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Abstract

Background—Inconsistent presence and strength of associations between dietary 

benzo[a]pyrene (BaP) exposure and cancers may be due to differences in exposure assessment 

methods. Thus, we determined correlations of usual meat and BaP intake among three methods: 

food frequency questionnaires (FFQ), diet diaries, and a biomarker.

Methods—Thirty-six nonsmokers were recruited in Baltimore, MD during 2004–2005. Meat and 

BaP intake estimated from baseline and follow-up FFQs combined with a BaP residue database 

(FFQ-RD), mean meat and BaP intake estimated from three diet diaries coupled with the residue 

database (Diary-RD), and mean of three urinary 1-hydroxypyrene glucuronide (1-OHPG) 

measurements were compared using Spearman correlations. Collections spanned approximately 

nine months.

Results—BaP intakes from meat from the baseline [median = 6.4, interquartile range (IQR) = 

13.9 ng/d] and follow-up FFQ-RD (median = 7.3, IQR = 35.7 ng/d) were higher than the Diary-

RD (median = 1.1, IQR = 7.4 ng/d). Mean 1-OHPG concentration was weakly correlated with 

mean meat intake (r = 0.33, P = 0.05) and BaP intake from meat (r = 0.27, P = 0.11) from the 

Diary-RD. Mean BaP intake estimated from the Diary-RD was positively correlated with the 

follow-up (r = 0.35, P = 0.04) but not baseline (r = 0.20, P = 0.24) FFQ; the converse was true for 

meat intake.

Conclusions—Diary-RD estimates were supported by biomarker measurements, but 

considerable unexplained variability remained. Limited correlation among the dietary BaP 

exposure assessment methods could be due to differences in timeframes covered by the 

assessments, interpersonal variability in metabolism, deficiencies in the residue database, or 

nondietary exposures to BaP.
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Impact—Limited correlation in estimated BaP intake among standard methods may contribute to 

inconsistent epidemiology of BaP and cancer.

Introduction

Polycyclic aromatic hydrocarbons (PAH) constitute a class of chemicals including known 

and probable human carcinogens (1). While the epidemiologic evidence for associations 

with cancer has primarily been occupational, PAHs are also found in the diet, mainly in 

well-cooked meats and some cooked or contaminated grains (1). Epidemiologic studies 

investigating links between dietary exposure to PAHs and colon and colorectal (2–7), 

pancreatic (8, 9), prostate (10, 11), breast (12, 13), and lung cancers (14, 15) have yielded 

inconsistencies in the presence and strength of associations. These inconsistencies among 

studies may be partially due to differences in the exposure assessment methods or variability 

in the extent of measurement error among the exposure assessment methods.

The general method for estimating dietary PAH exposure in epidemiologic studies is to 

combine usual meat intake information from food frequency questionnaires (FFQ) with 

existing residue databases (RD) containing mean concentrations of PAHs measured in 

cooked meats (FFQ-RD; refs. 16–18). Often, benzo[a]pyrene (BaP) is used as a 

representative of the class of PAHs due to its carcinogenic potency, prevalence, and 

correlation with other PAHs (16, 19). The FFQ-RD method is believed to offer improved 

accuracy compared with previously used surrogates of dietary PAH exposure, such as intake 

of meat or well-done meat. However, limitations remain, including inaccurate reporting of 

usual intake and inadequacies (i.e., completeness and accuracy) of the RD (17). These 

limitations can potentially lead to measurement error in the exposure, thereby limiting the 

power of studies to detect associations (20, 21).

Diet diaries are collected in real time; they capture the food consumed during the time of the 

record without depending on memory. They are open-ended, and their sources of error are 

generally independent of those associated with the FFQ. Because a single day rarely 

represents usual exposure, multiple days of diaries are required to have an accurate estimate 

of usual intake. The number of days required depends on the intraindividual variability in 

intake of the food items of interest and the level of precision desired. However, the level of 

compliance decreases as the number of days of diaries collected increases (22).

Biological monitoring offers a direct measure of PAH exposure not subject to limitations of 

self-report or the RDs (23, 24). Urinary excretion of 1-hydroxypyrene glucuronide (1-

OHPG), a metabolite of the PAH pyrene, increases with intake of grilled/charbroiled meat 

(cooked over a coal or gas outdoor grill; refs. 25–27). Urinary 1-OHPG has been shown to 

correlate with other urinary PAH metabolites as well as with BaP exposure (27–29), 

including PAHs from the diet (26). However, 2 important limitations for its application in 

assessing long-term dietary exposure are its short half-life (6–35 hours; ref. 27), and the lack 

of specificity for dietary exposure.

Despite its importance, little previous work has examined comparability in estimated intake 

of meat-derived BaP among these standard methods; the few studies that have been done 
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show poor correlation (30, 31). Thus, the objective of this study was to assess the 

correlations among FFQ, diary, and biomarker-based estimates of exposure to BaP from 

cooked meat to inform the interpretation of findings from published epidemiologic studies, 

as well as the development and refinement of PAH exposure assessment methods and the 

design of future epidemiologic studies on diet-derived PAHs and cancer risk.

Materials and Methods

Study population

Between October 2004 and October 2005, a total 54 participants were recruited as a 

convenience sample from controls in an ongoing case–control study of colorectal adenomas 

conducted at Johns Hopkins. Only controls were selected to reduce the possibility of major 

dietary changes during the study period due to diagnosis of a polyp. To minimize exposure 

to PAHs via nondietary routes, the following exclusion criteria were applied: current 

smoking; living with a smoker; frequenting smoky establishments, such as restaurants or 

bars; and working in an occupation with potentially high PAH exposure. All potentially 

eligible participants provided informed consent. Participants entered the study in a staggered 

fashion over a 13-month period and were followed for 9 to 13 months. This study was 

approved by the Institutional Review Board at the Johns Hopkins Bloomberg School of 

Public Health.

Data and sample collection

At entry (baseline) and again approximately 9 months later (follow-up/time 3; Table 1), 

participants were asked to complete a meat-specific FFQ developed by the National Cancer 

Institute (NCI), which included photographs and questions addressing meat intake, 

preparation methods, and degree of doneness (17, 32). At baseline, participants also 

completed a 60-item Block FFQ (33). Diet diaries with instructions to record all food items 

consumed as well as meat preparation method and degree of doneness for meats consumed 

(34) were sent to participants 1 month after baseline (time 1), at month 5 (time 2) and at 

month 9 (time 3; Table 1). Participants were asked to complete each diary on a day other 

than a Friday or Saturday (for availability of overnight courier services and laboratory 

personnel), and on the same day, to collect the last urine void of the evening through and 

including the first morning void. Participants collected the urine specimens, stored them in 

insulated shippers with frozen ice packs, and returned them via overnight courier with the 

completed diaries on the day of the first morning void. When received, urine samples were 

thawed, the volume measured, aliquotted, and stored at −80°C until analysis.

Assessment of intake of meat and BaP from cooked meat and grains

The daily intake of meat and cooked meat-derived BaP were assessed from the meat-specific 

FFQs and diet diaries. The FFQ responses were entered into a database with validation 

checks. The diet diaries were coded and analyzed using Nutrition Data System for Research 

v. 2006 (35). The daily number of servings of each type of meat (hamburger, steak, bacon, 

sausage, pork chop, chicken) from each FFQ was multiplied by the number of grams of that 

type of meat per serving and summed to obtain the total number of grams of meat consumed 

daily. A similar method was used to estimate meat intake for the diet diaries. The number of 
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servings of meat consumed, including main dishes and side dishes, was multiplied by the 

grams per serving and summed.

The daily intake of BaP from cooked meat was estimated using the meat-specific FFQs and 

diet diaries coupled with the NCI CHARRED v. 1.7 RD (16, 36). The meat-specific FFQ 

was designed to match the categories of meat included in CHARRED. The diaries contained 

write-in responses from participants. Therefore, if a type of meat reported on a diary was not 

available in CHARRED, it was coded as the most similar meat according to the CHARRED 

conversion manual (37). Fish was not considered because CHARRED does not include BaP 

concentrations in fish. The daily number of grams of each type of meat cooked via a 

particular method and to a particular degree of doneness from the FFQs or the diet diaries 

was multiplied by the corresponding concentration of BaP (ng/g meat) to obtain the daily 

intake of BaP (ng/d) for that food item. To obtain the total intake of BaP from cooked meat, 

the daily intakes of BaP for each combination of meat type, cooking method, and degree of 

doneness were summed.

In addition to BaP from cooked meats, the daily intake of BaP from grains was estimated 

from the Block FFQ and the diet diaries, each coupled with data from Kazerouni and 

colleagues (16). To obtain the daily intake of BaP from grains (in ng/d) from the Block FFQ, 

the reported number of grain servings consumed per day was multiplied by 50 grams per 

serving (38) and by the typical concentration of BaP in grains of 0.1 ng/g (16). To obtain 

daily intake of BaP from grains from the diaries, daily intake (in grams) of each of 6 grain 

items (rice, bread, pasta, cereal, oatmeal, and popcorn) was multiplied by the BaP 

concentration (in ng/g) for that grain item from Kazerouni and colleagues (16). Those items 

were selected because they had the highest concentration of BaP out of all the grain products 

measured.

Assessment of a urinary biomarker of BaP

Each urine sample was analyzed for 1-OHPG concentration using high-performance liquid 

chromatography (HPLC) with fluorescence detection. After undergoing solid phase 

extraction and immunoaffinity purification (39), the purified sample was evaporated to 2 mL 

under vacuum and then analyzed with HPLC and laser-induced fluorescence (LIF). Five 

microliters of the sample were injected into an HPLC system consisting of a Rheodyne 

injector with a 5 µm loop, Agilent 1100 series pumps, Series 56 helium-cadmium 

Omnichrome laser, and a Picometrics Zetalif LIF detector (P/N1701-201) set to 325 nm. 

Separation was achieved with a Zorbax SB C18 5 µm, 150 × 0.5 mm column. The sample 

was eluted using a 20-minute linear gradient with acetylnitrile (ACN) and water (35%–55% 

ACN) followed by a cleaning regimen (55%–70% ACN over 5 minutes, and 70% ACN for 

10 minutes). This system was operated at a flow rate of 5 mL/min. Area under the peak at 

the retention time of 14 minutes was determined by manually integrating the peaks using 

ChemStation Software Rev. A.08.04 (Agilent Technologies). Recovery of the entire method, 

based on the ratio of the slopes of the calibration curves for 1-OHPG spiked in urine and 

water, was 49%.

The method limit of detection (LOD) was determined to be 0.03 ng/mL from the repeated 

analysis (n = 5 each) of urine spiked at 0.025 and 0.05 ng/mL. The LOD was calculated as 
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the product of the Student’s t-value corresponding to 99% confidence and n−1 degrees of 

freedom and the standard deviation of the measured concentration from the lower spiked 

samples. The small percentage of samples with measurements below the LOD were assigned 

the LOD divided by the square root of 2 (40). The between-batch coefficient of variation for 

41 replicate positive control samples included with each batch of 10 to 20 urine samples 

analyzed was 19%. The within-batch coefficient variation for 20 replicates positive control 

samples (0.4 ng/mL) was 14%.

All urine specimens were analyzed for creatinine concentration from a 500 µL aliquot using 

the modified Jaffé reaction and a Dade Behring analyzer (Dade Behring; ref. 41).

Confirmation that the participants were not exposed to tobacco smoke at each time point 

was done by measuring urinary cotinine using a rapid semiquantitative (1–10, 10–30, 30–

100, 100–200, 200–500, 500–2,000, and >2,000 ng/ mL) colorometric 

immunochromatographic assay (Accutest NicAlert, Jant Pharmacal Corporation; refs. 42 

and 43). Participants with at least 1 urinary cotinine measure more than 30 ng/mL were 

excluded from all analyses.

Statistical analysis

For each participant, we calculated intake of meat and BaP from cooked meat from the 

baseline and follow-up FFQs; intake of BaP from grains from the single Block FFQ; mean 

intakes of meat and BaP from meat estimated from the 3 diet diaries; and mean 1-OHPG and 

creatinine-adjusted 1-OHPG concentrations from the 3 urine collections. Medians and 

interquartile ranges (IQR) were determined for these intakes and mean intakes because their 

distributions were not normal based on histograms, QQ plots, and the Shapiro–Wilk test. 

Differences in meat or in BaP intake estimates from each FFQ and the diet diaries were 

tested using the Wilcoxon sign-rank test. Correlations among the meat or BaP intake 

estimated using each FFQ and the mean intake from the diet diaries and creatinine-adjusted 

and unadjusted urinary 1-OHPG were assessed using the Spearman correlation coefficient. 

The intraclass correlation coefficients for the 3 assessments of urinary 1-OHPG were 

calculated with and without adjustment for urinary creatinine. Data were analyzed using 

Intercooled Stata v.11.0 (Statacorp; College Station).

Results

Study population

Of the 54 nonsmokers enrolled, 39 (72%) completed the data and sample collection at all 

time points. Of those 39, 3 individuals had cotinine levels more than 30 ng/mL and were 

excluded. Of the 36 participants included, 61% were never smokers while 39% were former 

smokers; 67% were female; 100% were white; and 64% were employed. The median age of 

participants was 56 years (range: 27–85 years), and the median body mass index was 24.7 

kg/m2 (range: 16.6–37.8 kg/m2; Table 2).
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Intake of meat and BaP from meat and grains

Mean intake of meat estimated from the 3 diaries (median = 128.5, IQR = 110.8 g/d) was 

higher than from the baseline (median = 49.7, IQR = 31.8 g/d; P < 0.001) and follow-up 

(median = 33.8, IQR = 41.3 g/d; P < 0.001) FFQs (Table 3). Mean intakes of BaP from meat 

estimated from the baseline (median = 6.4; IQR = 13.9 ng/d) and follow-up FFQ-RDs 

(median = 7.3, IQR = 35.7 ng/d) were nonstatistically significantly higher than from the 

Diary-RD (median = 1.4, IQR = 14.3 ng/d; Table 3). Median intake of BaP from grains 

estimated from the single Block FFQ (21.3, IQR = 11.0 ng/d) was similar to BaP intake 

from grains averaged over the 3 diaries (median = 18.9, IQR = 26.8 ng/d); both of which 

were higher than the BaP intake estimates derived from cooked meats.

Urinary biomarker 1-OHPG

A total of 84% of urine samples were above the LOD for 1-OHPG. The median (IQR) 

concentration of the mean 1-OHPG of the 3 time points was 0.10 (0.21) ng/mL, and the 

median (IQR) creatinine-adjusted concentration was 0.17 (0.20) ng/mg creatinine (Table 3). 

The intraclass correlation coefficient for the unadjusted 1-OHPG was 0.37 and 0.19 for the 

creatinine-adjusted 1-OHPG. Because creatinine adjustment decreased the repeatability of 

the 1-OHPG measurements, the unadjusted 1-OHPG measurements were used in the rest of 

the analyses.

Correlation among BaP exposure methods

Mean intake of meat from the diaries was statistically significantly correlated with meat 

intake from the baseline FFQ (r = 0.39, P = 0.02), but not the follow-up FFQ (r = 0.09, P = 

0.62; Fig. 1). Conversely, cooked meat-derived BaP intake from the diaries was statistically 

significantly correlated with cooked meat-derived BaP intake from the follow-up FFQ 

(r=0.35,P=0.04), but not the baseline FFQ (r = 0.20, P = 0.24; Fig. 2). Intakes of meat and 

cooked-meat–derived BaP from the diaries were not positively, significantly correlated with 

1-OHPG at any of the individual 3 time points (Table 4). However, when averaged over the 

3 time points, mean intake of meat from the 3 diaries was statistically significantly 

correlated with mean 1-OHPG concentrations(r=0.33,P=0.05). Mean intake of cooked-

meat–derived from the 3 diaries was weakly correlated with mean 1-OHPG, but not at the 

level of statistical significance (r = 0.27, P = 0.11). No exposure metrics from the FFQ were 

correlated with1-OHPG (Figs. 1 and 2). Meat intake (r = 0.34, P = 0.04) and BaP from meat 

(r = 0.56, P < 0.001) intake were significantly correlated between the baseline and follow-up 

FFQs.

Correlations among the methods using BaP intake from meat and grains combined had 

negligible impact on the Spearman correlations when using cooked-meat–derived BaP 

alone. For example, BaP intake from the diaries derived from both meat and grains was not 

statistically significantly correlated with the BaP intake from meat and grains from the 

baseline FFQ (r = 0.11, P = 0.5) or mean 1-OHPG (r = 0.29, P = 0.09). As with BaP intake 

from cooked meat, BaP intake from meat and grains estimated by the baseline FFQ-RD was 

not correlated with mean 1-OHPG (r = 0.19, P = 0.28).
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Discussion

Despite the importance of evaluating dietary exposure to PAH for epidemiologic studies on 

dietary PAHs and cancer risk, little is known about how exposure estimates between 

standardly used methods correlate. To our knowledge, this study is the first to concurrently 

measure and compare dietary BaP exposure using FFQs, diet diaries, and the urinary 

biomarker 1-OHPG using a longitudinal design. Using this approach, we evaluated 

correlations between the means of repeated measures of meat and BaP intake reflecting 

short-term exposure (the Diary-RD and 1-OHPG) as well as their correlations with estimates 

of usual exposure derived by the FFQ.

Estimated meat intake from the FFQ in this study population, which consisted of patients 

undergoing colonoscopy in 2004–2005, tended to be lower than what has been reported in 

previous studies. The mean meat intakes reported in 2 previous studies using the same NCI 

FFQ of 92.6 and 114.4 g/d in control populations were about the same or higher than the 

90th percentile of meat intake in the baseline (97.1 g/d) and follow-up (90.4 g/d) FFQs in 

our study (3, 7). The median intakes of total meat in the baseline (49.7 g/d) and follow-up 

FFQs (33.8 g/d) in our study were similar to the sum of the median intakes of red meat (19.8 

g/d) and chicken (27.4 g/d) in a population of controls using the same FFQ (34; Table 3). 

Though estimates of meat intake from the FFQ tended to be lower than other studies, the 

median BaP intake from meat at baseline (6.4 ng/d) and follow-up (7.3 ng/d) in the current 

study (Table 3) were within the wide range of median BaP intakes reported previously in 

controls using the same FFQ-RD: 1.8 ng/d (9), 5 ng/d (3), and 37.3 ng/d (8).

The median meat intake based on the diaries in our study (128.5 g/d; Table 3) was higher 

than what was reported by Cantwell and colleagues (2004), who used the same diaries (36.6 

g/d for red meat and 23.8 g/d for chicken; ref. 34). No reports in the literature of dietary BaP 

intake estimates using the NCI diary and CHARRED RD were identified for comparison.

The urinary biomarker 1-OHPG has been used extensively for evaluating PAH exposure 

related to air pollution (44), employment (45, 46), smoking (26), and diet (27, 47). Because 

biomarkers integrate across all routes of exposure, studies with a singular focus such as diet 

need to account for potentially confounding exposures. In the current study, this was 

accomplished through a recruitment strategy that excluded smokers, occupational exposures, 

and high-exposure indoor environments (e.g., smoky bars). For this population, the median 

of the mean concentrations of 1-OHPG over the 3 time points was 0.10 ng/mL (0.25 pmol/

mL). This concentration is a little higher than the nonsmoking cohort (n = 299) described by 

Gunier and colleagues who reported a median of 0.16 pmol/mL for all nonsmokers (26). 

Participants in the current study with 1-OHPG concentrations at or above the 95th percentile 

(1.05 ng/mL or 2.66 pmol/mL) had concentrations consistent with an average smoker or 

those eating a meal that includes well-done grilled meat (25, 26).

Creatinine is widely used to adjust 1-OHPG and other biomarkers for differences in dilution. 

However, urinary creatinine correction is not a perfect remedy because its excretion is 

dependent on many factors such as age, sex, red meat intake, time of day, kidney function, 

body mass index (48, 49). In our study, creatinine adjustment increased the intraclass 
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correlation coefficient, reducing the ability of the biomarker to reflect differences in 

exposure among the participants. It increased the within-subject variability and decreased 

the between-subject variability.

We expected to observe a positive correlation between the Diary-RD and urinary 1-OHPG, 

the 2 short-term measures of BaP exposure that were done concurrently. However, BaP 

intake from the Diary-RD was not statistically significantly positively correlated with 1-

OHPG at any of the 3 time points or when comparing the mean of the 3 time points (Table 

4, Fig. 2). However, mean meat intake alone as estimated by the diary was correlated with 

mean 1-OHPG, although the 2 exposure metrics were not correlated at any of the individual 

time points (Table 4). Diet has long been recognized as the most important source of PAH 

exposure in nonoccupationally exposed nonsmokers (29, 47, 50), yet dietary intake of BaP 

as evaluated by the diary explained very little of the variability in 1-OHPG. Though we 

applied strict exclusion criteria to minimize nondietary exposures to PAHs, some of the 

unexplained variability in 1-OHPG could be due to exposure from other sources, such as 

diesel exhaust or fossil fuel combustion (51). Some of the unexplained variability may also 

be attributable to the fact that 2 different PAHs are being compared. Whereas the survey 

methods consider BaP, 1-OHPG is a metabolite specifically of the PAH pyrene, although 

others have shown that pyrene and BaP exposures are highly correlated (52). Additionally, 

interindividual differences in metabolism could explain some of the lack of correlation 

between estimated intake and excretion products. Kang and colleagues observed that 10 

participants ingesting the same amount of PAH from charbroiled meat had an 8-fold range 

in 1-OHPG concentrations the following morning, corresponding to a CV of 73% (25). 

Buckley and colleagues demonstrated a statistically significant difference in 1-

hydroxypyrene elimination rates in 5 participants ingesting grilled meat (27).

Though grains were observed to be an important contributor to dietary BaP intake, addition 

of grain-based BaP intake to cooked meat-based BaP intake did not explain any addition 

variability in 1-OHPG as compared with cooked meat-based intake alone. Though BaP has 

been measured in many nonmeat foods, much uncertainty surrounds the RD estimates for 

these foods (16). The BaP in plant-based foods may come from atmospheric deposition, 

contaminated water or soil, or the cooking process. All of these sources introduce variability 

that is difficult to capture within a RD.

The stronger correlation between 1-OHPG and meat intake as compared with the BaP intake 

suggests that the CHARRED RD may be introducing measurement error. The CHARRED 

database was developed primarily for assessing exposure to another group of dietary 

carcinogens, the heterocyclic amines. Therefore, certain foods, known to contain BaP, were 

not included, such as smoked meats, fish, or sausages. However, reported intake of smoked 

foods in this study population was quite low. Furthermore, the CHARRED database has 

some limitations, due to the difficulties in developing such a database. For example, the 

products used to develop the database were purchased from 2 supermarkets within a 50-mile 

radius in Maryland (16), thereby eliminating geographical variability. In addition, 

CHARRED does not take into account several factors that may influence BaP content in 

meats, such as percentage of fat in the meat, use of marinades, frequency of flipping the 
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meat during cooking, the thickness of the cut of meat, and whether the meal was prepared at 

a dine-in or fast-food restaurant or at home (53).

FFQs are the most commonly used tool for assessing dietary exposures in large 

epidemiologic studies, and they have been criticized for lacking the precision to allow for 

detection of a diet-disease link (54, 55). Given that we did not observe significant 

correlations between the short-term biomarker and the short-term Diary-RD collected over 

the same timeframe, it is not surprising that we did not observe any correlations between 1-

OHPG and the FFQ, a measure of usual exposure. Because the follow-up FFQ was 

administered concurrently with the third diary, thereby covering overlapping periods of 

time, a stronger correlation among estimates of intake might have been expected between 

the diary and the follow-up FFQ as compared with the baseline FFQ. However, this was 

only true for BaP intake and not meat intake. The lack of a consistent and strong correlation 

among BaP and meat intake from the diaries and the FFQs may be due in part to differences 

in sampling timeframe. Whereas the FFQ is designed to capture usual consumption, the 

diary represents 3 1-day assessments that excluded Fridays and Saturdays. Studies of dietary 

patterns in the U.S. show that people tend to consume more calories on weekends (56–58), 

and one USDA (United States Department of Agriculture) study from 1977 to 1978 

observed increased meat intake on the weekends (56). Collecting more days of diaries might 

have improved the correlation with the FFQ. However, Cant-well and colleagues compared 

12 daily diary measures, including weekend days, collected over a 3-month period, to the 

FFQ that assessed usual intake for the prior year, to estimate the intake of heterocyclic 

amines and observed low or modest unadjusted Pearson correlations of 0.22 and 0.43 for 2-

amino-1-methyl-6-phenylimida-zo[4,5β]pyridine and 2-amino-3,8-dimethylimidazo-[4,5f]-

quinoxaline, respectively (34).

The current study provides a comparison of standardly used methods for assessing dietary 

exposure to BaP. Because no gold standard exists for assessing exposure to meat-derived 

PAHs, we could not determine whether one of the methods provided a better estimate of 

dietary intake over another. Nonetheless, the comparison is valuable and important in 

establishing similarities and differences in estimates provided by the different methods. 

More methodological work may be needed, such as comparing the FFQ or diaries to 

measurements of duplicate diet or a longer-term biomarker of exposure in a validation 

substudy.

In conclusion, the findings from the current study show a lack of correlation in cooked-

meat–derived BaP exposure among repeated concurrent, short-term diary-based and 

biomarker-based metrics. Moreover, neither short-term measure of BaP exposure was 

consistently correlated with usual BaP intake from the FFQ. In the absence of a gold 

standard, the exposure misclassification of any given method cannot be ascertained. 

However, the limited correlation in BaP exposure among all the methods undermines 

confidence in the estimates derived from the methods and limits the ability to compare 

across epidemiologic studies when different methods are used. Comparison with 

measurements of BaP in duplicate diet samples could provide the needed gold standard (59). 

Further development and validation of longer-term markers would be useful, such as PAH 

adducts with serum proteins (60). The stronger correlation between meat intake from the 
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diaries and the 1-OHPG as compared with BaP intake suggests that the RD may not be 

increasing the accuracy of the estimates of BaP intake. These findings highlight the 

importance of validating exposure assessment methods and raise concerns about the error 

introduced by these methods when applied in epidemiologic studies of cancer risk.

Measurement error in dietary exposure assessment methods for meat-derived PAHs can 

attenuate relative risk estimates in epidemiologic studies of cancer. The current study 

provides insights as to limitations and agreement among dietary PAH exposure assessment 

methods that can inform interpretation of existing studies, design of future studies, and 

development of improved methods of assessment. The current study highlights concerns 

about the reliability of current methods for evaluating BaP exposure and the need for 

research to develop well-validated methods for assessing dietary exposure.
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Figure 1. 
Spearman correlations among meat intake from Food Frequency Questionnaires (FFQ) and 

Diaries and measurements of urinary 1-hydroxypyrene (1-OHPG; adapted from Willett 

1998). Median 1-OHPG and median meat intake from Diary are calculated for the mean of 

the repeated measures.
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Figure 2. 
Spearman correlations among BaP intake from Food Frequency Questionnaires (FFQ) and 

Diaries and measurements of urinary 1-hydroxypyrene (1-OHPG; adapted from Willett 

1998). Median 1-OHPG and median BaP intake from the Diary are calculated for the mean 

of the repeated measures.
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Table 1

Sample and data collection timeline

Baseline
(month 0)

Time 1
(~ month 1)

Time 2
(~month 5)

Time 3
(~month 9)

Meat-specific FFQ X X

Diet diary X X X

Urine collection X X X
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Table 2

Characteristics of study population (n = 36)

Frequency (%)

Gender

  Female 24 (67)

  Male 12 (33)

Age, years

  ≤40 6 (17)

  41–50 4 (11)

  51–60 11 (31)

  >60 15 (41)

Smoking

  Never 22 (61)

  Former 14 (39)

Employment

  Employed 23 (64)

  Unemployed 2 (6)

  Retired 8 (22)

  Other 3 (8)

Body mass index, kg/m2

  <18.5 2 (6)

  18.5–24.9 15 (42)

  25.0–29.9 11 (31)

  ≥30 7 (19)
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Table 3

Dietary intake of meat and benzo[a]pyrene (BaP) from cooked meat as estimated by a food frequency 

questionnaire, diet diaries; and urinary 1-hydroxypyrene glucuronide (1-OHPG) concentration among 36 

participantsa

Minimum Median Maximum Interquartile range

Intake estimated from the baseline FFQ

  Meat, g/d 1.9 49.7 129.9 31.8

  BaP, ng/db 0.01 6.4 89.7 13.9

Intake estimated from the follow-up (time 3) FFQ

  Meat, g/d 12.9 33.8 303.7 41.3

  BaP, ng/db 0.1 7.3 94.2 35.7

Mean intake estimated from 3 diaries, g/d

  Meat, g/d 0.0 128.5 418.0 110.8

  BaP, ng/db 0.0 1.4 355.1 14.3

Mean urinary biomarker measurements from three collections

  1-OHPG, ng/mLc <LOD 0.10 1.71 0.14

  Adjusted 1-OHPG, ng/g creatinine <LOD 0.17 1.77 0.24

a
We took the mean of the repeated measures for each exposure metric and calculated the distribution of the means.

b
Coupled with a BaP residue database.

c
The limit of detection (LOD) was 0.03 ng/mL.
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Table 4

Spearman correlations between BaP or meat intake from the diaries and 1-hydroxypyrene at 3 time points and 

overalla

Time 1 Time 2 Time 3 Overall

BaP Intake 0.23 0.21 0.27 0.27

Meat Intake 0.01 0.23 0.10 0.33b

a
The overall correlation is between the mean BaP or meat intake and the mean 1-OHPG, averaged over the 3 time points.

b
P < 0.05
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