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Abstract

Background: Recently, some US cohorts have shown a moderate association between red and processed meat

consumption and mortality supporting the results of previous studies among vegetarians. The aim of this study

was to examine the association of red meat, processed meat, and poultry consumption with the risk of early death

in the European Prospective Investigation into Cancer and Nutrition (EPIC).

Methods: Included in the analysis were 448,568 men and women without prevalent cancer, stroke, or myocardial

infarction, and with complete information on diet, smoking, physical activity and body mass index, who were

between 35 and 69 years old at baseline. Cox proportional hazards regression was used to examine the association

of meat consumption with all-cause and cause-specific mortality.

Results: As of June 2009, 26,344 deaths were observed. After multivariate adjustment, a high consumption of red

meat was related to higher all-cause mortality (hazard ratio (HR) = 1.14, 95% confidence interval (CI) 1.01 to 1.28,

160+ versus 10 to 19.9 g/day), and the association was stronger for processed meat (HR = 1.44, 95% CI 1.24 to

1.66, 160+ versus 10 to 19.9 g/day). After correction for measurement error, higher all-cause mortality remained

significant only for processed meat (HR = 1.18, 95% CI 1.11 to 1.25, per 50 g/d). We estimated that 3.3% (95% CI

1.5% to 5.0%) of deaths could be prevented if all participants had a processed meat consumption of less than

20 g/day. Significant associations with processed meat intake were observed for cardiovascular diseases, cancer,

and ‘other causes of death’. The consumption of poultry was not related to all-cause mortality.

Conclusions: The results of our analysis support a moderate positive association between processed meat

consumption and mortality, in particular due to cardiovascular diseases, but also to cancer.
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Background
Meat consumption has increased since World War II.

While this increase has long been confined to the Western

world, that is, North America, North and Western Europe,

and Australia/New Zealand, meat consumption is now

also on the rise in other countries, such as China, due to

their economic development [1]. From a physiological per-

spective, a diet rich in meat has several potential nutri-

tional benefits but also some potential adverse effects.

Meat is rich in protein, iron, zinc and B-vitamins, as well

as vitamin A. The bioavailability of iron and folate from

meat is higher than from plant products such as grains

and leafy green vegetables. The drawback, however, is the

high content of cholesterol and saturated fatty acids, both

of which have been shown to be positively associated with

plasma low density lipoprotein (LDL) concentrations and

the risk of coronary heart disease [2]. Although iron is

essential for prevention of anemia, a high intake, especially

of heme iron, is related to the endogenous formation of

N-nitroso compounds in the gastro-intestinal tract [3,4]

and, thus, may be a risk factor for some cancer entities, for

example, colon cancer [5].

Some prospective studies have evaluated the association

between meat intake and mortality [6-17], but several of

them were studies comparing meat consumers with vege-

tarians [9,11,13,16]. One of the most recent studies, con-

ducted among EPIC-Oxford participants, revealed that

vegetarians as well as non-vegetarians with a health-

conscious lifestyle had a statistically significantly lower

mortality compared with the British general population

[9]. This is similar to the results of a German cohort,

in which both vegetarians and health-conscious non-

vegetarians had a statistically significantly lower overall

mortality compared with the general population [11].

These results indicate that the decreased mortality in vege-

tarians compared with the general population is in large

part due to a healthy lifestyle, that is, being non-smokers,

being leaner and more physically active, and so on. How-

ever, large US cohorts have reported an increased risk for

early mortality among individuals with a high red and pro-

cessed meat consumption compared with low meat con-

sumption independent of smoking, obesity and other

potential confounders [6,8].

Within the European Prospective Investigation into

Cancer and Nutrition (EPIC) including more than 500,000

participants from ten European countries and, thus,

reflecting a very heterogeneous diet, we examined the

association between meat consumption and the risk for

overall and cause-specific mortality.

Methods
Population

EPIC is a large prospective cohort study conducted in 23

centers in 10 European countries [France, Italy (Florence,

Varese, Ragusa, Turin, Naples), Spain (Asturias, Granada,

Murcia, Navarra, San Sebastian), The Netherlands

(Bilthoven, Utrecht), United Kingdom (UK; Cambridge,

Oxford), Greece, Germany (Heidelberg, Potsdam),

Sweden (Malmö, Umea), Norway, and Denmark (Aarhus,

Copenhagen)]. In most centers, the participants were

recruited from the general population. However, the

French cohort comprises female members of a health

insurance program for school and university employees.

Spanish and Italian participants were recruited among

blood donors, members of several health insurance pro-

grams, employees of several enterprises, civil servants,

but also the general population. In Utrecht and Florence,

participants in mammographic screening programs were

recruited for the study. In Oxford, half of the cohort con-

sisted of ‘health conscious’ subjects from England, Wales,

Scotland, and Northern Ireland. The cohorts of France,

Norway, Utrecht, and Naples include women only [18].

Participants were recruited between 1992 and 2000

depending on the study center. At recruitment, men

were 40 to 70 and women 35 to 70 years old [18]. All

participants gave written informed consent to use their

questionnaire data and the Internal Review Boards of the

International Agency for Research on Cancer and all

EPIC recruitment centers approved the analyses based on

EPIC participants.

Of 511,781 apparently healthy participants at baseline,

we excluded individuals with a ratio for energy intake

versus energy expenditure in the top or bottom 1% (n =

10,197) and those with self-reported cancer, stroke or

myocardial infarction at baseline (n = 29,300). We

further excluded participants with unknown smoking

status at baseline (n = 23,716). The analytical cohort

included 448,568 participants.

Exposure assessment

Following the results of several methodological studies

conducted in the early 1990s, habitual diet over the pre-

vious twelve months was measured at recruitment by

country-specific instruments designed to capture local

dietary habits and to provide high compliance [18]. Seven

countries adopted an extensive self-administered dietary

questionnaire, which can provide data on up to 300 to 350

food items per country. In Greece, Spain and Ragusa, the

dietary questionnaire was very similar in content to the

above, but was administered by direct interview. A food

frequency questionnaire (FFQ) and a seven-day food

record were adopted in the UK. In Malmö, Sweden, a

quantitative questionnaire combined with a seven-day

menu book and an interview was used. Baseline food con-

sumption, as well as ethanol and energy intake, was calcu-

lated from the dietary instruments applied in each center.

For this analysis, meats were grouped into red meat

(beef, pork, mutton/lamb, horse, goat), processed meat
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(all meat products, including ham, bacon, sausages; small

part of minced meat that has been bought as a ready-to-

eat product) and white meat (poultry, including chicken,

hen, turkey, duck, goose, unclassified poultry, and rabbit

(domestic)). Processed meat mainly refers to processed

red meat but may contain small amounts of processed

white meat as well, for example, in sausages.

A set of core questions posed at recruitment that was

similar in all participating centers ensured comparability

of non-dietary questions and assessed information on

education, medical history (including history of stroke,

myocardial infarction, and cancer), alcohol consumption,

physical activity, lifetime history of consumption of

tobacco products including smoking status (current,

past, or never smoker), type of tobacco (cigarettes,

cigars, or pipe), number of cigarettes currently smoked,

and age when participants started and, if applicable, quit

smoking [18]. Height and weight were measured in all

EPIC centers except for France, Norway, and Oxford,

for which self-reported height and weight was recorded.

In Oxford, self-reports were improved by using predic-

tion equations [19].

Outcome assessment

Information on vital status and the cause and date of

death were ascertained using record linkages with cancer

registries, Boards of Health, and death indices (in

Denmark, Italy, the Netherlands, Norway, Spain, Sweden,

and the UK) or active follow-up (in Germany, Greece,

and France). Active follow-up included inquiries by mail

or telephone to participants, municipal registries, regio-

nal health departments, physicians, and hospitals. Partici-

pants were censored as follows: June, 2005 (Cambridge),

December 2006 (France, Varese, Turin, Naples, Granada,

Murcia, Malmo, and Denmark), December 2007 (Flor-

ence, San Sebastian, Umeå and Norway), December 2008

(Ragusa, Asturias, Navarra, and the Netherlands); June

2009 (Oxford). For Germany and Greece, the end of the

follow up was considered to be the last known contact or

date of death, whichever came first. Cause of death was

coded according to the 10th Revision of the International

Classification of Diseases (ICD-10). The underlying

causes of death were used to estimate the cause-specific

mortality: cancer (ICD-10: C00 to D48), cardiovascular

diseases (I00 to I99), respiratory diseases (J30 to J98),

digestive diseases (K20 to K92), and other diseases.

Currently, vital status is known for 98.4% of all EPIC

subjects.

Statistical analysis

Cox proportional hazards regression was used to examine

the association of meat consumption with all-cause and

cause-specific mortality. To explore the shape of the risk

function, we fitted a Cox proportional hazards model

with restricted cubic splines for red and processed meat

and poultry intake treated as continuous variables

[20,21]. We specified four knot positions at 10, 20, 40,

and 80 g per day of red or processed meat intake. Other

knot positions were specified but did not appreciably

change the curves. After examining the shape of the asso-

ciation between red and processed meat intake with mor-

tality in restricted cubic spline models, we decided to

choose the second category as the reference category in

the categorical model (see below) for all three types of

meat, that is, also for poultry for consistency reasons.

In a second step, we modeled meat intake as categorical

variables as follows: red and processed meat 0 to 9.9, 10 to

19.9, 20 to 39.9, 40 t0 79.9, 80 to 159.9, and ≥160 g/day;

poultry 0 to 4.9, 5 to 9.9, 10 to 19.9, 20 to 39.9, 40 to 79.9,

and ≥80 g/day. Age was used as the primary time variable

in the Cox models. Time at entry was age at recruitment,

exit time was age when participants died, were lost to

follow-up, or were censored at the end of the follow-up

period, whichever came first. The analyses were stratified

by sex, center, and age at recruitment in one-year cate-

gories. To adjust for lifelong tobacco smoking, we

included baseline smoking status and intensity of smoking

as one variable (never smokers (reference category);

current cigarette smokers (three categories: 1 to 14, 15 to

24 and 25+ cigarettes/day); former smokers who stopped

less than 10 years ago, 11 to 20 years ago, 20+ years ago;

other smokers (one category including pipe or cigar smo-

kers and occasional smokers)). In addition, duration of

smoking in 10-year categories (≤10 (reference category),

11 to 20, 21 to 30, 31 to 40, 41 to 50, >50 years) is added

as a second variable in the statistical models. We sepa-

rately adjusted for the amount of smoking and the dura-

tion of smoking instead of using pack-years of smoking to

differentiate better between, for example, heavy smokers

of a short duration and light smokers for a long duration

[22]. Additionally, all analyses were adjusted for body

weight and height, energy intake, intake of alcohol (all

continuous), physical activity index (active, moderately

active, moderately inactive, inactive, missing) [23], and

education (none or primary school completed; technical/

professional school; secondary school; university degree;

missing). We additionally examined the effect of mutually

adjusting intake of the three types of meat for each other.

We also explored meat intake in models without adjusting

for total energy intake. Additionally adjusting for fruit and

vegetable consumption did not appreciably change the

observed associations and was not included in the main

models.

In order to improve the comparability of dietary data

across the participating centers, dietary intakes from the

questionnaires were calibrated using a standardized

24-hour dietary recall [24,25], thus, partly correcting

for over- and underestimation of dietary intakes [26].
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A 24-hour dietary recall was collected from an 8% random

sample of each center’s participants. Dietary intakes were

calibrated using a fixed effects linear model in which gen-

der- and center-specific 24-hour dietary recall data were

regressed on the questionnaire data controlling for weight,

height, age, day of the week, and season of the year. The

confidence intervals (CIs) of the risk estimates, obtained

using calibrated data, were estimated using bootstrap sam-

pling to take into account the uncertainty related to mea-

surement error correction. Calibrated and uncalibrated

data were used to estimate the association of meat con-

sumption with mortality on a continuous scale.

Results of the 24-hour recalls (mean, standard error of

the mean) were also used to describe the FFQ-based

intake categories of red meat, processed meat, and

poultry.

In our analysis, we considered cause-specific mortality

in addition to overall mortality. Therefore, we fitted a

competing risk model [27] which, however, resulted in

similar associations as those observed in non-competing

risk models for deaths from cancer, cardiovascular dis-

eases, respiratory diseases, digestive diseases, and other

diseases, and are not shown in the tables.

Results might differ between subgroups of the study

population due to different health behaviors in, for exam-

ple, men and women, or interactions between nutrients in

different foods. Therefore, sub-analyses were performed

by sex and smoking status (never, former, current), alcohol

consumption (dichotomized by sex-specific median), and

fruit and vegetable consumption (dichotomized by sex-

specific median). Including cross-product terms along

with the main effect terms in the Cox regression model

tested for interaction on the multiplicative scale. The sta-

tistical significance of the cross-product terms was evalu-

ated using the likelihood ratio test. Heterogeneity between

countries was assessed using likelihood chi-square tests.

We also examined whether the associations differed in the

first two years and the succeeding years of follow-up.

The population attributable risk (PAR), which

describes the proportion of cases that would be pre-

vented if everyone in the study population had the refer-

ence level of the exposure, was estimated based on the

formula [28]:

PAR =
((

∑

P
i
(HRi−1)

)

/
(

1 +
∑

Pi (HRi−1)

))

× 100,

where HRi and Pi are the multivariate adjusted relative

risks and the prevalence, respectively, in the study popu-

lation for the ith exposure category (processed meat con-

sumption 20+ g/day); I = 0: reference group (processed

meat 0 to 19 g/day).

All analyses were conducted using SAS version 9.1

(SAS Institute, Cary, North Carolina).

Results
Men and women in the top categories of red or pro-

cessed meat intake in general consumed fewer fruits and

vegetables than those with low intake. They were more

likely to be current smokers and less likely to have a

university degree (Table 1). Men with high red meat

consumption consumed more alcohol than men with a

low consumption, which was not seen in women. Base-

line characteristics by consumption of poultry differed

somewhat from the pattern observed for red and pro-

cessed meat; individuals consuming more than 80 g

poultry per day had a higher consumption of fruits and

vegetables than those with an intake of less than 5 g per

day, but there was no difference in smoking habits at

baseline.

Median follow-up time of our cohort was 12.7 years

with a maximum of 17.8 years; median follow-up time

was 8.5 years in cases and 12.9 years in non-cases. During

the follow-up period, 26,344 study participants (11,563

men and 14,781 women) died. Of these, 5,556 died of

cardiovascular diseases, 9,861 of cancer, 1,068 of respira-

tory diseases, 715 of digestive tract diseases, and 9,144 of

other causes (including 976 who died from external

causes). A high consumption of red meat was related to

increased all-cause mortality (Table 2). Participants with

an intake of 160+ g red meat/day had a HR = 1.37 (95%

CI 1.23 to 1.54) compared with individuals with an intake

of 10 to 19.9 g/day in the simple model taking into

account age, study center, and sex. The association was

attenuated in the multivariate model, but was still statisti-

cally significant (HR = 1.14, 95% CI 1.01 to 1.28). The

association for processed meat was stronger than for red

meat. In the multivariate model, the HR for high (160+

g/day) versus low intake was 1.44 (95% CI 1.24 to 1.66).

Low consumption of poultry was associated with

increased all-cause mortality compared with moderate

consumption (Table 2), but there was no association of

high poultry consumption compared with moderate con-

sumption. Mutual adjustment for all meat groups did not

appreciably change the observed associations for pro-

cessed meat and poultry, but the elevated total mortality

observed in the highest category of red meat consump-

tion became statistically insignificant (Table 2). We esti-

mated that 3.3% (95% CI 1.5 to 5.0%) of deaths could be

prevented if all participants had a processed meat con-

sumption of less than 20 g/day.

We also evaluated the association between meat con-

sumption and all-cause mortality in two continuous

models, that is, obtaining uncalibrated and calibrated

risk estimates (Table 3). Similarly to the observation of

no association between red meat consumption and all-

cause mortality in the multivariable categorical model,

we observed no statistically significant association in the
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Table 1 Baseline information by categories of red and processed meat and poultry consumption and sex in the EPIC cohort.

All Red meat Processed meat Poultry

0 to 9.9 g/day ≥160 g/day 0 to 9.9 g/day ≥160 g/day 0 to 4.9 g/day ≥80 g/day

Men Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to 3)

Age at recruitment
(years)

52.3 45.1 -59.1 46.9 38.0 -57.0 53.3 50.1 -57.7 50.7 41.2 -60.1 49.5 43.1 -55.5 51.3 42.6 -59.6 52.3 45.9 -57.8

BMI (kg/m2) 26.1 24.0 -28.5 24.4 22.4 -26.6 27.0 24.9 -29.8 25.8 23.4 -28.4 27.1 24.8 -29.8 25.3 23.2 -27.7 27.4 25.1 -30.1

Energy intake (kcal/
day)

2351 1947 -2816 2028 1659 -2459 3101 2680 -3616 2119 1749 -2552 3206 2739 -3750 2216 1814 -2681 2673 2240 -3162

Alcohol intake (g/day) 12.9 4.2 -29.7 8.2 1.7 -19.0 23.4 9.4 -47.2 10.2 2.3 -24.3 19.0 6.1 -40.3 10.3 2.6 -24.4 15.1 3.3 -35.0

Red meat (g/day) 51.0 26.3 -82.4 – – 32.5 2.9 -63.8 54.0 31.7 -86.7 28.0 4.9 -59.9 65.8 34.8 -100.5

Processed meat (g/
day)

33.2 14.7 -58.3 2.0 0.1 -15.9 48.2 26.8 -75.1 – – 30.1 3.8 -59.7 29.3 13.6 -55.0

Poultry (g/day) 15.1 6.5 -27.6 0.0 0.0 -8.1 24.2 12.4 -38.4 12.2 0.0 -30.2 13.2 5.6 -26.2 – –

Vegetable intake (g/
day)

149.6 93.0 -246.0 203.3 119.4 -306.3 198.5 130.2 -294.1 284.0 167.6 -433.5 120.4 82.3 -181.4 127.3 75.9 -216.3 233.5 155.5 -346.2

Fruit intake (g/day) 157.0 82.2 -280.7 182.0 97.8 -304.8 142.9 64.7 -254.6 251.1 139.8 -388.0 115.0 66.0 -207.6 135.9 72.0 -242.7 235.2 115.2 -391.3

Number % Number % Number % Number % Number % Number % Number %

Never smoker 46191 36.3 5892 50.6 769 28.1 9602 39.6 619 28.7 10707 39.7 745 33.0

Former smoker 47210 37.1 4161 35.7 877 32.1 8570 35.4 816 37.8 9784 36.3 909 40.2

Current smoker 33920 26.6 1592 13.7 1090 39.8 6059 25.0 723 33.5 6449 23.9 606 26.8

Physically inactivea 23258 18.3 2057 17.7 408 14.9 5751 23.7 346 16.0 4854 18.0 397 17.6

Physically activea 31425 24.7 2908 25.0 856 31.3 5055 20.9 559 25.9 6295 23.4 621 27.5

University degree 34429 27.0 5335 45.8 641 23.4 7956 32.8 522 24.2 8859 32.9 479 21.2

Women Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3) Median (Q1 to Q3)

Age at recruitment
(years)

50.9 44.8 -57.5 47.8 38.6 -55.5 51.9 47.0 -57.2 51.1 42.0 -58.9 47.7 42.3 -53.8 50.3 42.7 -57.8 51.8 44.6 -58.0

BMI (kg/m2) 24.1 21.9 -27.2 22.9 21.0 -25.5 24.8 22.2 -28.3 23.9 21.6 -27.2 26.6 23.4 -30.7 23.3 21.2 -26.0 26.8 23.8 -30.4

Energy intake (kcal/
day)

1871 1548 -2252 1718 1399 -2087 2561 2183 -3057 1730 1430 -2079 2695 2305 -3154 1789 1468 -2156 2053 1687 -2509

Alcohol intake (g/day) 3.5 0.6 -11.1 3.3 0.5 -10.3 6.1 0.8 -18.2 2.6 0.4 -10.0 4.5 0.9 -12.1 3.6 0.6 -10.9 1.9 0.0 -10.1

Red meat (g/day) 33.1 16.1 -56.7 – – 20.4 2.2 -44.6 38.4 21.7 -65.9 13.8 1.4 -38.2 35.4 16.7 -62.8

Processed meat (g/
day)

21.4 9.1 -38.5 4.6 1.0 -20.7 29.9 16.2 -51.4 – – 15.4 2.0 -34.3 16.7 6.4 -32.4

Poultry (g/day) 12.6 4.6 -22.3 0.6 0.0 -8.1 15.1 0.0 -35.7 8.2 0.0 -19.5 13.2 5.5 -23.8 – –

Vegetable intake (g/
day)

184.4 117.2 -284.3 219.6 133.8 -327.1 290.8 188.1 -419.2 241.9 150.7 -362.4 159.9 101.3 -244.4 179.8 108.8 -286.1 259.9 171.2 -375.6

Fruit intake (g/day) 209.9 120.1 -324.0 212.7 121.0 -331.9 226.4 122.4 -343.5 251.6 149.9 -377.7 180.5 96.3 -276.4 194.7 110.7 -308.0 257.8 150.0 -411.2

Number % Number % Number % Number % Number % Number % Number %

Never smoker 186026 57.9 34149 61.7 640 58.8 53821 63.1 333 53.5 48343 58.4 1671 62.5

Former smoker 72311 22.5 13925 25.2 219 20.1 18263 21.4 125 20.1 19377 23.4 548 20.5

Current smoker 62910 19.6 7255 13.1 230 21.1 13271 15.5 164 26.4 15127 18.3 454 17.0

Physically inactivea 69310 21.6 10273 18.6 278 25.5 22890 26.8 173 27.8 15243 18.4 838 31.4

Physically activea 45458 14.2 8883 16.1 125 11.5 13497 15.8 75 12.1 13749 16.6 377 14.1

University degree 72647 22.6 18870 34.1 295 27.1 23490 27.5 117 18.8 23999 29.0 403 15.1

aas determined using the Cambridge physical activity score (including leisure time and occupational physical activity); physically inactive included the categories ‘inactive’ and ‘moderately inactive’, physically active

included ‘active’ and ‘moderately active’ participants. BMI, body mass index; Q1 to Q3, range between quartiles 1 and 3.
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continuous models either. While the associations were

similar in the uncalibrated and calibrated models for red

meat and poultry, the association between processed

meat consumption and all-cause mortality was stronger

in the calibrated model: per 50 g increase in daily pro-

cessed meat consumption, the HR for all-cause mortality

was 1.18 (95% CI 1.11 to 1.25). In the calibrated spline

models, we observed significantly higher all-cause mor-

tality with higher consumption of processed meat and

no statistically significant association with red meat or

poultry intake (Figure 1). However, all-cause mortality

was higher among participants with very low or no red

meat consumption.

We also explored the association of meat intake with

mortality in models without adjusting for total energy

intake. However, the results were identical for models

not including (data not shown) and including total

energy intake. Results were also similar for models

including total energy and fruit and vegetable intake. The

associations between red or processed meat or poultry

intake and all-cause mortality were also similar for the

first two years or after the first two years of follow-up

(data not shown).

For processed meat, for which we observed statistically

significant associations with overall mortality, we exam-

ined whether this effect differed by sub-groups of our

population. We did not observe statistically significant

effect modification by sex (Table 4), with similarly

increased all-cause mortality in both sexes, although the

association was statistically significant only among men

(HR = 1.35, 95% CI 1.16 to 1.58, 160+ versus 10 to 19.9

g/day), but not among women (HR = 1.38, 95% CI 0.95

Table 2 Association between consumption of red and processed meat, poultry and all-cause mortality in EPIC.

Intake (g/d) Mean (s.e.) intakea (24 hour recall; g/d) Ncases HRb 95% CIb HRc 95% CIc HRd 95% CId

Men Women

Red meat

0 to 9.9 20.3 (2.0) 20.5 (1.0) 3175 1.05 (0.99, 1.10) 1.07 (1.01, 1.13) 1.04 (0.99, 1.10)

10 to 19.9 35.5 (2.0) 25.9 (0.9) 2774 1.00 (ref) 1.00 (ref) 1.00 (ref)

20 to 39.9 47.9 (1.5) 33.1 (0.7) 6459 1.02 (0.98, 1.07) 1.01 (0.97, 1.06) 1.01 (0.97, 1.06)

40 to 79.9 62.3 (1.4) 44.8 (0.8) 8935 1.04 (0.99, 1.09) 0.99 (0.94, 1.03) 0.99 (0.94, 1.03)

80 to 159.9 81.0 (2.0) 55.9 (1.5) 4639 1.15 (1.09, 1.21) 1.03 (0.98, 1.09) 1.03 (0.97, 1.08)

160+ 110.8 (7.7) 70.9 (10.8) 362 1.37 (1.23, 1.54) 1.14 (1.01, 1.28) 1.10 (0.98, 1.24)

Processed meat

0 to 9.9 14.9 (0.9) 14.3 (0.5) 6236 1.00 (0.96, 1.04) 1.04 (0.99, 1.08) 1.01 (0.97, 1.06)

10 to 19.9 37.5 (1.5) 26.9 (0.6) 4683 1.00 (ref) 1.00 (ref) 1.00 (ref)

20 to 39.9 51.1 (1.2) 36.1 (0.6) 7301 1.06 (1.03, 1.11) 1.03 (0.99, 1.07) 1.03 (0.99, 1.07)

40 to 79.9 71.6 (1.4) 46.6 (0.9) 5997 1.17 (1.12, 1.22) 1.09 (1.05, 1.14) 1.09 (1.04, 1.13)

80 to 159.9 90.7 (2.4) 57.8 (2.5) 1904 1.36 (1.28, 1.44) 1.21 (1.14, 1.28) 1.20 (1.13, 1.28)

160+ 121.3 (7.7) 71.0 (12.2) 223 1.74 (1.51, 2.00) 1.44 (1.24, 1.66) 1.43 (1.24, 1.64)

Poultry

0 to 4.9 9.7 (0.8) 10.5 (0.5) 6973 1.08 (1.04, 1.13) 1.08 (1.04, 1.13) 1.08 (1.03, 1.12)

5 to 9.9 11.4 (1.0) 12.5 (0.6) 4568 1.00 (ref) 1.00 (ref) 1.00 (ref)

10 to 19.9 20.4 (1.1) 16.0 (0.6) 7211 0.97 (0.94, 1.01) 0.98 (0.95, 1.02) 0.98 (0.95, 1.02)

20 to 39.9 22.4 (1.1) 22.4 (0.8) 4563 0.95 (0.91, 0.99) 0.97 (0.93, 1.02) 0.97 (0.93, 1.01)

40 to 79.9 36.6 (2.2) 26.3 (1.4) 2702 0.95 (0.90, 1.00) 0.97 (0.93, 1.03) 0.97 (0.92, 1.02)

80+ 50.3 (6.1) 35.6 (6.2) 327 1.03 (0.92, 1.15) 1.05 (0.94, 1.18) 1.05 (0.94, 1.18)

ameans (and SD) computed from 24-hour recalls based on categories from FFQs; bstratified by age (one-year age groups), sex, study center; cstratified by age

(one-year age groups), sex, study center, adjusted for education (five categories), body weight (continuous), body height (continuous), total energy intake

(continuous), alcohol consumption (continuous), physical activity (four categories), smoking status (seven categories), smoking duration (six categories); dstratified

by age (one-year age groups), sex, study center, adjusted for education (five categories), body weight (continuous), body height (continuous), total energy intake

(continuous), alcohol consumption (continuous), physical activity (four categories), smoking status (seven categories), smoking duration (six categories), meat

intake mutually adjusted for each other. CI, confidence interval; FFQs, food frequency questionnaires; HR, hazard rate; N, number; s.e., standard error.

Table 3 Association between consumption of red and

processed meat, and poultry and all-cause mortality in

EPIC.

Observed Calibrated

HRa (95% CI) HRa (95% CI)

Red meat (per 100 g) 1.02 (0.98 to 1.06) 1.02 (0.98 to 1.06)

Poultry (per 50 g) 0.96 (0.92 to 0.99) 0.95 (0.87 to 1.04)

astratified by age (one-year age groups), sex, study center, adjusted for education

(five categories), body weight (continuous), body height (continuous), total

energy intake (continuous), alcohol consumption (continuous), physical activity

(four categories), smoking status (seven categories), smoking duration (six

categories); CI, confidence interval; HR, hazard rate.
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to 2.00; P-interaction 0.88). This may be due to the rela-

tively small number of deaths among women in the high-

est processed meat consumption category (29 women;

194 men). There was also a statistically significant interac-

tion between smoking and processed meat consumption

(P-interaction 0.01), with mortality being significantly

increased among former (HR = 1.68, 95% CI 1.29 to 2.18)

and current smokers (HR = 1.47, 95% CI 1.18 to 1.83), but

there was no association among never smokers (HR =

1.24, 95% CI 0.89 to 1.72). However, the small number of

deaths among never smokers has to be taken into account

(n = 44; 72 among former and 107 among current smo-

kers in the top consumption category). We observed a sta-

tistically significant interaction with body mass index, such

that the association between processed meat consumption

and all-cause mortality was stronger in lean than in over-

weight and obese participants (P-interaction 0.04). Those

with a lower fruit and vegetable intake (below median

intake) had a higher overall mortality in the highest con-

sumption category of processed meat (160+ g/day) as

compared to subjects with a fruit and vegetable intake

above the median intake (P-interaction 0.001).

No statistically significant heterogeneity between

countries was observed for the associations of processed

meat and poultry consumption with mortality (P-values

>0.05), but was observed for the association of red meat

intake with mortality (P-value 0.006). This heterogeneity

was not driven by risk estimates from a particular coun-

try (data not shown).

Very high consumption of red meat was associated

with a non-significantly increased cancer mortality, but

not with deaths due to cardiovascular diseases, respira-

tory diseases, diseases of the digestive tract, or any other

cause of deaths (Table 5). However, the increase in risk

was not observed in the continuous model. In contrast,

participants who consumed 160+ g of processed meat

per day had an increased risk of dying of cardiovascular

diseases compared with those who consumed only mod-

erate amounts (10 to 19.9 g/day; HR = 1.72, 95% CI 1.29

to 2.30); this association was also observed in the contin-

uous model, even after correcting for measurement error

(HR = 1.30, 95% CI 1.17 to 1.45 per 50 g/day). There was

also a significant positive association between processed

meat consumption and risk of dying from cancer (HR =

Figure 1 Nonparametric regression curve for the relation of processed meat intake at recruitment with all-cause mortality, European

Prospective Investigation into Cancer and Nutrition (EPIC), 1992-2009. Solid line, effect estimate; dotted lines, 95 percent confidence

interval.
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1.11, 95% CI 1.03 to 1.21 per 50 g/day) or other causes of

death (HR = 1.22, 95% CI 1.11 to 1.34 per 50 g/day).

Since the results of the categorical model deviated from

the continuous model, we reexamined the association

between processed meat intake and cancer risk using the

lowest consumption category (0 to 9.9 g/d) as reference

and observed a statistically significantly increased risk for

cancer mortality for those who consumed 80 to 159.9 g/day

(HR = 1.12, 95% CI 1.01 to 1.24) and a non-significantly

increased risk in the highest consumption category (HR =

1.19, 95% CI 0.93 to 1.51). Although for some categories of

processed meat intake a positive association with mortality

from respiratory diseases and digestive tract diseases was

obtained, the continuous models failed to reach statistical

significance. Poultry consumption was not consistently

associated with deaths from any of these causes.

Discussion
In the EPIC cohort, a high consumption of processed meat

was related to moderately higher all-cause mortality. After

correction for measurement error, red meat intake was no

longer associated with mortality, and there was no associa-

tion with the consumption of poultry. Processed meat

consumption was associated with increased risk of death

from cardiovascular diseases and cancer.

The largest study so far, the National Institutes of

Health-American Association of Retired Persons (NIH-

AARP) cohort in the US, reported positive associations

of both red and processed meat consumption with risk

for all-cause mortality [8]. In that cohort, the association

was stronger for red meat than for processed meat intake,

which might be due to the fact that red meat in that US

cohort also included processed meat. Similarly, in the

Nurses’ Health Study and the Health Professionals Fol-

low-up Study (HPFS), high red meat intake was related

to higher all-cause mortality [6]. The effect was similar

for unprocessed and processed red meat. Similar associa-

tions were reported in other [10,14,17], but not all, stu-

dies [15]. Also, several vegetarian studies did not find

increased all-cause mortality among non-vegetarians

Table 4 Association between processed meat consumption and all-cause mortality by sex, alcohol consumption, BMI,

smoking status, and fruit and vegetable consumption.

Intake (g/day)

0-9.9 10-19.9 20-39.9 40-79.9 80-159.9 160+ P-interaction

Sex

Males HR 0.99 1.00 1.00 1.04 1.13 1.32

(95% CI) (0.91, 1.07) (ref.) (0.94, 1.07) (0.98, 1.12) (1.04, 1.22) (1.12, 1.54)

Females HR 1.05 1.00 1.04 1.09 1.22 1.37

(95% CI) (1.00, 1.10) (ref.) (0.99, 1.09) (1.04, 1.16) (1.10, 1.34) (0.94, 2.00) 0.88

Alcohola

<median HR 1.00 1.00 1.02 1.08 1.19 1.35

(95% CI) (0.94 to 1.06) (ref.) (0.97 to 1.08) (1.02 to 1.15) (1.09 to 1.30) (1.09 to 1.69)

≥median HR 1.03 1.00 1.05 1.1 1.19 1.45 0.71

(95% CI) (0.97 to 1.10) (ref.) (0.99 to 1.11) (1.03 to 1.17) (1.09 to 1.31) (1.19 to 1.77)

BMI

<25 kg/m2 HR 1.06 1.00 1.03 1.10 1.15 1.63

(95% CI) (1.00 to 1.13) (ref.) (0.97 to 1.09) (1.03 to 1.18) (1.04 to 1.28) (1.27 to 2.09)

≥25 kg/m2 HR 0.99 1.00 1.04 1.09 1.25 1.38

(95% CI) (0.93 to 1.05) (ref.) (0.99 to 1.10) (1.03 to 1.15) (1.15 to 1.35) (1.15 to 1.65) 0.04

Smoking status

Never HR 1.02 1.00 0.99 1.01 1.15 1.24

(95% CI) (0.96, 1.09) (ref.) (0.93, 1.05) (0.94, 1.08) (1.03, 1.29) (0.89, 1.72)

Former HR 1.03 1.00 1.07 1.14 1.26 1.68

(95% CI) (0.95, 1.11) (ref.) (0.99, 1.14) (1.06, 1.24) (1.12, 1.41) (1.29, 2.18)

Current HR 1.04 1.00 1.08 1.15 1.26 1.47

(95% CI) (0.95, 1.13) (ref.) (1.01, 1.16) (1.07, 1.25) (1.13, 1.40) (1.18, 1.83) 0.01

Fruits and vegetables

<median HR 1.1 1.00 1.04 1.1 1.2 1.53

(95% CI) (1.04 to 1.17) (ref.) (0.99 to 1.10) (1.04 to 1.16) (1.11 to 1.30) (1.29 to 1.83)

≥median HR 0.99 1.00 1.03 1.08 1.2 1.27

(95% CI) (0.94 to 1.05) (ref.) (0.97 to 1.08) (1.01 to 1.15) (1.09 to 1.32) (0.99 to 1.63) 0.001

aCut-offs: alcohol: 14.8 g (men), 3.8 g (women); fruits and vegetables: 326 g (men), 414 g (women). BMI, body mass index; CI, confidence interval; HR, hazard rate.
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compared with vegetarians [9,11,13,16]. The EPIC results

do not show the lowest relative risks (RRs) for subjects in

the lowest meat intake category, but a slight J-shaped

association with the lowest risk among subjects with low-

to-moderate meat consumption. This was observed for

red meat and poultry. Also, taking into account the

results from the studies that evaluated vegetarian and

low-meat diets, it appears that a low - but not a zero -

consumption of meat might be beneficial for health. This

is understandable as meat is an important source of

nutrients, such as protein, iron, zinc, several B-vitamins

as well as vitamin A and essential fatty acids (linoleic acid

and to a minor extent eicosapentaenoic and docosahex-

aenoic acids also). A sub-optimal supply of some of these

nutrients due to an unbalanced type of vegetarian diet

seems possible and might be associated with an increased

risk for morbidity and mortality. However, support for

this hypothesis from the literature is not strong, espe-

cially when looking at the population level. Alternatively,

subjects with very moderate meat consumption may

be the group with the highest proportion of health-

conscious subjects who also try to optimize their diet (as

part of a healthy lifestyle).

In contrast to the US results, we observed a consistent

association between processed meat consumption and

total mortality but not between red meat consumption

and total mortality. Processed meats such as sausages, sal-

ami and bacon have a higher content of saturated fatty

acids and cholesterol than fresh red meat; the latter is

often consumed after removing the visible fat tissue,

whereas the proportion of fat in sausages often reaches

50% of the weight or even more. Both high saturated fat

and cholesterol intake have been found to be related to

the risk of coronary heart disease [2]. Also, processed

Table 5 Association between meat consumption and cause-specific mortality in EPIC.

Cardiovascular diseases Cancer Respiratory diseases Digestive tract Other cause of death

Intake (g/d) Ncases HRa 95% CI Ncases HRa 95% CI Ncases HRa 95% CI Ncases HRa 95% CI Ncases HRa 95% CI

Red meat

0 to 9.9 695 1.03 (0.92, 1.16) 1077 1.04 (0.95, 1.14) 164 1.09 (0.84, 1.41) 74 0.81 (0.58, 1.14) 1019 1.10 (1.00, 1.21)

10 to 19.9 613 1.00 (ref.) 1052 1.00 (ref.) 116 1.00 (ref.) 74 1.00 (ref.) 833 1.00 (ref.)

20 to 39.9 1395 1.01 (0.91, 1.11) 2477 1.04 (0.96, 1.12) 227 0.86 (0.68, 1.09) 170 0.95 (0.72, 1.25) 1971 1.02 (0.94, 1.11)

40 to 9.9 1862 1.02 (0.92, 1.12) 3353 0.99 (0.91, 1.06) 357 0.92 (0.73, 1.16) 239 0.84 (0.64, 1.11) 2800 0.98 (0.90, 1.07)

80 to 159.9 924 1.04 (0.93, 1.17) 1759 1.03 (0.95, 1.13) 194 1.05 (0.81, 1.37) 144 0.88 (0.64, 1.21) 1433 1.03 (0.94, 1.14)

160+ 67 1.07 (0.82, 1.40) 143 1.21 (1.00, 1.46) 10 0.80 (0.40, 1.60) 14 1.02 (0.55, 1.90) 112 1.17 (0.95, 1.44)

Per 100 g/day

Observed 1.10 (1.00, 1.19) 1.01 (0.94, 1.08) 1.02 (0.83, 1.24) 1.04 (0.82, 1.32) 1.01 (0.95, 1.09)

Calibrated 1.09 (1.00, 1.18) 1.00 (0.94, 1.07) 1.06 (0.88, 1.28) 1.03 (0.83, 1.29) 1.02 (0.94, 1.10)

Processed meat

0 to 9.9 1635 1.06 (0.96, 1.16) 2223 0.96 (0.90, 1.03) 322 1.11 (0.90, 1.37) 161 1.08 (0.83, 1.41) 1654 1.10 (1.02, 1.18)

10 to 19.9 855 1.00 (ref.) 1848 1.00 (ref.) 171 1.00 (ref.) 112 1.00 (ref.) 1547 1.00 (ref.)

20 to 39.9 1335 1.05 (0.96, 1.15) 2745 1.01 (0.95, 1.07) 287 1.21 (0.99, 1.47) 209 1.30 (1.02, 1.64) 2496 1.03 (0.97, 1.10)

40 to 79.9 1222 1.16 (1.05, 1.28) 2252 1.03 (0.96, 1.10) 220 1.29 (1.04, 1.61) 178 1.37 (1.06, 1.78) 1889 1.09 (1.02, 1.18)

80 to 159.9 453 1.35 (1.18, 1.54) 714 1.08 (0.98, 1.19) 60 1.27 (0.91, 1.77) 48 1.18 (0.80, 1.73) 526 1.28 (1.14, 1.43)

160+ 56 1.72 (1.29, 2.30) 79 1.15 (0.90, 1.46) 8 1.73 (0.82, 3.65) 7 1.58 (0.70, 3.54) 56 1.64 (1.24, 2.18)

Per 50 g/day

Observed 1.15 (1.09, 1.21) 1.06 (1.02, 1.10) 1.10 (0.98, 1.25) 1.04 (0.91, 1.20) 1.11 (1.06, 1.15)

Calibrated 1.30 (1.17, 1.45) 1.11 (1.03, 1.21) 1.22 (0.97, 1.54) 1.09 (0.82, 1.47) 1.22 (1.11, 1.34)

Poultry

0 to 4.9 1494 1.05 (0.96, 1.15) 2502 1.10 (1.03, 1.17) 297 1.11 (0.91, 1.35) 189 1.03 (0.81, 1.30) 2220 1.09 (1.01, 1.17)

5 to 9.9 982 1.00 (ref.) 1706 1.00 (ref.) 184 1.00 (ref.) 132 1.00 (ref.) 1383 1.00 (ref.)

10 to 19.9 1565 1.00 (0.92, 1.09) 2649 1.00 (0.94, 1.06) 294 0.99 (0.82, 1.20) 191 0.89 (0.71, 1.12) 2286 0.98 (0.91, 1.05)

20 to 39.9 907 0.92 (0.83, 1.01) 1853 0.99 (0.93, 1.07) 153 0.95 (0.75, 1.20) 121 0.85 (0.66, 1.11) 1344 1.02 (0.95, 1.11)

40 to 79.9 541 0.90 (0.81, 1.01) 1024 1.01 (0.93, 1.10) 123 1.05 (0.82, 1.34) 68 0.85 (0.63, 1.16) 853 1.00 (0.92, 1.10)

80+ 67 0.94 (0.73, 1.21) 127 1.00 (0.83, 1.20) 17 1.37 (0.82, 2.28) 14 1.42 (0.80, 2.50) 82 1.10 (0.88, 1.39)

Per 50 g/day

Observed 0.93 (0.85, 1.01) 0.97 (0.91, 1.03) 1.21 (1.06, 1.38) 0.89 (0.71, 1.13) 1.01 (0.95, 1.07)

Calibrated 0.84 (0.69, 1.03) 0.98 (0.82, 1.16) 1.32 (1.02, 1.73) 0.72 (0.41, 1.29) 1.05 (0.91, 1.21)

astratified by age (one-year age groups), sex, study center, adjusted for education (five categories), body weight (continuous), body height (continuous), total

energy intake (continuous), alcohol consumption (continuous), physical activity (four categories), smoking status (seven categories), smoking duration (six

categories); CI, confidence interval; HR, hazard rate; N, number.
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meat is treated by salting, curing, or smoking in order to

improve the durability of the food and/or to improve color

and taste. These processes, however, lead to an increased

intake of carcinogens or their precursors (polycyclic aro-

matic hydrocarbons, heterocyclic aromatic amines, nitro-

samines) or to a high intake of specific compounds

possibly enhancing the development of carcinogenic pro-

cesses (for example, nitrite).

We estimated that 3.3% of all deaths could be prevented

if processed meat consumption were below 20 g/day. In

the AARP cohort, the preventable fraction was estimated

to be much higher, that is, 20% if women decreased their

processed meat consumption to less than 1.6 g/1,000 kcal/

day (the authors did not state the preventable fraction for

men [8]). The preventable fraction was estimated to be

9.3% in the HPFS and 7.6% in the Nurses’ Health Study if

the participants lowered their red meat (processed and

unprocessed) consumption to less than 0.5 servings per

day. The difference between the US studies and our result

is likely due to the stronger risk estimates observed in the

US cohorts compared with our cohort, but may also be

explained by higher meat consumption in the US than in

Europe.

As in the US cohorts, EPIC participants with a high

processed meat intake had an increased risk of cardio-

vascular and cancer mortality. We have previously

reported an increased risk of colorectal [29] and gastric

[30] cancer with high meat, in particular processed

meat, consumption. However, in contrast to the US

cohorts [6,8], there was no statistically significant asso-

ciation of red meat consumption with risk of cancer or

cardiovascular mortality. Also, in the Japan Collaborative

Cohort Study, meat consumption up to 100 g/day was

not related to increased mortality from cardiovascular

disease [7].

The EPIC study has several strengths including its pro-

spective design, the large sample size and the assessment

of diet using two different methods, that is, dietary ques-

tionnaires and a 24-hour dietary recall in a representative

sub-sample of the cohort. In a series of validation studies,

correlation coefficients for meat intake between 12 24-

hour recalls and food questionnaires ranged between 0.4

and 0.7 [31]. The single 24-hour recalls in a representa-

tive sample of the cohorts allow for partly correcting for

systematic over- and underestimation of dietary intakes

[32,33]. It is, therefore, important to note that the impact

of the calibration method in our study was such that the

risk estimates from the calibrated data are usually stron-

ger than the non-calibrated results. Nevertheless, mea-

surement error may still have an effect on calibrated RRs

to a certain extent because the error structure in the

reference method is not entirely independent of that in

the FFQ [34,35]. A further methodological strength of

the EPIC cohort is the inclusion of individuals from 10

European countries with distinctly diverging meat con-

sumption habits [36]. A high between-person variation in

diet decreases the impact of measurement error and

enables the detection of only modest diet-disease rela-

tionships. We did explore meat intake in models with

and without adjusting for total energy intake. In models

adjusting for energy intake, meat intake must substitute

the intake of other non-specified energy-providing foods.

However, the results were identical for models including

and not including total energy intake and also for models

including total energy and fruit and vegetable intake,

which have also been considered important in the devel-

opment of chronic diseases. The results observed in this

study were, thus, robust in a number of different models

with different interpretation. Lastly, loss to follow-up is

negligible as vital status is known for 98% of the cohort.

We cannot exclude residual confounding, in particular

due to incomplete adjustment for active and passive

smoking. The sub-group analysis for processed meat

showed heterogeneity according to smoking, with signif-

icant associations only in former and current smokers

and no significant associations in never smokers, which

is compatible with residual confounding by smoking.

Although EPIC includes ten European countries with a

wide range of dietary behaviors, we observed relatively

little heterogeneity in the association between meat con-

sumption and overall mortality.

We relied on mortality information from death certifi-

cates but cause of death as coded on death certificates is

not perfect. Deaths due to cancer are most correctly

diagnosed, whereas deaths due to coronary heart disease

tend to be overrepresented and respiratory diseases

might be underrepresented [37-39].

Conclusions
The results of our analyses suggest that men and

women with a high consumption of processed meat

are at increased risk of early death, in particular due to

cardiovascular diseases but also to cancer. In this

population, reduction of processed meat consumption

to less than 20 g/day would prevent more than 3% of

all deaths. As processed meat consumption is a modifi-

able risk factor, health promotion activities should

include specific advice on lowering processed meat

consumption.
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