced by sampling from the cohort was

accounted for using the robust Huber–White sandwich

estimator.

A priori, age at menarche, menopause and first child-

birth, parity, body mass index (BMI), family history of

breast cancer, personal history of benign breast disease,

oral contraceptives use, and postmenopausal hormone use

were selected for inclusion in the multivariable-adjusted

model [14]. Height, non-occupational physical activity,

education level, alcohol, carbohydrate, fiber, saturated fat,

trans-unsaturated fat, fruit, and vegetable intake were tes-

ted for confounding potential. These variables were

included only if they changed the age-adjusted HR,

between the 10th and the 90th percentile of daily intake, by

more than 10%. Smoking status, smoking years, and cig-

arettes per day were included in the model, because

smoking is an important source of acrylamide exposure [6],

and thus has the potential to obscure the effect of dietary

acrylamide exposure. Furthermore, smoking can influence

estrogen levels in the body [15].

Smokers have been shown to have on average three to

four times higher levels of acrylamide–hemoglobin

adducts, which is a marker of internal dose of acrylamide,

than non-smokers [6]. For this reason and because of the

fact that smoking is such an important risk factor for many

cancers, subgroup analyses were performed for never

smokers.

Interaction with smoking, non-occupational physical

activity, obesity, and alcohol intake was tested because of

the ability to modify the activity of the enzyme CYP2E1

that has been shown to convert acrylamide into glycida-

mide. Interaction with age at menarche, menopause and

first childbirth, parity, oral contraceptives, and postmeno-

pausal hormone use was tested based on the hypothesis that

acrylamide modulates hormone systems.

In additional analyses, the HRs of acrylamide in never-

smokers were one at a time adjusted for the five most

important acrylamide-contributing foods (Dutch spiced

cake, cookies, coffee, potato crisps, and French fries) in the

NLCS cohort to determine whether observed associations

Fig. 1 Flow chart of the cases

and subcohort members finally

included in the multivariable-

adjusted Cox regression

analyses
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could be ascribed to acrylamide or to other constituents of

these foods. Also the independent relationships between

these five foods and breast cancer risk were tested. Finally,

to check for the influence of changes in diet due to pre-

clinical disease, analyses were done excluding the first

2 years of follow-up. Two sided P-values of B0.05 were

used as cut-off point for statistical significance.

Results

Figure 2 shows the absolute and relative contribution of

various foods to the total acrylamide intake of the subco-

hort. Although coffee was overall the most important

contributor to acrylamide intake, Fig. 2 shows that not

coffee, but Dutch spiced cake was most responsible for the

variation in acrylamide intake in this population, followed

by coffee, French fries, potato crisps, and cookies.

Table 1 shows the covariable distribution between cases

with known and unknown ER or PR status. In general, no

striking dissimilarities were noticeable between the two

case groups, although cases with known receptor status had

a slightly higher intake of French fries, and cases with

unknown receptor status had a slightly higher intake of

cookies. No differences were seen in the distributions of

tumor size, stage, and grade, when comparing cases with

known and cases with unknown receptor status (Table 2).

Based on the subcohort distribution, the median acryl-

amide intake per quintile was; 9.5, 14.0, 17.9, 24.3, and

36.8 lg/day, equivalent to 0.14, 0.20, 0.26, 0.36, 0.57 lg/kg

bw per day. All dietary variables, except fruits, vegetables,

and alcohol intake differed considerably between the

quintiles. A linear relationship between acrylamide, car-

bohydrate, total energy, saturated fat, and fiber intake was

seen across the quintiles. Statistically significant differ-

ences were observed for age, BMI, parity, percentage

current cigarette smokers, number of smoking years, and

educational level, but with no linear trend across the

quintiles of acrylamide intake (Table 3).

There was no association between dietary acrylamide

intake and overall breast cancer risk for acrylamide as a

continuous variable or when comparing women in the

highest quintile of intake to the lowest, irrespective of

smoking status (Table 4). When looking at smokers and

non-smokers combined, we found no evidence that acryl-

amide was related to an increased ER?, PR?, or ER?PR?

Fig. 2 Absolute and relative

contribution of foods to the

mean daily dietary acrylamide

intake of the NLCS subcohort
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breast cancer risk. However, for never-smoking women,

increased HRs in the highest quintile compared to the

lowest quintile were observed for ER?, PR? and

ER?PR? tumors, although not statistically significant. A

positive association was also observed for acrylamide as a

continuous variable for PR? and ER?PR? tumors, but

again not statistically significant.

For PR-tumors, a statistically significantly decreased

risk was seen comparing the second quintile to the first, and

for ER-tumors there was a borderline statistically signifi-

cantly decreased risk, regardless of smoking status. Yet, no

clear trends were seen across the acrylamide categories for

the receptor-negative endpoints.

Adjustment for potato crisps did not notably change the

HRs, while adjustment for Dutch spiced cake and French

fries somewhat decreased the HRs (results not shown).

Adjustment for coffee slightly increased the HRs, and

adjustment for cookies increased the HRs considerably

Table 1 Characteristics of

breast cancer cases with known

receptor status compared to

breast cancer cases with

unknown receptor status;

NLCS, 1986–1999

a Data represent medians with

(interquartile range) for

continuous variables,

percentages for categorical
b Wilcoxon–Mann–Whitney

U-test for comparisons of

means, or Pearson chi-square

test for comparisons of

proportions
c Microgram per day
d Gram per day

Variablea ER or PR status

known

ER or PR status

unknown

Pb

Number of cases 888 1134

Acrylamide intake (lg/day)c 18.3 (14.6) 17.1 (14.3) 0.26

Acrylamide intake (lg/kg body weight per day) 0.27 (0.22) 0.25 (0.21) 0.08

Coffee consumption (g/day)d 500 (250) 500 (250) 0.35

Dutch spiced cake consumption (g/day) 0.7 (7.8) 0.0 (7.8) 0.10

Cookie consumption (g/day) 9.3 (20.4) 13.9 (20.4) 0.02

Potato crisp consumption (g/day) 0.0 (0.0) 0.0 (0.0) 0.70

French fries consumption (g/day) 0.0 (1.7) 0.0 (1.2) 0.00

Total energy intake (kcal/day) 1651 (506) 1661 (512) 0.91

Carbohydrate intake (g/day) 174 (64) 172 (59) 0.48

Saturated fat intake (g/day) 29.2 (12.9) 29.1 (12.8) 0.42

Trans-unsaturated fatty acid intake (g/day) 2.3 (1.5) 2.4 (1.5) 0.56

Fiber intake (g/day) 24.5 (9.5) 24.1 (9.2) 0.27

Vegetable intake (g/day) 183 (97) 178 (98) 0.11

Fruit intake (g/day) 180 (148) 171 (144) 0.33

Alcohol intake (g/day) 1.3 (9.1) 1.8 (9.4) 0.14

Age (years) 61 (7.0) 61 (7.0) 0.72

BMI (kg/m2) 24.8 (4.0) 25.0 (4.4) 0.15

Height (cm) 165 (9) 166 (8) 0.11

Parity (n children) 2 (3) 2 (3) 0.26

Age at menarche (years) 13 (3) 13 (3) 0.94

Age at menopause (years) 50 (6) 50 (5) 0.26

Age at first childbirth (years) 27 (6) 27 (5) 0.67

Current cigarette smoking (% yes)b 23.7 20.4 0.08

n cigarettes per day among ever-smokers 10 (15) 10 (15) 0.61

n smoking years among ever-smokers 30 (19) 28 (20) 0.07

Non-occupational physical activity (min/day) 49 (58) 47 (51) 0.23

Oral contraceptive use (% ever)b 23.1 25.8 0.17

Oral contraceptive use duration among ever-users (years) 7.0 (8.0) 7.0 (8.0) 0.68

Postmenopausal hormone use (% ever)b 12.3 13.3 0.77

Postmenopausal hormone use duration among ever users (years) 2 (4) 1 (3) 0.47

Education (%)b

Primary school 33.2 32.4

Lower vocational school 21.4 21.4

Intermediate vocational/high school 34.8 36.9

Higher vocational school/university 9.5 8.8 0.73

Family history of breast cancer (% yes)b 13.7 14.6 0.61

History of benign breast disease (% yes)b 11.6 13.9 0.12
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when comparing never-smoking women in the highest

quintiles of intake to the lowest for ER?, PR? and

ER?PR? tumors. A statistically significantly increased

risk was now also seen for PR? and ER?PR? cases with

acrylamide as a continuous variable in never-smokers.

Adjustment for the five foods did not notably change the

HRs for any of the other subgroups.

There were no signs of an independent relationship

between coffee, Dutch spiced cake, cookies, potato crisps,

or French fries consumption and overall or receptor-nega-

tive breast cancer risk, regardless of smoking status (results

not shown). A statistically significant inverse relationship

between consumption of cookies and risk of breast cancer

was observed for ER? cases and also for never-smoking

ER?, PR? and ER?PR? cases; HRs (95% CI) were 0.88

(0.80–0.98), 0.83 (0.72–0.96), 0.82 (0.69–0.97) and 0.79

(0.66–0.95) per 10 g of cookies/day, respectively.

None of the interaction terms between acrylamide intake

and the selected covariables was statistically significant

(results not shown). Exclusion of the first two years of

follow-up did not cause any noteworthy changes in the

HRs for overall breast cancer or the receptor-defined sub-

groups (results not shown).

Discussion

This prospective cohort study revealed no association

between dietary acrylamide intake and overall breast can-

cer risk, regardless of smoking status, which confirms our

previous analysis with 11.3 years of follow-up [9]. A

modestly increased risk of ER and PR positive breast

cancer was observed in never-smoking women, but these

results were not statistically significant. The significantly

decreased risks in the second quintile of acrylamide intake

for receptor-negative breast cancers may be chance find-

ings due to random fluctuations in the data.

Recently, a Danish nested case–control study examined

the relationship between breast cancer risk and exposure to

acrylamide using AA–Hb adducts [8]. The study showed a

statistically significant positive smoking-adjusted associa-

tion between AA–Hb adducts and breast cancer risk,

strongest for ER? tumors. In our study, the positive

association was apparent only among never smokers,

which is similar to our findings for endometrial and ovarian

cancer in a previous study, where stronger effects were

observed among never smokers [9]. A tendency towards a

stronger smoking-adjusted association among smokers

compared to non-smokers was shown in the Danish study,

although the heterogeneity was not statistically significant.

AA–Hb adduct levels are not specifically a measure of

dietary acrylamide exposure, but for acrylamide exposure

from all sources, including smoking, which has on average

a much stronger effect on AA–Hb levels than dietary

acrylamide intake. Thus, results from analyses in a smok-

ing subgroup may be clouded by acrylamide from and

other constituents of tobacco smoke. Adjusting the AA–Hb

adduct level for smoking may lead to collinearity, because

smoking has such a strong positive effect on AA–Hb

adduct levels. For these reasons, analyses in non-smokers

are preferable when using acrylamide biomarkers. Clarifi-

cation of the observed differences according to smoking

status by other epidemiological studies is necessary.

A Swedish prospective cohort study reported no asso-

ciation between acrylamide intake and ER? or PR?

breast cancer risk [16]. This study investigated pre- and

postmenopausal women combined, thus not taking into

account that the etiology of pre- and postmenopausal

breast cancer may differ [14]. Furthermore, coffee was the

main contributor to the acrylamide exposure and their

adjustment for coffee intake could thus have resulted in

overcorrection of the acrylamide risk estimate, which

cannot be judged from their paper because they do not

Table 2 Tumor characteristics of the cases with known receptor

status compared to the cases with unknown receptor status; NLCS

1986–1999

ER or PR

status known

ER or PR

status unknown

v2 testd

Size of tumor

N casesa 877 1025

\2 cm 53.9% 54.5%

2–5 cm 37.1% 36.8%

[5 cm 2.7% 3.3%

Any size with

extension to skin

or chest wall

6.2% 5.4% 0.78

Stage of tumorb

N casesa 880 1031

Stage I 40.5% 39.6%

Stage IIA, IIB 48.6% 47.3%

Stage IIIA, IIIB 6.7% 8.2%

Stage IV 4.2% 4.8% 0.53

Tumor gradec

N casesa 457 446

Grade 1 12.0% 11.7%

Grade 2 38.9% 39.5%

Grade 3 47.7% 46.9%

Grade 4 1.3% 2.0% 0.86

a N cases after elimination of cases with missing information on the

tumor characteristics
b Staging according to clinical and pathological characteristics, TNM

system: tumor, nodes and metastasis
c Grading is subdivided into; well, intermediately, poorly or not

differentiated
d Pearson v2-test, comparisons of proportions
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show results that were unadjusted for coffee. However,

the Swedish study did not stratify on both receptor and

smoking status, so their results cannot be compared to the

Dutch and Danish study results.

In another prospective cohort study (United States), no

association between acrylamide intake and ER? or PR?

breast cancer risk was observed, but their population con-

sisted of premenopausal women only [17].

Table 3 Subcohort characteristics across quintiles of daily dietary intake; NLCS

Variableb Q1 Q2 Q3 Q4 Q5 Pc

Number of subcohort membersa 450 461 433 457 446

Acrylamide intake (lg/d) 9.5 (3.8) 14 (1.6) 17.9 (2.2) 24.3 (4.6) 36.8 (9.8)

Acrylamide intake (lg/kg body weight per day) 0.14 (0.06) 0.20 (0.05) 0.26 (0.06) 0.36 (0.10) 0.57 (0.20)

Coffee consumption (g/day) 250 (125) 500 (125) 500 (250) 500 (375) 500 (375) \0.001

Dutch spiced cake consumption (g/day) 0.0 (0.0) 0.0 (0.7) 0.0 (1.8) 3.1 (7.8) 20.4 (4.7) \0.001

Cookie consumption (g/day) 3.7 (13) 9.3 (20.4) 13.9 (14.8) 16.7 (14.8) 16.7 (14.8) \0.001

Potato crisp consumption (g/day) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.2) 0.0 (0.3) \0.001

French fries consumption (g/day) 0.0 (0.0) 0.0 (0.0) 0.0 (1.7) 0.0 (4.3) 0.0 (3.4) \0.001

Total energy intake (kcal/day) 1463 (442) 1580 (453) 1657 (4659) 1732 (550) 1822 (545) \0.001

Carbohydrate intake (g/day) 154 (55) 161 (50) 176 (54) 184 (61) 200 (69) \0.001

Saturated fat intake (g/day) 25.3 (11.7) 27.9 (12.3) 28.6 (11.4) 29.9 (13.0) 30.9 (12.3) \0.001

Trans-unsaturated fatty acid intake (g/day) 2.3 (1.0) 2.5 (0.9) 2.4 (1.0) 2.5 (1.19 2.5 (1.1) \0.001

Fibre intake (g/day) 22.9 (9.0) 23.8 (8.6) 24.5 (9.0) 25.8 (9.5) 26.5 (8.5) \0.001

Vegetable intake (g/day) 184 (102) 182 (120) 179 (84) 190 (103) 184 (93) 0.41

Fruit intake (g/day) 184 (152) 178 (150) 172 (140) 174 (139) 178 (145) 0.41

Alcohol intake (g/day) 1.0 (8.4) 1.6 (7.8) 2.1 (8.3) 1.9 (6.9) 1.4 (7.4) 0.16

Age (years) 62 (7) 61 (7) 60 (7) 61 (8) 61 (7) \0.001

BMI (kg/m2) 24.5 (4.4) 24.8 (4.4) 24.8 (4.2) 24.6 (4.3) 24.3 (4.2) 0.05

Height (cm) 165 (8) 165 (9) 165 (9) 165 (8) 165 (9) 0.32

Parity (n children) 2.0 (3) 3.0 (3) 3.0 (2) 3.0 (2) 2.0 (3) 0.002

Age at menarche (y) 13 (3) 13 (2) 14 (3) 14 (2) 14 (3) 0.15

Age at menopause (y) 50 (6) 50 (6) 49 (7) 50 (6) 50 (6) 0.55

Age at first childbirth (y) 27 (5) 26 (5) 27 (5) 26 (5) 26 (5) 0.92

Current cigarette smoking (% yes) 18.0 18.2 26.8 21.7 21.1 0.006

n cigarettes per day among ever-smokers 10 (15) 10 (14) 10 (14) 10 (10) 10 (15) 0.66

n smoking years among ever-smokers 32 (20) 27 (20) 30 (20) 29 (21) 30 (19) 0.02

Non-occupational physical activity (min/day) 53.6 (55.7) 52.1 (49.3) 53.6 (52.9) 53.6 (52.9) 51.4 (58.2) 0.98

Oral contraceptive use (% ever) 22.7 25.3 26.3 26.3 24.4 0.72

Oral contraceptive use duration ever-users (years) 6.0 (9) 6.0 (9) 5.5 (8) 7.0 (10) 8.0 (8) 0.31

Postmenopausal hormone use (% ever) 13.5 15.3 13.4 11.7 11.9 0.53

Postmenopausal hormone use duration ever users (years) 2.0 (5) 1.0 (3) 1.0 (2) 2.0 (3) 2.0 (4) 0.23

Education (%) \0.001

Primary school 29.6 31.3 35.8 35.2 35.6

Lower vocational school 18.8 20.4 25.6 26.9 24.3

Intermediate vocational/high school 38.1 39.8 33.3 29.1 32.2

Higher vocational school/university 13.5 8.5 5.4 8.8 7.9

Family history of breast cancer (% yes) 8.4 9.3 7.4 7.4 10.8 0.34

History of benign breast disease (% yes) 7.6 9.1 7.2 7.2 7.4

a Total number of subcohort members n = 2247
b Data represent medians (interquartile range) for continuous variables, percentages for categorical variables
c P value of Kruskal–Wallis test, or of Pearson v2-test
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None of the P-values for interaction with any of the

possible CYP2E1-influencing variables or hormonal fac-

tors were significant. This may have been caused by

insufficient power. However, it can also be that the men-

tioned variables do not have a clear effect on CYP2E1,

contrary to expectation, and do not affect the risk associ-

ated with acrylamide intake in another way than through

influence on CYP2E1 activity. We obtained the informa-

tion of the effect of the mentioned variables on CYP2E1

activity from literature on animal studies and it is unclear if

these are relevant for the human situation. In addition,

CYP2E1 activity is not only determined by environmental

influences, but also by genetic polymorphisms in the gene.

The etiology of receptor-positive and negative breast

cancer has been shown to differ [3], providing an expla-

nation for the observed difference in acrylamide-associated

risk between receptor-positive and overall breast cancer

risk. As previously described, one of the hypotheses for the

mechanism of acrylamide-induced carcinogenicity is

modulation of sex steroid hormone systems [10]. This

could explain the increased receptor-positive breast cancer

risk in this study. Previous findings of a positive associa-

tion with endometrial and ovarian cancer risk [9], known to

be induced by changes in sex hormones [18, 19], support

the hypothesis of a hormonal pathway. Furthermore, an in

vitro study with human breast cells has shown a glycida-

mide-induced up-regulation of genes that catalyze the

conversion of estrogen precursors to active forms, such as

17b-estradiol [20].

Tumors with concordant ER and PR status have been

shown to be sensitive to both hormones [21], and therefore

both receptors should be taken into account. Furthermore,

two variants exist of ERs; ERa and ERb [22]. ERa and

ERb regulate different genes in response to estrogens,

indicating that estrogens can exert different effects in dif-

ferent tissues dependent on the receptor variant [23]. PR is

also expressed in two isoforms, A and B. Over-expression

of PR-A increases resistance to endocrine therapy com-

pared to over-expression of PR-B [22]. Therefore, future

studies should ideally allow for receptor subtype variants.

Variation in acrylamide exposure variation in our study

was to a large extent due to Dutch spiced cake. Dutch

spiced cake was not independently associated with breast

cancer risk, irrespective of receptor status. The association

between acrylamide and receptor-positive breast cancer

risk is therefore probably not attributable to other sub-

stances in Dutch spiced cake than acrylamide. The

decrease in acrylamide-associated risks after adjustment

for Dutch spiced cake is most likely due to overcorrection

caused by the moderate correlation between total acryl-

amide and Dutch spiced cake intake (Spearman correlation

coefficient: 0.68). Adjustment for coffee (Spearman cor-

relation with acrylamide coefficient: 0.43) somewhat

increased the HRs, whereas the HRs for the receptor-

positive breast cancers became stronger and statistically

significant after adjustment for cookies. Cookies (Spear-

man correlation with acrylamide: 0.33) were independently

associated with a statistically significantly decreased

receptor-positive breast cancer risk, yet only in never-

smoking women. The reason for this inverse association is

unknown. Coffee contains antioxidants (e.g. lignans), and

caffeine intake is reported to be positively associated with

sex hormone binding globulin (SHBG), which lowers

levels of free estrogens and androgens. Furthermore, caf-

feic acid can inhibit key mechanisms for silencing tumor

suppressor genes [24]. These observations may explain

why the risk estimate of acrylamide was slightly increased

after adjustment for coffee.

The prospective design, a considerable follow-up period

and the large size of the cohort are important assets of the

study. Follow-up of the subcohort members was 100%

complete and case ascertainment was estimated to be at

least 96% for all cases [12], though lesser for the receptor-

defined cases. In this study, we had a power of 80% to

detect a HR of 1.55 or higher when comparing the highest

quintile of acrylamide intake to the lowest for all ER?

tumors, in case of no misclassification [25]. Breast cancer

cases with known and unknown receptor status did not

differ importantly according to baseline and tumor char-

acteristics, making selection bias of the cases unlikely.

Dietary information was prospectively collected by use of a

validated and reproducible FFQ combined with chemical

analyses of the acrylamide content in specifically Dutch

foods, making the exposure estimation a central quality of

this study [26].

The study also has some limitations that call for a

cautious interpretation of the results and for replication of

the analyses in future studies. There were some differences

in acrylamide intake and intake of some acrylamide-con-

taining foods (French fries and cookies) between cases with

known and cases with unknown ER/PR status, which may

have biased the results to some extent. It is unclear if the

distribution over the receptor subtypes in the population of

cases with unknown receptor status is the same as in the

population of cases with known receptor status. Therefore,

it is impossible to tell what the influence of having receptor

status information for only a part of the case population on

the results is.

Furthermore, chance is always a possible alternative

explanation for observed associations from analyses using

statistical inference.

Foods analyzed in 2002–2005 may not be completely

representative of foods from 1986, because changes may

have occurred in acrylamide content, especially after the

discovery of acrylamide in food in 2002. Yet, the reduction

of the acrylamide content in foods up to 2005 had been
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very limited [27]. Furthermore, variations in food due to

home cooking were not accounted for. These sources of

misclassification are most likely to have been non-differ-

ential, reducing the estimated risk towards the null. Dif-

ferent receptor assessment methods have been applied

between the cancer registries and PALGA. Nevertheless,

high correlations of 92% and 83% between the two

methods (immunohistochemistry and biochemical assay)

have been shown for ER and PR, respectively [28]. Yet,

some misclassification of the receptor status may have

occurred, due to differences in receptor status cut-off val-

ues, however, most likely unrelated to exposure. Non-dif-

ferential misclassification of outcome may lead to bias

towards the null-value, and thus potentially an underesti-

mation of the true association.

In conclusion, this study revealed no association

between dietary acrylamide intake and overall breast can-

cer risk. A statistically non-significant positive association

was seen with risk of receptor-positive breast cancer in

never-smoking women. However, the fact that we observed

this association in never smokers and a Danish study

observed it more strongly in smokers impedes the inter-

pretation of these findings. Further epidemiological studies

are required to confirm or refute these observations and to

clarify the differences related to smoking.
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