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Background Several plausible mechanisms, including fat, iron, heterocyclic amines, and N-nitroso compounds, link meat
intake with chronic liver disease (CLD) and hepatocellular carcinoma (HCC). Few studies have investigated these

associations.

Methods We prospectively examined the relationship between meat and associated exposures with CLD mortality (n =
551; not including HCC) and HCC incidence (n = 338) in 495006 men and women of the National Institutes of
Health-AARP Diet and Health Study. Hazard ratios (HRs) and 95% confidence intervals (Cls) for the fifth (Q5) vs
the first (Q1) quintile were estimated from multivariable adjusted Cox proportional hazards regression models.

All tests of statistical significance were two-sided.

We found inverse associations between white meat and risk of CLD (HR = 0.52, 95% Cl = 0.39 to 0.70, 7.5 vs 18.2
cases per 100000 person-years) and HCC (HR = 0.52, 95% Cl = 0.36 to 0.77, 5.8 vs 14.3 cases per 100000 person-
years). Red meat was associated with higher risk of CLD (HR = 2.59, 95% Cl = 1.86 to 3.61, 22.3 vs 6.2 cases per
100000 person-years) and HCC (HR = 1.74, 95% Cl = 1.16 to 2.61, 14.9 vs 5.7 cases per 100000 person-years).
Among fat types, results were strongest for saturated fat (for CLD, HR = 3.50, 95% Cl = 2.48 to 4.96, 23.0 vs 6.5
cases per 100000 person-years; for HCC, HR = 1.87, 95% Cl = 1.23 to 2.85, 14.5 vs 6.3 cases per 100000 person-
years). After mutual adjustment, risk estimates persisted for saturated fat, red meat, and white meat. Heme iron,
processed meat, nitrate, and nitrite were positively associated with CLD but not with HCC. Individual heterocy-
clic amines, 2-amino-3,4,8-trimethylimidazo[4,5,-flquinoxaline (DiMelQx), 2-amino-3,8-dimethylimidazo[4,5-f]
quinoxaline (MelQx), and 2-amino-1-methyl-6-phenyl-imidazo[4,5-b]pyridine (PhIP), were not associated with
either outcome.

Results

Conclusion Our results suggest that red meat and saturated fat may be associated with increased CLD and HCC risk,

whereas white meat may be associated with reduced risk.

J Natl Cancer Inst 2010;102:1354-1365

Hepatocellular carcinoma (HCC) is the sixth most common inci-
dent cancer and third most common cause of cancer-related mor-
tality worldwide (1). Strong risk factors for HCC have been
identified, including exposure to aflatoxins, excess alcohol consump-
tion, and chronic infection with hepatitis B virus (HBV) or hepatitis
Cvirus (HCV) (2). Exposure to these risk factors can injure the liver
and lead to chronic liver disease (CLD). Individuals with CLD are
at substantial risk of dying from its complications and also are at
high risk of developing HCC (3). A substantial proportion of HCC
occurs in patients without exposure to aflatoxins, alcohol, HBV, or
HCYV, particularly in the United States and other Western countries
(4,5), suggesting the importance of additional risk factors.

In contrast with many other cancers, relatively few studies have
investigated the association of diet and HCC risk (6-13). Most
existing studies have had a case—control design that assessed diet
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after HCC diagnosis, at which stage the health of individuals can
be compromised, perhaps affecting the accuracy of dietary recall.
Few studies have investigated the association of white meat intake
with HCC risk and little or no information is available regarding
the role of either red or white meat in CLD.

Recently, a positive association between red meat intake and
liver cancer was found in the prospective National Institutes of
Health (NIH)-AARP (formerly known as the American Association
of Retired Persons) Diet and Health Study, as part of an analysis
of all cancers (14). In this report, we investigate several mecha-
nisms that may underlie this association, along with the possible
role of white meat. Red meat is an important dietary source of
saturated and monounsaturated fatty acids. Fatty acid deposition in
the liver can lead to nonalcoholic fatty liver disease that may
increase the risk of CLD and HCC (15). Alternatively, red meat
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contains high amounts of bioavailable heme iron (16). Individuals
with hemochromatosis, an iron overload disease, have substantially
increased liver cancer risk (17), excess dietary iron contributes to
risk of CLD and HCC in several parts of Africa (18-20), and phle-
botomy and low iron diets are a treatment for chronic HCV (21)
and thus might lower liver cancer risk. Whether moderate dietary
iron intake plays a role in the development of CLD and HCC is
unclear. Heterocyclic amines (HCA) and polycyclic aromatic
hydrocarbons, carcinogens produced during high-temperature
cooking, and N-nitroso compounds formed from nitrate and
nitrate in processed meats could also play a role. In primates and
in other animals, high doses of HCAs or N-nitroso compounds
cause liver tumors (22,23). We examined associations of meat and
meat-related exposures with both CLD mortality and HCC inci-
dence because consistent associations for both endpoints would
suggest that these exposures affect liver disease progression.

Subjects and Methods

Study Population

The NIH-AARP Diet and Health Study has been described previ-
ously (24). In 1995-1996, a questionnaire was mailed to 3.5 million
members of AARP, aged 50-71 years, who resided in eight US
states (California, Florida, Georgia, Louisiana, Michigan, New
Jersey, North Carolina, and Pennsylvania). Of those who returned
the baseline questionnaire, 566402 completed the survey satisfac-
torily and consented to be part of the study. Proxy respondents
(15760) and those who developed cancer (51205) or died before
their questionnaires were scanned (12) were excluded, as were
respondents with total energy intake more than twice the inter-
quartile range of log-transformed energy intake (4419). The
resulting cohort included 495006 participants: 295332 men and
199674 women. Information on meat cooking methods and done-
ness levels were available for 176 845 men and 126 327 women who
satisfactorily completed an additional risk factor questionnaire in
1996-1997. The conduct of the NIH-AARP Diet and Health
Study was reviewed and approved by the Special Studies
Institutional Review Board of the US National Cancer Institute
and all participants gave informed consent by virtue of completing
and returning the questionnaire.

Cohort Follow-up

Addresses for members of the NIH-AARP cohort were updated
annually by matching the cohort database to that of the National
Change of Address database maintained by the US Postal Service,
specific change of address requests from participants, updated ad-
dresses returned during yearly mailings, and the Maximum
Change of Address database (Anchor Computer). We ascertained
vital status, but not cause of death, by periodic linkage of the
cohort to the Social Security Administration Death Master File,
cancer registry linkage, questionnaire responses, and responses to
other mailings.

Identification of Deaths Due To CLD

Cause of death was provided by linking cohort participants to the
National Death Index Plus maintained by the National Center for
Health Statistics. Underlying cause of death codes from death
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CONTEXT AND CAVEATS

Prior knowledge

Few studies have examined whether meat and fat intake are asso-
ciated with chronic liver disease (CLD) and/or hepatocellular
carcinoma.

Study design

Information concerning diet, CLD, and hepatocellular cancer inci-
dence was collected for 495006 men and women, aged 50-71
years, from the National Institutes of Health—-AARP Diet and Health
Study. All participants completed food-frequency questionnaires in
1995-1996, and some completed an additional food cooking ques-
tionnaire in 1996-1997. Incidence of hepatocellular carcinoma was
collected from state cancer registries until the end of 2003, and
incidence of CLD was determined from National Death Index
records through the end of 2005. Participants were divided into
quintiles on the basis of meat, fat, or other nutrient intakes, and
hazard ratios for risk of CLD and hepatocellular carcinoma were
estimated using Cox proportional hazards models.

Contribution

Red meat and saturated fat intakes were associated with increased
risk of CLD and hepatocellular carcinoma, whereas white meat
intake was associated with less than average risks of both diseases.
Meat processing and its heme iron, nitrate, and nitrite contents
were associated with CLD but not with cancer.

Implication
Intake of red meat and saturated fats may increase hepatocellular
cancer risk.

Limitations

The results are based on self-reported food intakes. They were
stratified by alcohol intake and other possible confounders; how-
ever, data concerning hepatitis virus infections were unavailable.

From the Editors

certificates were provided as International Classification of Diseases
(ICD)-9 and ICD-10 codes. We used the same definition of CLD
as the National Center for Health Statistics and thus classified
participants who were given specific underlying cause of death
codes for CLD, liver fibrosis and cirrhosis, alcoholic liver disease,
and chronic hepatitis (ICD-9: 571.0, 571.2-571.6, 571.8, and
571.9; ICD-10: K70, K73, and K74) (25). Classification of CLD in
the National Death Index was recently validated against the elec-
tronic medical records from members of the Kaiser Permanente
Medical Care Program of Northern California and was found to
have high specificity (89%) (26).

Identification of Incident Primary Hepatocellular
Carcinomas

Because death certificates can erroneously miscode cancer meta-
static to the liver as a primary liver tumor, we elected not to ana-
lyze liver cancer mortality. Instead, we analyzed incident HCC as
determined by state cancer registries. The NIH-AARP cohort
membership was linked to incident cancer information from the
cancer registries of the eight baseline states together with Arizona,
Nevada, and Texas. We estimated the sensitivity of this approach
to be 90% and the specificity to be nearly 100% (27).

JNCI | Articles 1355



HCC topography and morphology were determined using
International Classification of Diseases for Oncology (ICD-0O) version 3
(28). We restricted our definition of primary HCC (C22.0) to
those with morphology codes of 8000, 8010, 8140, 8170, 8171,
8175, and 8190. As a sensitivity analysis, we further restricted
classification of participants as having HCC to those who had spe-
cific morphology of HCC (8170-8175), but the results did not
change (data not shown). Ten participants who were identified
both as having a primary incident HCC by the state cancer regis-
tries and as dying from CLD by the National Death Index were
classified in our study as having had incident HCC but not CLD.

Exposure Assessment

In the baseline questionnaire, participants were asked about demo-
graphics, health conditions, alcohol intake, tobacco smoking, and
physical activity; it also included a food-frequency questionnaire
(FFQ) of 124 items. For the FFQ, participants reported their typical
frequency of intake in the last year using 10 categories ranging from
never to two or more times per day for solid foods and also recorded
three categories of typical portion size. The food items, portion
sizes, and nutrient database (29) used data from the U.S. Department
of Agriculture’s 1994-1996 Continuing Survey of Food Intake by
Individuals (30). The nutrient and food database used a recipe file to
disaggregate food mixtures into their component ingredients and
assign them to the appropriate food group. Meat variables included
meat from individual items, such as hamburgers, and complex food
mixtures including chili, lasagna, pizza, and stew. Red meat included
beef and pork; white meat included chicken, turkey, and fish.
Processed meat included bacon, cold cuts, ham, hot dogs, luncheon
meats, and sausage from both red and white meat sources. Total fat,
types of fat, dietary iron intake, and fruit and vegetable intake were
also calculated from the baseline FFQ.

The FFQ was calibrated against two nonconsecutive 24-hour
dietary recalls for a subset of 1953 participants (24,31). The
energy-adjusted Pearson correlation coefficients for total fat,
monounsaturated fat, polyunsaturated fat, saturated fat, iron, and
red meat in this subset of the cohort were 0.72, 0.71, 0.53, 0.76,
0.59, and 0.62 for men and 0.62, 0.62, 0.56, 0.69, 0.56, and 0.70 for
women, respectively.

The risk factor questionnaire included a meat cooking module
that ascertained the participant’s usual cooking method (pan-fried;
grilled or barbecued; oven-broiled; and others such as sauteed,
baked, or microwaved) and internal and external appearance that
were categorized into three doneness levels (rare-medium, well
done, and other) (32). The meat cooking module was previously
calibrated in a US population (33). From participant responses, we
used the CHARRED database to estimate daily intake of the HCA,
2-amino-3,4,8-trimethylimidazo[4,5,-f]quinoxaline (DiMeIQx),
2-amino-3,8-dimethylimidazo[4,5-f] quinoxaline (MelQx), and
2-amino-1-methyl-6-phenyl-imidazo[4,5-b]pyridine (PhIP) (32).

Heme iron was also calculated from the risk factor question-
naire, using a database of measured heme values from meat sam-
ples cooked by different methods and doneness levels (unpublished
data). Nitrate and nitrite were generated from the risk factor
questionnaire using a separate database with measured values from
10 types of processed meat, constituting 90% of processed meat
types consumed in the United States (unpublished data).
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Statistical Analysis

All tests were two-sided and P values less than .05 were considered
to denote statistical significance. For HCC, follow-up time ex-
tended from the date the questionnaire was returned to the time of
diagnosis of HCC or end of follow-up (December 31, 2003), date
of death, or the date moved out of registry ascertainment area,
whichever came first. For CLD, follow-up time was from the date
the questionnaire was returned until the date of death or end of
follow-up (December 31, 2005), whichever came first. Longer
follow-up was available for CLD than for HCC because of a more
recent linkage to the death records. Absolute risks were standard-
ized within 5-year age bands to the age distribution of the entire
NIH-AARP cohort (34). Hazard ratios (HR) and 95% confidence
intervals (CI) were calculated using Cox proportional hazards re-
gression (35), with person-years as the underlying time metric in
SAS version 9.1. We tested the proportional hazards assumption
by modeling interaction terms of time and continuous red meat,
white meat, total fat, saturated fat, monounsaturated fat, and poly-
unsaturated fat intake and found no statistically significant devia-
tions. Excluding the first 2, 3, 4, or 5 years of follow-up did not
affect risk estimates; nor did excluding those with self-reported
poor health at baseline (59982) (data not shown).

We used the nutrient density method (36) of energy adjustment
for the meat, fruit, vegetable, grain, and heme iron variables, in-
cluding total energy from nonalcohol sources in the model and
present results per 1000 kcal. Because excess alcohol intake is a
known risk factor for HCC and CLD, we included alcohol intake
as a separate covariate. We also used the residual method (36) for
energy adjustment of red and white meat, and results were similar.
Total iron intake included both dietary and supplemental sources;
dietary iron intake was residually adjusted (36) on total energy
from nonalcohol sources and added to iron from supplements.

Risk estimates for each type of meat were adjusted for the
intake of other types of meat such that the meat variables in each
model added up to total meat intake. For example, red meat was
adjusted for white meat, and processed meat was adjusted for non-
processed meat. We also examined models in which a particular
meat type, such as red meat, was adjusted for total meat intake. In
this model, risk estimates for red meat reflect both increasing con-
sumption of the meat type and decreasing consumption of other
meat types. Finally, we created a red and white meat joint-effects
variable. For this variable, we created tertiles of red and white
meat. From these tertiles, we created a new nine category variable
containing the intersection of these two sets of tertiles. This new
variable allowed us to compare the risk of participants in the high-
est tertile of red meat who were also in the lowest tertile of white
meat with those participants in the lowest tertile of red meat who
were also in the highest tertile of white meat consumption.

Risk estimates for fat intake are presented as the percentage of
nonalcohol energy (a density model) (36) and include total energy
from nonalcohol sources and alcohol intake in the model. As a
sensitivity analysis, we also modeled fat intake using the residual
method (36), whereby we modeled the residual regression of log-
transformed fat intake on log-transformed nonalcohol energy and
included nonalcohol energy and alcohol intake in the model.
Results for both the density and the residual methods were equiv-
alent. Risk estimates for sources of fat are adjusted for other
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sources, that is, saturated fat from red meat was adjusted for satu-
rated fat from nonred meat sources.

Intake quintiles were created based on the distribution of intake
in the cohort. We tested for a linear trend across increasing cate-
gories using values for the median intake of each quintile. This
trend variable was included in the Cox models as a continuous
variable, and P values were obtained from the Wald test (37). For
continuous estimates, intakes were scaled as follows: meat variables
per 10 g, dietary iron per 10 mg, heme iron per 100 pg, MelQx
per 5 ng, DiMelQx per 0.5 ng, PhIP per 25 ng, nitrate per 0.1 mg,
and nitrite per 0.1 mg. Fat variables were per 5% of nonalcohol
energy from that fat. The Spearman correlation coefficients
between saturated fat and monounsaturated fat, polyunsaturated
fat were 0.8 and 0.4, respectively; between monounsaturated fat
and polyunsaturated fat were 0.7; between red meat and saturated
fat, monounsaturated fat, polyunsaturated fat were 0.5, 0.6, and
0.2, respectively; between white meat and saturated fat, monoun-
saturated fat, polyunsaturated fat were —0.1, —0.05, and 0.1,
respectively.

All models were additionally adjusted for age (continuous) and
categorical variables of sex; alcohol intake (none, >0 to 0.5, >0.5 to
1, >1 to 2, >2 to 4, and >4 drinks per day); body mass index (BMI,
keg/m?) (<18.5, 18.5 to <25, 25 to <30, 30 to 35, and >35); cigarette
smoking (never—cigarette smokers, quit <I pack per day, quit >1
pack per day, currently smoking <1 pack per day, and currently
smoking >1 pack per day); education (less than high school educa-
tion, completion of high school, some post-high school training,
completion of college, and completion of graduate school); race
and/or ethnicity (non-Hispanic white, non-Hispanic black,
Hispanic, and Asian/Pacific Islander/Native American); marital
status (yes vs no); vigorous physical activity (never, rarely, one to
three times per month, one to two times per week, three to four
times per week, and five or more times per week); usual physical
activity throughout the day (sit all day, sit much of the day, stand
and/or walk often with no lifting, lift and/or carry light loads, and
carry heavy loads); self-reported diabetes at baseline (yes vs no);
and continuous measures for intakes of fruit, vegetables, and total
energy from nonalcohol sources. Additional adjustment for grain
or coffee intake did not alter risk estimates; therefore, these vari-
ables were not included in the final models. For the less than 4%
of the cohort who had missing data for a particular covariate, a
separate indicator variable for missing was included in the models.
We examined risk estimates for red meat, white meat, and satu-
rated fat by stratum of alcohol intake (drinker vs nondrinker), BMI
(18.5-25 vs >25 kg/m?), diabetes (yes vs no), iron supplements
(user vs nonuser), and sex (male vs female). Formal interaction
tests were performed by examining the Wald P value (38) for an
interaction term between continuous meat or fat intake with the
dichotomous stratification variable.

Hepatitis B and Hepatitis C Infection

We lacked HBV and HCV status for cohort participants. The as-
sociation between meat intake and HBV and HCV in the US
population was examined in National Health and Nutrition
Examination Survey (NHANES) data collected between 1999 and
2004 by merging the NHANES 1999-2000, 2001-2002, and
2003-2004 datasets (39). NHANES is a cross-sectional survey
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designed to assess the health and nutritional status of the entire US
population by enrolling a nationally representative sample of ap-
proximately 5000 participants per year. Recent dietary intake was
assessed by a 24-hour dietary recall. Food items were then disag-
gregated into constituents by use of recipe files. Red meat included
beef, game, lamb, pork, and veal, whereas white meat included
chicken, fish, and turkey. We restricted our analyses to 12178
adults (aged 21 years or older) with satisfactory 24-hour dietary
recalls and data on HBV surface antigen, and HCV antibody sero-
positivity (anti-HCV). The association between red and white
meat intake (continuous scale) with HBV and HCV status was
assessed using logistic regression models adjusted for age (21 to
<40, 40 to <60, 60 to <80, >80 years), sex, education (less than high
school education, completion of high school, some post-high
school training, and completion of college), income (<25000,
25000 to <45 000, 45000 to <75 000, and >75 000 dollars per year),
and race and/or ethnicity (non-Hispanic white, non-Hispanic
black, Mexican American, other race including multiracial, and
other Hispanic); we report the Wald P value (37) from this analysis.

Results

Among 495 006 participants, the median age was 62.6 years, 92.5%
were non-Hispanic white, 40.3% were women, 20.3% completed
graduate school, 63.0% were overweight or obese, and 9.0% had
diabetes. Also, 14.3% were current smokers, 5% drank more than
four alcoholic beverages per day, and 24.1% did not drink alcohol.
Red and white meat intake differed in their association with these
and other features of the cohort (Table 1). Consumption of red
meat was associated with male sex and white non-Hispanic eth-
nicity, more frequent use of alcohol and cigarettes, less fruit and
vegetable intake, fewer years of education, and less physical ac-
tivity. White meat was associated with female sex, less frequent use
of alcohol and cigarettes, more vegetable intake, and more years of
education.

There were 551 deaths from CLD in 4419092 person-years of
follow-up and 338 incident cases of HCC in 3568243 person-
years. In fully adjusted models that included red meat intake, we
found an inverse association between white meat consumption and
both CLD mortality and HCC incidence (for CLD mortality,
quintile 5 [Q5] vs quintile 1 [Q1], HR = 0.52, 95% CI = 0.39 to
0.70, 7.5 vs 18.2 cases per 100000 person-years, P, < .001; for
HCC incidence, Q5 vs Q1, HR =0.52,95% CI = 0.36 t0 0.77, 5.8
vs 14.3 cases per 100000 person-years, P, < .001) (Table 2).
When white meat intake was additionally adjusted for total meat
intake, as opposed to just red meat intake, the risk estimates for
white meat were slightly stronger (for CLD, Q5 vs Q1, HR = 0.30,
95% CI = 0.21 to 0.43; and for HCC, Q5 vs QI, HR = 0.43, 95%
CI =0.27 to 0.68).

Red meat intake was associated with increased CLD (Q5 vs Q1,
HR = 2.59, 95% CI = 1.86 to 3.61, 22.3 vs 6.2 cases per 100000
person-years; P, < .001) and HCC (Q5 vs Q1, HR = 1.74, 95%
CI=1.16to 2.61, 14.9 vs 5.7 cases per 100000 person-years; P, =
.024) (Table 2). Adjusting red meat intake for total meat intake,
as opposed to white meat intake, strengthened risk estimates for
both CLD (Q5 vs Q1, HR = 4.00, 95% CI = 2.63 to 6.09) and
HCC (Q5 vs Q1, HR =2.85,95% CI = 1.71 to 4.76). Because red
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Table 1. Distribution of covariates by quintile of baseline red and white meat intake in the NIH-AARP Diet and Health Study

(n =495006)*
Red meat White meat
Variable Q1(n=99001) Q3 (n=99002) Q5 (n=99001) Q1(n=99001) Q3 (n=99002) Q5 (n=99001)
Age, median, y 63.0 62.8 61.7 63.2 62.7 61.8
Sex
Male, No (%) 44483 (44.9) 58666 (59.3) 74660 (75.4) 61032 (61.7) 60343 (61.0) 54052 (54.6)
Married
Yes, No (%) 56460 (57.7) 69547 (70.7) 76011 (77.4) 65436 (66.8) 69363 (70.5) 66315 (67.5)
Food intake
Total energy from nonalcohol 1542 1654 1789 1725 1660 1571
sources, median, kcal
Red meat, median, g/1000 kcal 10.0 322 64.8 28.6 35.0 28.6
White meat, median, g/1000 kcal 28.6 27.5 28.6 9.7 28.0 65.8
Processed meat, median, 2.5 8.1 15.6 5.8 8.4 8.6
g/1000 kcal
Fruit, median, servings/1000 kcal 2.2 1.5 1.0 1.4 1.5 1.5
Vegetables, median, 2.4 2.0 1.9 1.7 2.0 2.4
servings/1000 kcal
Education
Completed graduate school, 24516 (25.6) 18819 (19.6) 16466 (17.1) 15113 (15.9) 19986 (20.8) 23147 (24.0)
No (%)
Race and/or ethnicity
Non-Hispanic white, No (%) 85868 (88.3) 91224 (93.2) 92502 (94.6) 90125 (92.6) 90913 (93.0) 88979 (91.1)
Non-Hispanic black, No (%) 6200 (6.4) 3464 (3.5) 2326 (2.4) 2987 (3.1) 3662 (3.7) 5056 (5.2)
Hispanic, No (%) 2428 (2.5) 1733 (1.8) 1822 (1.9) 2263 (2.3) 1630 (1.7) 1983 (2.0)
Asian/Pacific Islander/Native 2708 (2.8) 1429 (1.5) 1120 (1.2) 1919 (2.0) 1602 (1.6) 1663 (1.7)
American, No (%)
Alcohol intake
>4 drinks per day, No (%) 2121 (2.2) 4665 (4.7) 8384 (8.5) 5381 (5.5) 5020 (5.1) 4345 (4.4)
Smoking use
Current smokers, No (%) 7946 (8.4) 13577 (14.2) 19289 (20.3) 17685 (18.7) 13260 (13.9) 10168 (10.7)
Self-reported Diabetes
Yes, No (%) 6361 (6.4) 8490 (8.6) 12652 (12.8) 8399 (8.5) 8836 (8.9) 9951 (10.1)
Body mass index, median, kg/m? 25.1 26.5 27.5 26.0 26.5 26.6
Vigorous physical activity
>b5 times/wk, No (%) 26124 (26.8) 17754 (18.1) 14821 (15.1) 18966 (19.5) 18576 (18.9) 20421 (20.9)

* kcal = kilocalories; No = number; Q = quintile.

and white meat appeared to have opposing effects, we created a
joint effects variable that combined tertiles of red and white meat
intake. Relative to participants in the lowest tertile of red meat
intake who were also in the highest tertile of white meat intake,
those in the highest tertile of red meat who were also in the lowest
tertile of white meat had increased risk of both CLD (HR = 2.55,
95% CI =1.66 to 3.90, 23.2 vs 5.2 cases per 100000 person-years)
and HCC (HR =1.67,95% CI = 1.03 to 2.71, 16.9 vs 5.7 cases per
100000 person-years).

Because red meat is an important source of dietary fat, we inves-
tigated whether the inclusion of fat in the multivariate models at-
tenuated risk estimates for the association of red meat intake with
CLD or HCC. Addition of total fat to the models attenuated risk
estimates modestly (for CLD, Q5 vs Q1, HR =1.96,95% CI = 1.38
to 2.79; for HCC, HR = 1.64, 95% CI = 1.06 to 2.53) (Table 2).
When we examined specific fat types, saturated fat caused the
greatest attenuation of the red meat associations (Table 2).
Addition of monounsaturated fat also attenuated estimates, whereas
the addition of polyunsaturated fat did not alter risk estimates (data
not shown). In contrast to red meat, hazard ratios for white meat
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were unaffected by adjustment for total fat (data not shown) or
saturated fat intake (for CLD, Q5 vs Q1, HR =0.57,95% CI = 0.43
to 0.77; for HCC, Q5 vs QI, HR = 0.54,95% CI = 0.37 to 0.79).
Total fat intake was positively associated with CLD (Q5 vs Q1,
HR =291, 95% CI = 2.07 to 4.06, 21.5 vs 7.6 cases per 100000
person-years; P, < .001) and had a borderline statistically signifi-
cant higher risk of HCC (Q5 vs QI, HR = 1.46, 95% CI = 0.98
to 2.19, 13.6 vs 7.5 cases per 100000 person-years; P, = .045)
(Table 2). These risk estimates were attenuated after additional
adjustment for red and white meat intake (for CLD, HR = 2.29,
95% CI = 1.60 to 3.28; for HCC, HR = 1.24, 95% CI = 0.81 to
1.91). When we investigated the types of fat, the association of
greatest magnitude was for saturated fat (for CLD, Q5 vs Q1, HR =
3.50, 95% CI = 2.48 to 4.96, 23.0 vs 6.5 cases per 100000 person-
years; for HCC, Q5 vs Q1, HR = 1.87,95% CI =1.23 to 2.85, 14.5
vs 6.3 cases per 100000 person-years). Monounsaturated fat, but
not polyunsaturated fat, was also associated with CLD (Q5 vs QI,
HR =2.24, 95% CI = 1.61 to 3.12, 19.3 vs 8.3 cases per 100000
person-years). Risk estimates for monounsaturated fat were elevated
for HCC but were not statistically significant (Q5 vs Q1, HR = 1.34,
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95% CI = 0.88 to 2.05, 12.4 vs 7.0 cases per 100000 person-years).
In a model that included saturated, monounsaturated, and polyun-
saturated fat, statistically significant risk estimates persisted for sat-
urated but not monounsaturated fat. When examined by source,
monounsaturated, polyunsaturated, and saturated fat from red meat
were associated with both CLD and HCC (Figure 1). From other
dietary sources (nonred meat), however, only saturated fat was sta-
tistically significantly associated with both CLD (HR per 5%
increase in energy from fat=1.58,95% CI = 1.34 to 1.86) and HCC
(HR = 1.32, 95% CI = 1.05 to 1.65). Monounsaturated fat from
nonmeat sources was associated with CLD (HR = 1.24, 95% CI =
1.03 to 1.49) but not with HCC (HR = 1.07,95% CI = 0.84 to 1.35).
Saturated fat from dairy products was associated with increased risk
of both CLD (HR = 1.95,95% CI = 1.46 to 2.59, 17.5 vs 10.5 cases
per 100000 person-years; P, < .001) and HCC (HR = 1.57, 95%
CI=1.08 to 2.27, 12.7 vs 8.5 cases per 100000 person-years; P, =
.022). Among participants in the first quintile of red meat intake,
saturated fat from dairy products (Q5 vs Q1) was associated with
increased risk of both CLD (HR =2.19,95% CI = 1.03 to 4.63) and
HCC (HR =2.99,95% CI = 1.08 to 8.26).

Red meat is also an important source of heme iron. Total iron
intake including iron from meat, other dietary sources, and supple-
ments was inversely associated with CLD (Q5 vs Q1, HR = 0.62,

95% CI =0.46 to 0.83, 7.3 vs 16.3 cases per 100000 person-years;
P,... = .013) but had no association with HCC (P,
creasing categories = .76) (Table 3). Heme iron, data available for
303 172 participants who completed the risk factor questionnaire,
was associated with higher risk of CLD (Q5 vs Q1, HR = 1.77,
95% CI =1.15 to 2.72, 17.8 vs 6.4 cases per 100000 person-years;
P, .. = .016) but not of HCC (Q5 vs Q1, HR = 1.06, 95% CI = 0.64
to 1.77, 12.2 vs 6.9 cases per 100000 person-years; P, = .69).
For the participants who completed the risk factor question-
naire, we also examined meat cooking methods and doneness
levels. No associations were observed with cooking methods and
doneness levels (data not shown), with the exception of pan frying.
Modeled as tertiles due to low intake range, the hazard ratios for
pan frying from fully adjusted models (tertile 3 vs tertile 1) were
1.74 (95% CI = 1.28 to 2.35, 17.2 vs 7.7 cases per 100000 person-
years; P, < .001) for CLD and 1.68 (95% CI =1.17 to 2.43, 14.5
vs 7.0 cases per 100,000 person-years; P, = .003) for HCC. We
found no association with the meat mutagens DiMelQx, or
MelQx, or PhIP (Table 3). We did observe an association with
processed meat for CLD (Q5 vs Q1, HR = 1.41,95% CI = 1.04 to
1.90, 16.4 vs 8.2 cases per 100000 person-years; P, = .013) but
not HCC risk (Q5 vs Q1, HR = 1.17,95% CI = 0.79 to 1.72, 11.6
vs 6.4 cases per 100000 person-years). Intakes of nitrate and nitrite

, across in-

rend

Total fat
All sources HR =1.23,95% Cl =1.16 to 1.32 <
CLD From red meat HR =1.52,95% Cl =1.36 t0 1.70 -
From other sources HR =1.16,95% Cl =1.08 to 1.25 E 2
All sources HR =1.10,95% Cl =1.01 to 1.20 -
HCC From red meat HR =1.19,95% CI =1.03 to 1.39 ——
From other sources HR =1.07,95% Cl =0.98 to 1.18 10~
Figure 1. Risk estimates for a 5% increase in the Saturated fat
proportion of total energy from each fat type All sources HR =1.80, 95% CI = 1.56 to 2.09 ——
an_d source with chronic liver disease (CLD_) mor-  CLD From red meat HR =3.07, 95% Cl = 2.27 to 4.14 ———
tality (n = 551) and hepatocellular carcinoma From other sources HR = 1.58, 95% CI = 1.34 to 1.86 ——
(HCC) incidence (n = 338). Risk estimates are
adjusted for age, sex, total energy, body mass .
index, education, ethnicity, alcohol, cigarette All sources HR =1.38,95% Cl=1.12t01.69 ¢
smoking, diabetes, physical activity, and fruit HCC From red meat HR =1.57,95% Cl =1.04 to 2.37 —_——
and vegetable intake. Intake of red meat and From other sources HR =1.32,95% Cl =1.05 to 1.65 ——
nonred meat sources were adjusted for each
other. The 10%-90% range for the proportion of
total energy from each fat type in the cohort was Monounsaturated fat
21%-41% for total fat, 6%-13% for saturated fat,
and 8%-16% for monounsaturated fat. All sources HR = 1.55,95% Cl = 1.32 to 1.81 ——
CLD From red meat HR =2.47,95% Cl =1.92 to 3.17 —
From other sources HR =1.24,95% Cl =1.03 to 1.49 ——
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Table 4. Multivariable hazard ratios (HRs) for baseline red meat and white meat intake with chronic liver disease (CLD) mortality
(n =551) and hepatocellular carcinoma incidence (HCC; n = 338) by stratum of alcohol, body mass index, diabetes, and sex*

CLD HCC
Stratification No. HRTt (95% Cl) P, toraction T No. HRt (95% CI) P, ieractionT
Red meat
All 551 1.12 (1.08 to 1.16) 338 1.04 (0.99 to 1.09)
Alcohol drinker
No 143 1.08 (1.00 to 1.15) .039 129 1.03 (0.95 to 1.11) .23
Yes 408 1.14 (1.09 to 1.18) 209 1.04 (0.98 to 1.11)
Body mass index, kg/m?
18.5-25 187 1.16 (1.10 to 1.23) .014 77 1.08 (0.98 to 1.19) 24
>25 338 1.10 (1.06 to 1.15) 247 1.02 (0.97 to 1.08)
Diabetes
No 439 1.13 (1.09 to 1.18) .025 254 1.06 (1.00 to 1.12) .25
Yes 112 1.07 (0.99 to 1.15) 84 0.97 (0.89 to 1.07)
Sex
Male 387 1.12 (1.08 to 1.17) .76 278 1.02 (0.97 to 1.08) 19
Female 164 1.12 (1.04 to 1.20) 60 1.12 (1.00 to 1.25)
White meat
All 551 0.91 (0.87 to 0.95) 338 0.92 (0.87 t0 0.97)
Alcohol drinker
No 143 0.92 (0.85 to 1.00) .62 129 0.89 (0.81 to 0.98) .53
Yes 408 0.90 (0.86 to 0.95) 209 0.94 (0.87 to 1.00)
Body mass index, kg/m?
18.5-25 187 0.96 (0.89 to 1.02) .021 77 0.94 (0.84 to 1.05) 16
>25 338 0.89 (0.84 to 0.94) 247 0.91 (0.85 t0 0.97)
Diabetes
No 439 0.91 (0.87 to 0.96) .70 254 0.94 (0.88 to 0.99) .26
Yes 112 0.89 (0.81 to 0.98) 84 0.87 (0.77 t0 0.97)
Sex
Male 387 0.93 (0.88 to 0.98) 48 278 0.91 (0.85 to 0.96) .25
Female 164 0.87 (0.81 to 0.95) 60 0.95 (0.85 to 1.06)

* Cl = confidence interval; No = number.

T Risk estimates for meat intake are per 10 g/1000 kcal and are adjusted for age (continuous), sex (male vs female), alcohol (none, >0 to 0.5, >0.5to 1, >1 to 2,
>2 to 4, and >4 drinks per day), body mass index (kg/m?; <18.5, 18.5 to <25, 25 to <30, 30 to 35, and >3b), cigarette smoking (never—cigarette smokers, quit <
1 pack per day, quit >1 pack per day, currently smoking <1 pack per day, and currently smoking >1 pack per day), diabetes (yes vs no), education (less than high
school education, completion of high school, some post-high school training, completion of college, and completion of graduate school), fruit intake (continuous),
vegetable intake (continuous), marital status (yes vs no), race and/or ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, and Asian/Pacific Islander/Native
American), total energy from nonalcohol sources (continuous), usual physical activity throughout the day (sit all day, sit much of the day, stand and/or walk often
with no lifting, lift and/or carry light loads, and carry heavy loads), and vigorous physical activity (never, rarely, one to three times per month, one to two times per
week, three to four times per week, five or more times per week). Red meat and white meat intake are mutually adjusted for quintiles of the other.

+ Two-sided Wald x? test for the interaction term of continuous red or white meat, 10 g per 1000 kcal, with each marked dichotomous stratifying variable.

were associated with CLD (for nitrate, Q5 vs Q1, HR = 1.66, 95%
CI = 1.09 to 2.53, 17.6 vs 6.8 cases per 100000 person-years; for
nitrite, Q5 vs Q1, HR = 1.56, 95% CI = 1.04 to 2.35, 15.6 vs 7.2
cases per 100000 person-years) but not with HCC (for nitrate, Q5
vs QI, HR = 1.11, 95% CI = 0.67 to 1.84, 12.7 vs 6.6 cases per
100000 person-years; for nitrite, Q5 vs Q1, HR =0.93,95% CI =
0.55 t0 1.57, 9.2 vs 6.4 cases per 100000 person-years).

Risk estimates by stratum of alcohol drinking, BMI, diabetes,
and sex, appeared to be generally similar to each other (Table 4).
However, for CLD, but not HCC, we found statistically signifi-
cant qualitative interactions between red meat and alcohol
drinking, BMI, and diabetes and a statistically significant qualita-
tive interaction between white meat and stratum of BMI. Yet, all
estimates from stratified models were in the same direction as the
unstratified estimates and the 95% confidence intervals for each
stratum overlapped each other and those for the unstratified esti-
mates. We found no evidence for effect modification for either
CLD or HCC with saturated fat (P, > .29 for all; data not

interaction
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shown). Risk estimates for red meat, white meat, and saturated fat
also did not vary among users and nonusers of iron supplements
(Pyveraction > -12 for all; data not shown).

HBV and HCV are strong risk factors for CLD and HCC; yet,
we lacked information about these potential confounders in our
cohort. Therefore, we examined the association of red and white
meat intake with HBV and HCV status using participants of
NHANES enrolled from 1999 to 2004. Among 12 178 NHANES
adults with available data on diet and viral hepatitis, 251 individ-
uals were anti-HCV(+) and 48 individuals were HBV surface
antigen (+). In NHANES, we found no association between red or
white meat intake with HBV or HCV status (P > .3 for all).

Discussion

In this large prospective cohort study, red meat intake was asso-
ciated with higher risk of CLD mortality and HCC incidence,
whereas white meat was inversely associated with both endpoints.
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We observed a statistically significant positive association
with fat intake for both endpoints, with the highest risks
observed for saturated fat. Mutual adjustment for saturated fat
and red meat intake attenuated both risk estimates; yet, each
remained statistically significant, suggesting overlapping, yet
independent effects.

Few previous data are available for white meat consumption.
Data from one recent case—control study from Italy showed an
inverse association between white meat and liver cancer (13).
Results from a Japanese cohort study also suggested an inverse
association but were not adjusted for age or any other potential
confounders (9). In the current study, we observed evidence for an
inverse association for each type of white meat, including chicken,
turkey, and fish. The observed inverse association does not simply
reflect the absence of red meat; after energy adjustment, the
Spearman correlation coefficient between red and white meat was
low (—0.05), all risk estimates were adjusted for red meat intake,
and the associations for red and white meat appeared independent
in our analysis. The mechanism by which white meat intake might
lead to reduced risk, however, is unclear.

Only two previous prospective studies investigated the associa-
tion between red meat intake and liver cancer. One study of daily
beef, pork, and poultry intake (8) observed a statistically significant
positive association in an age- and sex-adjusted model (relative risk =
1.22, 90% CI = 1.04 to 1.43). A second study (9) examined both
red and white meat separately but presented imprecise risk esti-
mates that were not adjusted for age or other risk factors. Results
from several previous cases—control studies were mixed (6,7,10-
13). Most studies were limited by a narrow intake range and several
did not distinguish between red and white meat. Previous studies
have not examined the association between red meat intake and
CLD mortality.

Red meat is an important source of dietary fat. Fat intake might
play a role in insulin resistance (40), which may be associated with
liver disease and liver cancer (41). Additional adjustment for total
fat, monounsaturated fat, or saturated fat attenuated the risk esti-
mates for red meat. We also observed evidence for associations
between total fat, monounsaturated fat, and saturated fat with both
CLD and HCC. It is difficult to distinguish the effect of monoun-
saturated fat and saturated fat due to their high correlation
(Spearman coefficient = 0.8). Nevertheless, after mutually adjust-
ing for all fat types, a statistically significant association remained
for saturated fat but not for monounsaturated fat. In addition, risk
estimates from nonred meat sources and HCC were statistically
significant for saturated fat but not for monounsaturated fat.
Saturated fat from dairy products was also independently associ-
ated with CLD and HCC risk. Only three previous studies have
investigated the association of fat intake with CLD or liver cancer.
In one study from Italy (42), an inverse association was observed
with polyunsaturated fat and no association was observed with
monounsaturated or saturated fat. Results from a Greek case—
control study (7) showed no association with any fat type. A third
study of NHANES I data (43) observed a non-statistically signifi-
cant yet elevated risk estimate (HR = 1.24,95% CI = 0.7 to 2.1) for
the highest vs lowest category of saturated fat intake with a com-
bined endpoint of incident liver cirrhosis and liver cancer, though
case numbers were low. In our study, risk estimates for red meat
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remained statistically significant after adjustment for fat intake,
suggesting additional aspects of meat, in addition to fat, may play
a role in CLD and HCC.

Red meat may also be associated with liver cancer through an
effect of iron. We observed an inverse association between total
iron intake (dietary plus supplemental) and CLD but no association
with HCC. Of the foods contributing to total iron in our study,
16% was from red meat, 50% was from grain, and 15% from veg-
etables. Grains and vegetables contain many other components, in
addition to iron, that may be associated with the risk of CLD. Red
meat contains heme iron, which is more readably absorbed than
nonheme iron (16). In our study, heme iron was associated with
higher risk of CLD but not of HCC. Whether this difference
reflects distinct etiologies between endpoints or chance remains to
be determined. One previous Italian case—control study observed a
statistically significant positive association between dietary iron
intake and HCC risk but did not investigate heme iron (42).

Very high doses of HCAs cause liver tumors in primates (22).
Even though we found an association with pan-fried meats, we
observed no association between well-done or grilled/barbecued
cooking methods or the individual HCAs, DiMelQx, MelQx, and
PhIP with either endpoint, perhaps due to lower concentrations of
HCAs in cooked food than used in these intervention studies.
These results suggest that HCAs are not the mechanism explaining
the observed association with red meat in our study.

N-nitroso compounds have also been shown to cause cirrhosis
and liver tumors in animals (23,44). We observed a positive associa-
tion of processed meat, an important source of N-nitroso com-
pounds, with CLD but not with HCC. It is not clear if this
difference between endpoints reflects chance or a true difference in
etiology. Similar to the results for processed meat, intake of nitrate
and nitrite was also associated with CLD but not with HCC. Few
previous studies have investigated the association with processed
meat, and results have been mixed in existing studies (9,13); no
studies have investigated the association of nitrate and nitrate intake.

It is possible that associations for meat and fat could reflect con-
founding by alcohol, diabetes, or adiposity, even though we ad-
justed for these risk factors in the multivariate models. Risk
estimates appeared similar to those overall in never drinkers, among
those with a BMI in the healthy range (18.5-25 kg/m?) and in those
without diabetes. Residual confounding by these risk factors, there-
fore, does not appear to have affected our results. Red meat, white
meat, and saturated fat are also associated with other dietary com-
ponents that could affect the risk of CLD and HCC. In our study,
risk estimates persisted after adjustment for other dietary and life-
style components, including intake of fruit, vegetables, grain, and
coffee; education; and marital status. Yet, as an observational study,
it is not possible to determine for certain whether meat and fat or
another dietary or nondietary factor associated with these dietary
components is responsible for the observed association.

Alternatively, individuals with preexisting liver disease may
alter their diet due to poor health or physician recommendation,
affecting risk estimates. Restricting our analyses to cases that
occurred after the first 5 years of follow-up or excluding individ-
uals with poor self-reported health at baseline did not affect risk
estimates, suggesting that associations for meat and fat intake are
not because individuals with CLD or a prediagnosed liver cancer
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at baseline changed their diets after diagnosis. Furthermore, sim-
ilar associations for red meat, white meat, and saturated fat with
both CLD and HCC suggest that these exposures may affect the
progression of liver disease, as opposed to HCC or liver decom-
pensation occurring in individuals with advanced liver disease.

Our study had several notable strengths. Dietary components
were comprehensively assessed, and the large size of our study
allowed for a wide range of reported intake. In addition, the inclu-
sion of a detailed meat cooking and doneness questionnaire
allowed us to explore potential mechanisms of action. The pro-
spective design of our study limited the possibility of recall and
selection bias as diet was assessed before cancer diagnosis or death
from CLD. Information was also available for a wide variety of
potential confounders, including age, sex, alcohol use, cigarette
use, BMI, diabetes, and physical activity.

Limitations include lack of information on HBV and HCV in-
fection status. As HBV and HCV are major risk factors for HCC
and CLD, failure to adjust for them could have a large effect on the
results if meat intake were related to viral infection status. Because
few data are available on the relationship between meat intake and
viral status, we investigated this association in the NHANES 99/00,
01/02, and 03/04 datasets (39). In NHANES adults, neither red
meat nor white meat intake was associated with HBV or HCV
status. These results from NHANES suggest that viral status may
not be a confounder in our NIH-AARP analysis. One previous
Italian case—control study examined the association between meat
intake and liver cancer and had data on HBV and HCV status (13).
In models adjusted for HBV, HCV, and other covariates, an inverse
association was observed with white meat and a suggestive, but not
statistically significant, positive association with red meat. Though
the authors did not present estimates for red meat that were strati-
fied by viral status, the association for white meat was similar in
those infected with HBV and HCV. Nevertheless, future studies are
needed to determine whether the associations observed in this study
are independent of HBV or HCV infection. In addition to the lack
of information on HBV and HCV, our study assessed diet at a single
time-point and used an FFQ, which is subject to measurement error
(45). We also lacked data on preexisting liver disease at baseline but
were able to perform lag analysis, excluding outcomes in the first
5 years of follow-up, and results did not change. Finally, perhaps due
to the AARP membership or the response rate to our questionnaire,
the NIH-AARP population was more likely to be non-Hispanic
white, have attended college or graduate school, and to have
healthier habits (such as not smoking) than the US population.
Therefore, our results should be replicated in other populations.

In summary, we observed a positive association for red meat and
an inverse association for white meat with CLD mortality and HCC
incidence. Processed meat was associated with CLD but not with
HCC. Statistically significant positive associations were observed
for saturated fat from both red meat and other sources, suggesting
that the association for red meat may be due in part to saturated fat.

References

1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA
Cancer § Clin. 2005;55(2):74-108.

2. Yu MC, Yuan JM. Environmental factors and risk for hepatocellular car-
cinoma. Gastroenterology. 2004;127(5)(suppl 1):S72-S78.

1364 Articles | JNCI

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epidemiology and

molecular carcinogenesis. Gastroenterology. 2007;132(7):2557-2576.

. Davila JA, Morgan RO, Shaib Y, McGlynn KA, El-Serag HB. Hepatitis C

infection and the increasing incidence of hepatocellular carcinoma: a
population-based study. Gastroenterology. 2004;127(5):1372-1380.

. Di Bisceglie AM, Lyra AC, Schwartz M, et al. Hepatitis C-related hepa-

tocellular carcinoma in the United States: influence of ethnic status. Am 7
Gastroenterol. 2003;98(9):2060-2063.

. Fukuda K, Shibata A, Hirohata I, Tanikawa K, Yamaguchi G, Ishii M. A

hospital-based case-control study on hepatocellular carcinoma in Fukuoka
and Saga Prefectures, northern Kyushu, Japan. Jpn 7 Cancer Res. 1993;
84(7):708-714.

. Hadziyannis S, Tabor E, Kaklamani E, et al. A case-control study of hep-

atitis B and C virus infections in the etiology of hepatocellular carcinoma.
Int 7 Cancer. 1995:60(5):627-63 1.

. Hirayama T. Life-Style and Mortality: A Large-Scale Census-Based Cobort

Study in Japan. Basel, Switzerland: Karger; 1990.

. Kurozawa Y, Ogimoto I, Shibata A, et al. Dietary habits and risk of death

due to hepatocellular carcinoma in a large scale cohort study in Japan.
Univariate analysis of JACC study data. Kurume Med 7. 2004;51(2):
141-149.

La Vecchia C, Negri E, Decarli A, D’Avanzo B, Franceschi S. Risk factors
for hepatocellular carcinoma in northern Italy. Inr 7 Cancer. 1988;42(6):
872-876.

Lam KC, Yu MC, Leung JW, Henderson BE. Hepatitis B virus and ciga-
rette smoking: risk factors for hepatocellular carcinoma in Hong Kong.
Cancer Res. 1982;42(12):5246-5248.

Srivatanakul P, Parkin DM, Khlat M, et al. Liver cancer in Thailand, II: a
case-control study of hepatocellular carcinoma. Int 7 Cancer. 1991;48(3):
329-332.

Talamini R, Polesel J, Montella M, et al. Food groups and risk of hepato-
cellular carcinoma: a multicenter case—control study in Italy. Int 7 Cancer.
2006;119(12):2916-2921.

Cross AJ, Leitzmann MF, Gail MH, Hollenbeck AR, Schatzkin A, Sinha
R. A prospective study of red and processed meat intake in relation to
cancer risk. PLoS Med. 2007;4(12):e325.

Ratziu V, Poynard T. Assessing the outcome of nonalcoholic steatohepa-
titis? It’s time to get serious. Hepatology. 2006;44(4):802-805.

Carpenter CE, Mahoney AW. Contributions of heme and nonheme iron
to human nutrition. Crit Rev Food Sci Nutr. 1992;31(4):333-367.
Kowdley KV. Iron, hemochromatosis, and hepatocellular carcinoma.
Guastroenterology. 2004; 127(5)(suppl 1):S79-S86.

Gordeuk VR, McLaren CE, MacPhail AP, Deichsel G, Bothwell TH.
Associations of iron overload in Africa with hepatocellular carcinoma and
tuberculosis: Strachan’s 1929 thesis revisited. Blood. 1996;87(8):3470-3476.
Mandishona E, MacPhail AP, Gordeuk VR, et al. Dietary iron overload as
a risk factor for hepatocellular carcinoma in Black Africans. Hepatology.
1998;27(6):1563-1566.

Moyo VM, Makunike R, Gangaidzo IT, et al. African iron overload and
hepatocellular carcinoma (HA-7-0-080). Eur 7 Haematol. 1998;60(1):28-34.
Kimura F, Hayashi H, Yano M, et al. Additional effect of low iron diet on
iron reduction therapy by phlebotomy for chronic hepatitis C.
Hepatogastroenterology. 2005;52(62):563-566.

Thorgeirsson UP, Dalgard DW, Reeves J, Adamson RH. Tumor inci-
dence in a chemical carcinogenesis study of nonhuman primates. Regu/
Toxicol Pharmacol. 1994;19(2):130-151.

Peto R, Gray R, Brantom P, Grasso P. Effects on 4080 rats of chronic
ingestion of N-nitrosodiethylamine or N-nitrosodimethylamine: a
detailed dose-response study. Cancer Res. 1991;51(23, pt 2):6415-6451.
Schatzkin A, Subar AF, Thompson FE, et al. Design and serendipity in
establishing a large cohort with wide dietary intake distributions: the
National Institutes of Health-American Association of Retired Persons
Diet and Health Study. Am 7 Epidemiol. 2001;154(12):1119-1125.

Kung HC, Hoyert DL, Xu J, Murphy SL. Deaths: final data for 2005. Naz!
Vital Stat Rep. 2008;56(10):1-120.

Manos MM, Leyden WA, Murphy RC, Terrault NA, Bell BP. Limitations
of conventionally derived chronic liver disease mortality rates: results of a
comprehensive assessment. Hepatology. 2008;47(4):1150-1157.

Vol. 102, Issue 17 | September 8, 2010



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Michaud DS, Midthune D, Hermansen S, et al. Comparison of cancer
registry case ascertainment with SEER estimates and self-reporting in a
subset of the NIH-AARP Diet and Health Study. 7 Registry Manag.
2005;32(2):70-75.

Fritz A, Percy C, Shanmugaratnam K, Sobin L, Parkin DM, Whelan S.
International Classification of Diseases for Oncology: ICD-0. 3rd ed.. Geneva,
Switzerland: World Health Organization; 2000.

Subar AF, Midthune D, Kulldorff M, et al. Evaluation of alternative ap-
proaches to assign nutrient values to food groups in food frequency ques-
tionnaires. Am § Epidemiol. 2000;152(3):279-286.

Tippett KS, Cypel YS, Tippett KS, Cypel YS. Design and Operation:
Continuing Survey of Food Intakes by Individuals and Diet and Health
Knowledge Survey, 1994-96. No. 96-1. Beltsville, MD: U.S. Department of
Agriculture; 1998.

Thompson FE, Kipnis V, Midthune D, et al. Performance of a food-fre-
quency questionnaire in the US NIH-AARP (National Institutes of
Health-American Association of Retired Persons) Diet and Health Study.
Public Health Nutr. 2008;11(2):183-195.

Sinha R, Cross A, Curtin J, et al. Development of a food frequency ques-
tionnaire module and databases for compounds in cooked and processed
meats. Mol Nutr Food Res. 2005;49(7):648-655.

Cantwell M, Mittl B, Curtin ], et al. Relative validity of a food frequency
questionnaire with a meat-cooking and heterocyclic amine module. Cancer
Epidemiol Biomarkers Prev. 2004;13(2):293-298.

Breslow NE, Day NE. Statistical Methods in Cancer Research, Vol. II—The
Design and Analysis of Cobort Studies. Lyon, France: International Agency
for Research on Cancer; 1987.

Cox DR. Regression models and life-tables. 7 R Stat Soc Series B Stat
Methodol. 1972;34(2):187.

Willett WC. Nutritional Epidemiology. 2nd ed. New York, NY: Oxford
University Press; 1998.

Greenland S, Rothman K]J. Fundamentals of epidemiologic data analysis.
In: Rothman KJ, Greenland S, eds. Modern Epidemiology. 2nd ed.
Philadelphia, PA: Lippincott-Raven; 1998:201-229.

Greenland S, Rothman KJ. Introduction to stratified analysis. In:
Greenland S, Rothman KJ, eds. Modern Epidemiology. 2nd ed. Philadelphia,
PA: Lippincott-Raven; 1998:253-279.

Centers for Disease Control and Prevention (CDC). National Center for
Health Statistics (NCHS). National Health and Nutrition Examination Survey
Data. Hyattsville, MD: Department of Health and Human Services,
Centers for Disease Control and Prevention; 2009. http://www.cdc.gov
/nchs/nhanes.htm. Accessed April 10, 2009.

Riserus U, Willett WC, Hu FB. Dietary fats and prevention of type 2
diabetes. Prog Lipid Res. 2009;48(1):44-51.

El-Serag HB, Hampel H, Javadi F. The association between diabetes and
hepatocellular carcinoma: a systematic review of epidemiologic evidence.
Clin Gastroenterol Hepatol. 2006;4(3):369-380.

Polesel J, Talamini R, Montella M, et al. Nutrients intake and the risk of
hepatocellular carcinoma in Italy. Eur 7 Cancer. 2007;43(16):2381-2387.

jnci.oxfordjournals.org

43. Toannou GN, Morrow OB, Connole ML, Lee SP. Association between
dietary nutrient composition and the incidence of cirrhosis or liver cancer
in the united states population. Hepatology. 2009;50(1):175-184.

44. Jenkins SA, Grandison A, Baxter JN, Day DW, Taylor I, Shields R. A
dimethylnitrosamine-induced model of cirrhosis and portal hypertension
in the rat. 7 Hepatol. 1985;1(5):489-499.

45. Schatzkin A, Kipnis V. Could exposure assessment problems give us
wrong answers to nutrition and cancer questions? 7 Natl/ Cancer Inst.
2004;96(21):1564-1565.

Funding

Intramural Research Program of the National Institutes of Health, Division of
Cancer Epidemiology and Genetics, National Cancer Institute, Department of
Health and Human Services.

Notes

The study sponsor had no role in the design of the study, data collection, the
analysis or interpretation of the data, the writing of the article, or the decision
to submit for publication.

Cancer incidence data from Arizona was collected by the Arizona
Cancer Registry; from Georgia by the Georgia Center for Cancer Statistics;
from California by the California Department of Health Services, Cancer
Surveillance Section; from Michigan by the Michigan Cancer Surveillance
Program; from Florida by the Florida Cancer Data System under contract
to the Department of Health; from Louisiana by the Louisiana Tumor
Registry; from Nevada by the Nevada Central Cancer registry; from New
Jersey by the New Jersey State Cancer Registry; from North Carolina by
the North Carolina Central Cancer Registry; from Pennsylvania by the
Division of Health Statistics and Research, Pennsylvania Department of
Health; from Texas by the Texas Cancer Registry. The views expressed
herein are solely those of the authors and do not necessarily reflect those
of the Cancer registries or contractors. The Pennsylvania Department of
Health specifically disclaims responsibility for any analyses, interpretations,
or conclusions.

We are indebted to the participants in the NIH-AARP Diet and Health
Study for their outstanding cooperation. We also thank Sigurd Hermansen
and Kerry Grace Morrissey from Westat for study outcomes ascertainment and
management and Leslie Carroll at Information Management Services for data
support and analysis.

Affiliations of authors: Division of Cancer Epidemiology and Genetics,
National Cancer Institute, National Institutes of Health, Department of
Health and Human Services, Rockville, MD (NDF, AJC, KAM, CCA, YP, AS,
RS); AARP, Washington, DC (ARH); Division of Digestive Diseases and
Nutrition, National Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Department of Health and Human Services,
Bethesda, MD (JEE).

JNCI | Articles 1365



