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Abstract

Processed meat and red meat have been associated with increased mortality, but studies are inconsistent and few have investi-
gated substitution by other protein sources. The relationship of overall and causes-specific mortality with red meat, processed
meat, and other dietary protein sources was investigated in The Netherlands Cohort Study. In 1986, 120,852 men and women
aged 55-69 years provided information on dietary and lifestyle habits. Mortality follow-up until 1996 consisted of linkage
to statistics Netherlands. Multivariable case-cohort analyses were based on 8823 deaths and 3202 subcohort members with
complete data on diet and confounders. Red meat (unprocessed) intake was not associated with overall and cause-specific
mortality. Processed meat intake was significantly positively related to overall mortality: HR (95% CI) comparing highest
versus lowest quintile, 1.21 (1.02-1.44) with P,..,4=0.049. Significant associations were observed for cardiovascular [HR Q5
vs. Q1, 1.26 (1.01-1.26)] and respiratory [HR =1.79 (1.19-2.67)], but not cancer mortality [HR =1.16 (0.97-1.39)]. Adjust-
ment for nitrite intake attenuated these associations which became nonsignificant: HRs Q5 versus Q1 (95% CI) were: 1.10
(0.77-1.55) for total, 1.09 (0.71-1.67) for cardiovascular, 1.44 (0.68-3.05) for respiratory, and 1.11 (0.78—1.58) for cancer
mortality. Nitrite was significantly associated with overall, CVD and respiratory mortality. Poultry intake was significantly
inversely related to cancer and overall mortality. While fish intake showed positive associations, nut intake showed inverse
associations with all endpoints. Replacing processed meat with a combination of poultry, eggs, fish, pulses, nuts and low-fat
dairy was associated with lower risks of overall, cardiovascular and respiratory mortality. Processed meat was related to
increased overall, CVD and respiratory mortality, potentially due to nitrite. Substituting processed meat with other protein
sources was associated with lower mortality risks.

Keywords Processed meat - Red meat - Protein sources - Mortality - Neoplasms - Cardiovascular diseases - Respiratory
diseases - Cohort studies
Introduction

Processed meat and unprocessed red meat intake have been
linked to overall and cause-specific mortality in prospective
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cardiovascular and cancer mortality were specifically studied
in this respect [1]. Furthermore, little work has been done
on respiratory mortality and processed meat intake which
were recently found to be related [4]. Individual types of
processed meat have rarely been studied with regard to mor-
tality, as well as the relation with nitrite intake, an important
preservative used in processed meat.

Apart from red and processed meat, other dietary protein
sources have been studied to varying extent with regard to
mortality (e.g., [5—-17]). These sources include poultry, eggs,
fish, legumes, nuts, and dairy foods. While meta-analyses for
nuts show a consistently inverse association [14], a recent
meta-analysis on fish [12] shows large variations in asso-
ciations between fish consumption and mortality between
cohorts from Europe versus other continents. Again, only
few studies from Europe were available [18, 19].

To further investigate the associations of unprocessed
red meat, processed meat, and other dietary protein sources
with risk of overall and cause-specific mortality, data from a
large European cohort study, The Netherlands Cohort Study,
were used. In addition, the effect of substituting other protein
sources for processed meat on mortality was examined.

Methods
Study design and mortality follow-up

The NLCS started in September 1986 and includes 58,279
men and 62,573 women aged 55-69 years [20]. At baseline
(September 1986), they completed a mailed, self-admin-
istered 11-page questionnaire on cancer risk factors. The
NLCS study was approved by the Maastricht University
institutional review board. For efficiency, we applied the
nested case-cohort method [21], requiring only data-entry
of questionnaires (which could not be scanned) of cases
and a random subcohort. Following this method [20], cases
were enumerated from the entire NLCS-cohort of 120,852
(numerator information of mortality rates), whereas the
accumulated person-years at risk in the cohort were esti-
mated using a subcohort of 5000 subjects (denominator
information). The case-cohort method implies that the per-
sontime at risk is estimated through a sample of the total
cohort, instead of actively following the total cohort. Data
entry of questionnaires is only needed for cases and subco-
hort members, instead of the total cohort [20, 21]. Immedi-
ately after the NLCS-baseline measurement, the subcohort
(2411 men, 2589 women) was randomly sampled from the
cohort, and actively followed up since 1986 for vital sta-
tus and migration. For this analysis the final follow-up date
was December 31, 1996. Participants who emigrated where
censored at migration date. Data on mortality and causes
of death in the cohort-at-large were obtained from linkage
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with the Dutch Central Bureau of Genealogy and Statistics
Netherlands. Through this linkage, 18,091 deaths were iden-
tified between January 1987 and December 1996. The com-
pleteness of the mortality follow-up was 99% [22]. Overall
mortality follow-up was not available for the NLCS after
this period. Causes of death were coded according to the
International Classification of Disease, ninth revision (ICD-
9) for 1987-1995 and ICD-10 for 1996 [13]. Besides total
mortality, the following major primary causes of death were
separately investigated: cancer (ICD-9: 140-239; ICD-10:
C00-D438), cardiovascular (CVD) (ICD-9: 390-459; ICD-
10: 100-199), respiratory disease (ICD-9: 460-519; ICD-10:
J00-J99).

Exposure assessment

The baseline questionnaire measured dietary intake (150
items), detailed smoking habits and many other lifestyle fac-
tors, and medical conditions [20]. Habitual consumption of
food and beverages during the year preceding baseline was
assessed using a semi-quantitative food-frequency question-
naire (FFQ), which was validated against a 9-day diet record
[23]. Average daily intakes of meat, fish, eggs, dairy, pulses
and nuts were calculated by multiplying the intake frequency
of individual items by their weights, using either standard
serving sizes or reported portion sizes, and summing over
the items within these food groups. Fresh (unprocessed) red
meat consisted of the following items: beef, pork, minced
meat (including beef and pork), liver, and other meat (e.g.,
horsemeat, lamb). Poultry included chicken and turkey. Pro-
cessed meat was defined as meat items that had undergone
some form of preservation (mostly treatment with nitrite
salt, sometimes smoked or fermented). Processed meat con-
sisted of the following items: ham, bacon, smoked beef or
pork loin roll, and other sliced cold meats (e.g., sausages).
As in the European Prospective Investigation into Cancer
(EPIC) [2], processed meat mainly referred to processed red
meat, but may contain small amounts of processed white
meat (poultry) also, as in sausages for example.

There were 3 items on fish consumption (with the hot
meal, for lunch, or as a snack in between meals). Low-fat
dairy items included nonfermented and fermented low-fat
milk and low-fat cheese [24].

The FFQ has been validated and tested for reproducibility
in the NLCS [23, 25]. The Spearman correlation coefficients
for fresh meat, processed meat, and fish as assessed by the
questionnaire and those estimated from the 9-day record
were 0.46, 0.54 and 0.53, respectively. For dairy and eggs,
these were 0.60 and 0.61, respectively [23]. No validation
data are available for pulses and nut intake [13].

For fresh meat and processed meat together, respond-
ents could also indicate whether they ate “more, less, or
the same amount” 5 years before baseline, compared to
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baseline. Stable meat consumers were those indicating the
same amount. Nutrient intakes were calculated using the
computerized Dutch food composition table [26].

Population for analysis

From the 18,091 deaths in the cohort, subjects who reported
a history of cancer (excluding skin cancer) or CVD (myo-
cardial infarction, angina pectoris, stroke) at baseline were
excluded from this mortality analysis to avoid reverse cau-
sation, leaving 12,386 deaths. A similar exclusion applied
to the subcohort yielded 4193 subcohort members avail-
able. Additionally, subjects with incomplete or inconsistent
dietary data were excluded, according to criteria described
previously [22, 23], leaving 10,382 deaths (6701 men, 3681
women) and 3693 subcohort members (1743 men, 1950
women) available for analysis after these exclusions. Mul-
tivariable case-cohort analyses were based on 8823 deaths
and 3202 subcohort members with complete data on diet
and confounders. Cause-specific numbers are presented in
Supplementary Figure S1.

Statistical analysis

For the intakes of red meat and processed meat, the mean
(SD) values were calculated in the subcohort. Associations
between red and processed meat intake and various (non)
dietary characteristics were examined by cross-tabulations.
The relationship between intake of red meat, processed meat
and other protein sources and overall mortality and cause-
specific mortality was evaluated using Cox proportional
hazards models; deaths due to other causes were censored
at date of death for cause-specific analyses. Analyses were
initially done for men and women separately to allow and
evaluate possible effect modification by sex, but later com-
bined because there was no significant interaction. The pro-
portional hazards assumption was evaluated using —In(-In)
survival plots, and by adding interaction terms between
exposure and time to the multivariable adjusted models, and
tested using Wald tests. No violation of the proportional
hazards assumption was found. Standard errors were esti-
mated using the robust Huber—White sandwich estimator to
account for additional variance introduced by the subcohort
sampling [27].

In age—sex and multivariable-adjusted survival analyses,
meat and protein source intake were evaluated and tested on
categorical (quintiles for red and processed meat; quartiles
for low-fat dairy; categories 0, 0.1 to <10, 10 to <20, 20+ g/
day for poultry, eggs, fish, pulses and nuts) and continuous
scales. In multivariable analyses, hazard ratios (HRs) were
corrected for potential confounders: age at baseline (continu-
ous, years), cigarette smoking status (coded as never, for-
mer, current smoker), number of cigarettes smoked per day,

and years of smoking (both continuous, centered), history
of physician-diagnosed hypertension (no, yes) and diabetes
(no, yes), body height (continuous, m), BMI (< 18.5, 18.5
to <25, 25 to <30, > 30 kg/m?), non-occupational physical
activity (<30, 30-60, 61-90, >90 min/day), highest level
of education (primary school or lower vocational, second-
ary or medium vocational, and higher vocational or univer-
sity), intake of alcohol (0, 0.1 to <5, 5 to <15, 15 to <30,
30+ g/day), vegetables and fruit (both continuous, g/day),
nuts (0, 0.1 to <5, 5 to <10, 10+ g/day), energy (continu-
ous, kcal/day), use of nutritional supplements (no, yes), and,
in women, postmenopausal hormone replacement therapy
(never, ever). Red meat and processed meat intake were
mutually adjusted for each other as well in additional analy-
ses. Analyses were repeated after excluding deaths occur-
ring in the first 2 years of follow-up. Listwise deletion was
applied to handle missing data for potential confounders.
Tests for trends were assessed using Wald tests, by fitting
median values of intake per intake category as continuous
terms. Tests for non-linearity in the associations with mor-
tality were conducted using restricted cubic splines, using
three knots (10th, 50th, 90th percentiles). These survival
analyses were carried out for overall mortality, followed by
cause-specific analyses.

Substitution analyses were performed in which mortality
associations were estimated when replacing processed meat
with other dietary protein sources. The multivariable model
(with the covariables mentioned earlier) included intake
of all groups of dietary protein sources as continuous vari-
ables (units 50 g/day), except for processed meat which is to
be replaced, and a variable representing the total intake of
dietary protein sources (unit 50 g/day). Then, hazard ratios
for each of the dietary protein sources in the model can be
interpreted as the estimated difference in rate of mortality
associated with 50 g/day higher intake of the protein sources
included in the model and a concomitant lower intake of the
source left out of the model, i.e. processed meat [28, 29], so
that the effect of substituting equal amounts, e.g., replacing
50 g/day of processed meat with 50 g/d of poultry, can be
estimated.

To evaluate potential residual confounding by mortality
risk factors, and interactions, analyses for overall mortal-
ity were also conducted in subgroups of smoking, alcohol,
BMLI, and physical activity. Multiplicative interactions with
these factors were tested using Wald tests and cross-product
terms. In sensitivity analyses, we additionally adjusted for
heme iron intake [30] and nitrite intake [31] to investigate
whether associations with red meat and processed meat,
respectively, might be attributed to these compounds. The
heme iron content from meat items and the meat used in
mixed dishes was estimated as an animal-specific percent-
age of total iron, derived from data in the literature, and has
been reported in detail elsewhere [30]. Food composition

@ Springer



354

P. A.van den Brandt

values for nitrite were obtained from analyses conducted by
the Dutch National Public Health Institute in 1984, based
on 5 samples per product [31]. All analyses were performed
using Stata version 14; presented P values are two-sided.

Results

The mean (SD) intake of unprocessed red meat among
subcohort members was 94.0 (41.5) g/day in men and 88.8
(37.7) g/day in women; for processed meat, these values
were 16.3 (17.3) and 10.5 (11.6) g/day, respectively. Among
subcohort members, both higher red meat and processed
meat consumption were associated with higher alcohol
intake and BMI in men and women, and red meat was asso-
ciated with lower fruit and low-fat dairy intake (Table 1).
Among men consuming more red meat and processed meat,
there were fewer never smokers, and fewer people had uni-
versity or higher vocational education. In men, red meat was
further positively associated with intake of vegetables, eggs
and nuts; in women, red meat was positively associated with
diabetes, and inversely with poultry intake, while processed
meat was positively associated with poultry. The Spearman
correlation coefficients between unprocessed red meat and
processed meat were rather low: 0.17 in men and 0.18 in
women.

Of the 8823 deaths with complete information on dietary
intake and potential confounders, 5797 occurred in men
and 3026 in women. Information on baseline exposure and
covariable characteristics of deceased subjects versus sub-
cohort members is presented in Supplementary Table 1.
Multivariable-adjusted survival analyses showed no sig-
nificant heterogeneity between men and women; therefore
results are presented for men and women combined. Red
meat (unprocessed) intake was not significantly associated
with overall mortality, nor with cause-specific mortality
(Table 2), in both categorical and continuous multivariable-
adjusted analyses. Among the 8823 total deaths with com-
plete information, there were 3917 deaths due to cancer,
2985 cardiovascular deaths and 550 deaths due to respiratory
disease. The positive association with cancer mortality in
age—sex-adjusted analyses disappeared after multivariable
adjustment. Processed meat intake showed a statistically
significantly positive association with overall mortality in
multivariable-adjusted analyses (Table 2), with a HR (95%
CI) of 1.21 (1.02-1.44) when comparing the highest versus
lowest intake quintile (Py,.,q=0.049). These associations
were essentially similar when analyses were limited to stable
meat users in sensitivity analyses (Table 2).

Regarding cause-specific mortality, processed meat
intake was also significantly associated with CVD mortal-
ity, with a HR (95% CI) of 1.26 (1.01-1.56) when compar-
ing highest versus lowest quintile (P.,q4=0.047), and with
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respiratory mortality, with HR (95% CI) of 1.79 (1.19-2.67)
and P.,4=0.007, but not significantly with cancer mortality.
Significant associations were also observed with CVD and
respiratory mortality when processed meat was modeled as
continuous exposure (Table 2). Results were similar after
mutual adjustment, i.e. when red meat analyses were addi-
tionally adjusted for processed meat intake, and vice versa
(data not shown). Spline regression plots of total mortality in
relation to red meat and processed meat are shown in Fig. 1.
There was no statistical evidence for nonlinearity for red
and processed meat (P for nonlinearity =0.279 and 0.064,
respectively). Spline regression of cause-specific mortality
(Fig. 2) revealed only evidence for nonlinearity for processed
meat and respiratory deaths (P for nonlinearity =0.016).

Results of Cox regression analyses for other dietary pro-
tein sources are shown in Tables 3 and 4. Intake values of
poultry (unprocessed), eggs, fish, pulses, and nuts were cat-
egorized into 0, 0.1 to <10, 10.0 to <20, and 20 + g/day
(for reasons of comparability). For low-fat dairy, quartiles of
intake were used. Poultry intake was significantly inversely
related to cancer mortality in multivariable-adjusted analy-
ses (Pyenqg=0.006), and less clearly with overall mortality
(Peng=0.044) (Table 3). Subjects consuming <20 g/d of
eggs showed significantly inverse associations with overall
and cancer mortality compared to nonconsumers, but the
trend tests or continuous analyses showed no significant
associations. No associations with poultry or egg intake
were seen for CVD or respiratory mortality. Fish intake was
significantly positively associated with overall and cause-
specific mortality with significantly elevated HRs for those
eating 20+ versus 0 g fish/day ranging from 1.29 to 1.50;
only for cancer mortality the trend test or continuous analy-
ses showed no significance.

While intake of pulses or low-fat dairy seemed unre-
lated to overall and cause-specific mortality (Table 4), nut
intake showed mostly significantly inverse associations with
mortality.

In substitution analyses (Fig. 3), replacing 50 g/day of
processed meat with 50 g/day of a combination of poultry,
eggs, fish, pulses, nuts and low-fat dairy was associated with
a 11% lower risk of overall mortality [HR 0.89 (95% CI,
0.75-1.06)], 20% lower risk of cardiovascular mortality [HR
0.80 (95% CI, 0.65-0.98)], and 37% lower risk of respiratory
mortality [HR 0.63 (95% CI, 0.46-0.88)]. Nuts appeared to
an important contributor to the beneficial substitution effect
for all endpoints (Fig. 3), whereas replacement of processed
meat with eggs and low-fat dairy contributed also benefi-
cially for respiratory and CVD mortality.

Analyses of interaction between red meat and pro-
cessed meat intake (using a smaller number of categories
because of lower numbers in cross-classification) revealed
no significant interactions for all mortality endpoints. Fig-
ure 4 (upper panel) shows HRs of respiratory mortality for
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Table 1 Baseline characteristics (means, or percent) according to red meat and processed meat intake in male and female subcohort members

with complete dietary and covariable data, Netherlands Cohort Study

Characteristic Red meat (quintiles) Processed meat (quintiles)

1 2 3 4 5 1 2 3 4 5
Men
Median (g/day) 46.4 73.2 89.4 108.8 1448 0.0 5.5 11.5 19.2 36.0
N 304 311 303 307 310 294 312 308 320 301
Age, mean (year) 61.7 61.5 61.3 61.3 60.7 62.3 61.3 61.0 61.1 60.8
BMI (kg/m?) 24.4 24.8 247 252 25.3 24.5 249 24.8 25.0 25.1
Physical activity, nonoccupational (min/day) 81.8 78.6 80.8 83.9 78.5 81.8 79.2 74.0 82.4 86.3
Alcohol intake (g/day) 11.9 14.7 14.7 15.7 18.6 12.7 13.9 16.6 16.3 16.1
Vegetable intake (g/day) 180.3 175.5 181.8 1856 2093  187.1 191.7 1765 1904  186.7
Fruit intake (g/day) 175.1 155.6 1502  151.1 147.8 1654 151.6 1452 1557 1623
Poultry intake (g/day) 13.9 14.9 133 11.1 13.1 13.1 12.6 13.7 12.8 14.1
Eggs intake (g/day) 15.7 16.5 16.9 17.5 19.0 14.8 16.1 18.0 17.7 19.1
Fish intake (g/day) 16.3 12.7 13.2 13.3 13.8 13.0 139 14.1 14.0 14.3
Pulses intake (g/day) 9.5 9.8 9.5 8.4 10.3 10.5 10.0 8.4 8.4 10.3
Nut intake (g/day) 7.3 7.6 73 9.8 9.4 5.7 8.6 9.6 8.6 8.8
Low-fat dairy (g/day) 217.1 1846 1762 1628 1490 1838 1875 172.8 1722 173.0
Never smoker (%) 16.1 145 14.9 134 135 18.4 14.1 13.0 14.1 13.0
University or higher vocational education (%)  24.3 22.8 21.5 20.8 17.4 23.1 23.7 23.7 18.8 17.6
Diabetes (%) 2.0 29 43 33 23 34 1.0 1.6 3.4 53
Hypertension (%) 23.7 24.1 21.5 21.5 21.3 24.5 237 23.4 21.3 19.3
Nutritional supplement user (%) 28.9 23.8 20.5 20.8 232 27.9 20.2 23.7 26.6 18.9
Women
Median (g/day) 37.3 61.9 79.2 95.7 1286 0.0 2.6 6.8 12.8 25.3
N 336 334 338 337 322 342 294 352 341 338
Age, mean (year) 61.7 61.5 61.7 61.5 61.4 61.9 61.9 61.2 61.5 61.3
BMI (kg/m?) 242 247 25.1 252 25.8 24.5 247 25.3 25.3 25.2
Physical activity, nonoccupational (min/day) 66.4 63.3 69.0 63.8 68.9 64.8 65.1 68.3 61.5 71.5
Alcohol intake (g/day) 4.6 6.0 5.9 6.7 7.5 49 6.4 6.2 6.9 6.4
Vegetable intake (g/day) 1926 1903 1882 1940 2002 1909 1933 1944 1903 196.1
Fruit intake (g/day) 198.3  200.6  201.1 188.8  188.6 1958  199.1 1932 188.0 2023
Poultry intake (g/day) 14.7 15.6 12.8 10.5 11.9 11.0 11.3 14.3 14.6 14.1
Eggs intake (g/day) 12.7 13.7 155 14.9 17.0 13.0 14.3 14.5 16.5 15.5
Fish intake (g/day) 11.8 11.6 11.2 104 11.3 9.7 10.8 11.6 11.9 12.2
Pulses intake (g/day) 8.7 6.6 6.2 6.2 6.1 7.8 7.0 6.2 7.1 5.8
Nut intake (g/day) 44 3.8 4.0 5.0 5.4 3.8 49 4.9 49 4.1
Low-fat dairy (g/day) 221.6 1956 1960 2114 1787 209.0 2047  206.5 187.3 196.9
Never smoker (%) 62.2 56.9 59.5 57.9 58.4 62.3 58.5 54.0 59.5 60.7
University or higher vocational education (%) 12.2 11.7 8.0 12.2 7.1 10.8 11.9 1.7 10.0 11.2
Diabetes (%) 1.8 1.8 33 3.6 4.7 2.6 2.0 2.0 2.1 6.2
Hypertension (%) 24.4 26.6 322 25.8 26.7 26.6 28.9 26.1 28.2 26.3
Nutritional supplement user (%) 51.8 40.1 30.2 34.7 31.7 41.8 36.7 40.1 37.8 32.0
Ever used hormone replacement therapy (%) 13.7 13.2 13.6 14.5 11.5 15.5 12.9 11.6 12.9 13.6

cross-classified quartiles of red meat and categories of pro-
cessed meat. The figure shows a generally increasing res-
piratory mortality risk with increasing intake of processed
meat, also at low level of red meat intake. For total mortality,

Fig. 4 (lower panel) shows this also, and that there is no clear
increasing risk with increasing red meat intake.

Because of the relatively high HRs of respiratory mor-
tality associated with processed meat, an additional analy-
sis was conducted regarding individual types of processed

@ Springer



P. A.van den Brandt

356

(1€ 1-L6'0) €11

WI'1-68°0) 10'1
0S¢

(80'1-26°0) 001

(60'T-¥6'0) 10’1
$86¢C

(IT1-L6'0) ¥0'1

WrI-10'D LO'T
Ll6E

(60'1-€6'0) 101

6159

(O1'1-L6'0) €01

(01'1-86'0) ¥0'1
€788

0TE0€

81€°0

6SL°0

¥8S°0

0280

8160

6170°0

01,0

60L°0

£€Ce0

(08'1-¥8°0) €T'1

(LTT1-69'0) €60
ell

(LT'1-LL'0) S6°0

(0T 1-¥8°0) 00'1
609

(IT°1-68°0) 2O'1

(I€'1-66'0) TI'1
L8

(T1'1-6L°0) 260

(434!

(0T'1-98°0) 20’1

(€T'1-76'0) 90'T

P81

SL6S

7orl

@TL1-v8°0) 0T'1

(I1€1-2L°0) L60
ecl

(81'1-6L°0) 96°0

(0T 1-¥8°0) 001
0€9

(6£'1-66'0) L1'1

P 1-60'D €T'1
0¢6

(€TT-€8°0) 101

€961

(9T 1-16'0) LO'1

(8T'1-66'0) O1'1

IL61

€09

Y101

(€S T-1L°0) ¥0'T

(1 1-65°0) 180
86

(80°1-2L°0) 88°0

(Tr'1-6L0) ¥6°0
VLS

(S1°1-28°0) L60

(61'1-L8°0) TO'1
LSL

(S0°'1-0L°0) 98°0

96C1

(60°1-6L°0) T6°0

(I1'1-€8°0) 960

8L91

0229

€8

(8L'1-18°0) 0T'1

(I1€'1-0L°0) 960
LO1

(ST1-€8°0) 20’1

(8T'1-68°0) LO'I
019

(0T1-¥8°0) 00°T

(0T'1-98'0) 20’1
01L

(ST'T-9L°0) €60

eIcl

(IT1-L8°0) 20’1

(I1T'1-06'0) ¥0'1

80LI

¥109

699

(1D %56)
JH pasnlpe
! -O[qeLIeADNA
(ID %$6) ¥H
1 pasnlpe-xas—o3y
601 Syyeap JO "ON
&priow L101p.01dsaY]
(I %56)
JH pasnlpe
! -O[qeLIeAD[NA
(ID %$6) ¥H
1 pasnlpe-xos—a3y
9§ syjesp Jo "'ON
Kpypiiout asDISIP ADINISPAOIPAD))
(I %56)
JH pasnlpe
[ -O[qeLIBADNA
(1D %56) ¥H
1 pasnlpe-xas—ady
€69 syjesp Jo "'ON
Apypvaout 420un)
(D %56)
JH pasnlpe
I -O[qeLIBADMA
syjeap Jo ‘ou
GGG ‘SIasn Jeaw J[qeIS

(1D %56)
JH pasnlpe
1 -9[qeLIBAI[NA
(1D %56) 9H
1 pasnlpe-xas—ady
(4! syjeap Jo "oN
Knporiow 1of
1I0y00qNs
LLO9 Ul SIBA-U0SI]
(Kep
€1y /3) SYeIul uIpSN
(passadoaduou) jeowr poy

P/3 0§
12d ‘snonunuo)

puon g

SO

170]

€0

20

(2 10

oyl Jo SnuUINY

SOIN

‘sasATeue pajsnipe-o[qeLIBATI[NW UT AYBIUT Jeall PIssad01d pue pal 0] Sulp1odde A)feriow oy1oads-osned pue [[eIoAQ ¢ d|qel

pringer

Qs



357

Meat, protein sources and mortality

(10 %56)
UH pasnlpe
(€ST-10D ¥T'1 LY0'0 Os1-10D 9T AL1-2rDset’  @I1-¢60SI'T (€7 1-S60) 91'1 I -9[qeLIANNA
(1D %S6) 4H
(0¥'1-86°0) LTI 6£0°0 EF1-660 61T (GFI-c0D+TT (010600801  (6T1-68°0) LO'T [ pasnlpe-xas—ofy
$86¢ 989 199 6SS 1299 (Y49 SYIBap JO "ON
K11p01410U 2SDISIP ADINISDAOIPAD))
(10 %56)
JH pasnlpe
(0T'1-€8°0) 00'T ¥S1°0 6ET-L60) 91T (0€T-260)0I'T  OU'T-18°0) L60  (SET-96'0) ¥1'T I -9[qELIEADNIA
(1D %S6) 4H
(TT1-88°0) €01 $90°0 6ET-10D 81T (6TT-€60)0I'T  OI'T-€8°0)860  (PET-L60) ¥I'T [ pasnlpe-xas—ofy
L16E €26 96L 769 L08 669 SYIEap JO "ON
&npriout 120un)
(10 %56)
JH pasnlpe
(6€1-16°0) #1'1 SH0'0 0S'1-660) 2T UPT-660) 17T  @TI-I80 00T  (LET-T6'0) TI'T I -O[qRLIBATINA
SYIBap JO "ou
6159 TL91 234! 8LIT 0021 GEOT  sIosn jeaw 9[qelg
10 %56)
JH pasnlpe
e 1-160) TI'T 6%0°0 WFI-20D 1T OFI-S0D+TT  (STI-68090'T  (LET-660) 9T'T I -O[qRLIBATINA
(10 %$6) dH
(6T1-56'0) TT'1 7200 LeT20D 8T PET-00D9T'T  LI'T-L8D 10T (LTT-H6'0) 60°1 I passnlpe-xos—o8y
€788 8502 1L81 68S1 vTLI 1861 SYIeap Jo "ON
&mpriowt pjof
1Iogyooqns
0Z€°0¢€ 6519 $609 LL6S 1L19 816G UI sIeak-uosiog
. . . . (Kep
jJeawr passadoIg
SO 170] €0 70 (oD 10
p/3 0§
12d ‘snonunuo) puan 4 Yy ejul Jo a[nuInd)

(ponunuoo) zsjqey

pringer

a's



dt
Bran
den

van
PA.

358

ciation
asso acon,
.. (] . h b cS
11v 1t typ
pos dw her of
n t e
the a Y p o
t m or ty a
tha f ha Oll’ icular soci
5 ith in r no S1 or
igure with orpo lity, arpo meat T,
Fi ent ef rta cle ed nce
ig. 5). res d be 1 mo rly en T ca ot
: pke ta.la eal’ ffe
t (Flglarly smo For to articu d betw I tot ts). E led
ea icu r ( p fo S ea
m rti fo t. a . un us te ev
o sed m"fhoW‘;?g onas ne 02 for cates ns
S ion 1n 1 -
anirocesd lomentony rectio iy (e e octations
e inte . . S
- of ocess plem: nt in ke an tality . 1ifesh0wn?lar as.ted to or-
= . . o : : .
o = S pr Sup ifica nta mor the ots 1mi1 limi fic m IS
52 © g fon, ieniicar s with o ontially wse-spect yoar
g E g t No's dm irato es wi (da ntia naly se‘spﬁrst2 ddi-
= € S ions € a
E\Q/ E g procesasnd resgnal};actloz& esswhen for C.al; thﬁown). :enu};
3083 D tion inte lys en las din s ly a it
P~ ,Aéa—a>:1 V ca t1 na se el Clu Othty tw
- E § o £ 5 io“,lﬁniﬁc.a?vity .atly Werf as wSes ex(d ata Illy Sllgd meaC essed
? ﬁ 5 : ~.§ % o Slgsenslt ortallable 2A“algesultiake Olrllt of r‘; d pro 1.33)(;
& % :go% 8 ﬁ, I}I:total I:el‘s (’Eown)i;nilar.ron lncremel 10)5} 0'90ns ng
5 S 0 .~v>*§ it tu ts s el in 3-1. iatio -0,
& = 2= 5 I a 0 d d 9 o at =1 ;
; 2 8 E4¢ ble medata“showeor per 0 C100, 95 ZSOCIHR_ sug
g h = sm,s-é b-ty( e oL o5 1.0 da d(.eD” di-
g =Y E 0 25 tali llow stme tions f 01, HR= djuste d an ectiv ly, ad d
£ am; f fo dju cia =1 ( ea r re sp sfﬂ’ate
SQ n::co 0 1a ) R lity es fo re ver. nu S.
) FE £ B iona as (H rta th 4) at, on atte 5y
128 2 tio the lity o lity, 1.3 me Co Iy Q %
S € E g8 ed rta al m ta 1- ed iron. tia HR 95
S a§>';, at 0 tot or 9 S8 1" an 1( 4, d
< % 52 1 m ith m 0 ce € St. a 4 n
% = E ; % go tota;t Wltirator};% C;Or pr?or heLr; Subith tOIEIR :11 67), athe
B = % éﬂ .g § mer resf 11, 92'25) ) roleite intrar'leat ‘:tory (0.71—) Also’eat'
5 ° >"a g Fo =1. 08— inO nitl' ed ir: CI 58 . edm ke
- =3 £ E (HR CI 1'1y nent or oCesss)’ 19, 95% 78_1'oces~ste inta ts
3 * 95%-ng fustmen Torrts Pyl i fon or it dp"lnly
58 g g 1 ju ions = t r n i
% ;:é é geStal adjiatlon CI 0 (HR 1, 95%;ﬁcan ent fO llty ¢ OSSIbed
z £ é.g tion ssoc 95%CVD -1.1 r sign -ustmmofta te a E’)Cess Iy
38 g & the 1o, 05), (HR_nge 1adj ithr dica f pr cant
= 9 0.:.2 _ 3. ity 010' iona S W s in so. nifi or-
S 3 c g g Ql 68— tali en diti ion ion ion sig m
o o o8 S 2 10. or wer ad ciat vati iat as tory
2 ) 53 3 2 c cer mrend take, asso bser assoc elf w spira
- — 2 Gy s . .
2 = 22 3 o Cal;s fort eat 1nte thehese f)n thiake ltsa“d *
= =)} 5] > S m al . 1 .
e = 2 Z:l’ Z te r red ttenu n). Titrlte ite in CvD
g é 5? g Fod not at show of n Nitr total,
= 22 Eiss i 0 le itv. th '
v @ = Z = iy ddata N nt ro rtali )(/j Wl-t S3) intake
o > I L 5 o ( rta mo iate Fig t1n in
) | éea%"i ) O-th ci y ea.k1
< S ) 25 = 1Inpt wi asso ntar dm ris d
i a el 23 ¥ eat ly me sse lity an
8. ; 5 g g Q H:)Sitlvgupple pro(:lemort?n mencon_
Z ® 2 2 T 1 T
P - z 2 ?\\j = = p lity ( higheveral w-up ing fo ersus
i 5 %08 o3 a dy, ero follo djust stv 21.
- o :“? =V o ion ive stu high of T a ighe as 1. -
by ~ < - Se 2 Ss ctiv to ars afte he h. w r ca
o m :llr é g % u1 ;g/ iscu rospe lated 10 yeeline’ int rtalltyed fo rtal-
; OC: 3 Q:al C E D Jarge pntly re ring at basbjeCtStal mobservry mornent
e = . . u
5 2 A ZE e s P end — R for o 4 revpiato dustment
> i S £7 <3 In S Slgd Wor;ls_69 pari HR ions w d reSEtY' Ae pos ith
= ::;9& wa an d com the iati an ta es dw )
=~ <2 =< e ile, ci ) r h iate d
sl . & 5 2% z § me;llen agwheﬂint}lz assol, 1'2Ser m:)ated ;Socla;ocesse
S 2 3 < x E : WO nders'take qosi“SV vs. ?or can atte“antly ai‘l(unp
3 £73 & u in .
=g ¥ N fo est lantlyIER D rably nifeanty
™ :]-/ = 2} i'ﬁé g low ific 1‘( bu side S 812 allty
S ~ £ 37“ = S Sign cula 79), con wa ort
S - B 2 5 ,;: = iovas =1. take itritetorym
< z £ g3 = 1 . :
8 2, g 3'5 g d (HRite n and nsplra
o "%; 3 g 8 ity nitr. ns, dre
8 863‘5@ r iatio an
5} ) S 5 15 fO cla VD
3:/08‘5? aSSO1LC
Q § 5 < Té g/ vera
E g é”& 25 0
= — g 2 0 § 5
5 o = _ 25 s £ g
) L =) b < & m| 832
ZE gﬁvm: -ggA»a%
zls £ §5§82 z%%E‘“’
© E £ 93 E RS 227
£ 3 58 £E8
= = .
.:é E" 2 <
&) Q
< &
(o]
8
er
ing
Spr
Q



Meat, protein sources and mortality

359

Percent

Percent

2.5
2.0
o 1549
T
14
2
©
N
©
T
T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Red meat (g/day)
2.5
2.0
Re]
©
o
°
©
N
©
T

T T T T

10 15

T
20

T T T T
25 30 35 40

Processed meat (g/day)

Fig. 1 Spline regression curves for the association between (unpro-
cessed) red meat (upper panel) and processed meat (lower panel)
intake and total mortality. Solid lines represents point estimates and
dashed lines represent 95% confidence intervals. Multivariable HRs
were calculated by restricted cubic spline regression (using 3 knots at
10th, 50th, and 90th percentiles) adjusting for: age at baseline (con-
tinuous, in years), cigarette smoking status (coded as never, former,
current smoker), number of cigarettes smoked per day, and years of
smoking (both continuous, centered), history of physician-diagnosed
hypertension (no, yes) and diabetes (no, yes), body height (continu-

red meat intake was not associated with overall and cause-
specific mortality. Poultry intake was significantly inversely
related to cancer and overall mortality. While fish intake
was positively associated with overall and cause-specific

ous, m), BMI (< 18.5, 18.5 to <25, 25 to <30,>30 kg/mz), non-
occupational physical activity (<30, 30-60, 61-90,>90 min/day),
highest level of education (primary school or lower vocational, sec-
ondary or medium vocational, and higher vocational or university),
intake of alcohol (0, 0.1 to <5, 5 to <15, 15 to <30, 30+ g/day), veg-
etables and fruit (both continuous, g/day), energy (continuous, kcal/
day), use of nutritional supplements (no, yes), and, in women, post-
menopausal HRT (never, ever). The histograms show the percentage
of participants (right y axis) consuming each level of red meat and
processed meat, respectively

mortality, intake of nuts was inversely associated with all
endpoints.

Substitution of a combination of poultry, eggs, fish,
pulses, nuts and low-fat dairy for processed meat was

@ Springer
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Fig.2 Spline regression curves for the association between processed
meat intake and a total mortality, b cancer mortality, ¢ CVD mortal-
ity, d respiratory mortality. Multivariable HRs were calculated by
restricted cubic spline regression (using 3 knots at 10th, 50th, and
90th percentiles) adjusting for: age at baseline (continuous, in years),
cigarette smoking status (coded as never, former, current smoker),
number of cigarettes smoked per day, and years of smoking (both
continuous, centered), history of physician-diagnosed hypertension
(no, yes) and diabetes (no, yes), body height (continuous, m), BMI

associated with lower risks of overall, cardiovascular and
respiratory mortality.

In other published large cohort studies, red meat intake
(unprocessed) was inconsistently associated with total mor-
tality, with some cohort studies showing significantly posi-
tive associations [4, 32, 33], but most other studies show
no significantly positive association [2, 8, 34, 35], and
sometimes even show inverse associations [35]. Processed
meat was often significantly positively associated with total
mortality, and usually showed stronger positive associations
than red meat [2, 33, 34], but not always [4]. Meta-analyses
of prospective studies also concluded that processed meat
was significantly positively associated, albeit with large
heterogeneity, with overall mortality [1, 36] and cancer
and cardiovascular mortality [1, 37]. Interestingly, a recent
meta-analysis [1] found a significant positive association
between unprocessed red meat and total, CVD or cancer
mortality only for US cohort studies, but not in European
or Asian cohorts [35], although only two European cohort
studies were available [2, 3]. The reasons for this difference

@ Springer

Processed meat (g/day)

(<18.5, 18.5 to <25, 25 to <30,>30 kg/mz), non-occupational
physical activity (<30, 30-60, 61-90,>90 min/day), highest level of
education (primary school or lower vocational, secondary or medium
vocational, and higher vocational or university), intake of alcohol
(0, 0.1 to <5, 5to <15, 15 to <30, 30+ g/day), vegetables and fruit
(both continuous, g/day), energy (continuous, kcal/day), use of nutri-
tional supplements (no, yes), and, in women, postmenopausal HRT
(never, ever)

are unclear, but they could be related to differences in unpro-
cessed red meat intake levels (in US higher than Asia [1,
5, 35]), or cooking practices (more barbecued or grilled in
twentieth century in US than in Europe [1]). The median
intake of unprocessed red meat in retired AARP-subjects
was 63 g/d in men and 49 g/d in women [32], while in the
NLCS, median intakes were 89 and 79 g/d in 55-59 year
old men and women, respectively. This does not suggest
that unprocessed red meat intake in elderly Americans and
Dutch differ substantially. Another difference between the
US and Europe is the total ban on use of hormonal growth
promotors in farm animals in the European Union, while
the use of some hormones is authorized under strict condi-
tions in the United States [38]; whether this is related to the
observed differences on red meat and mortality remains a
question, however.

The NLCS results on red meat and CVD and cancer mor-
tality are in line with those of meta-analyses [1, 37], i.e. no
significant association with cancer mortality. In EPIC [2],
processed meat was associated with a higher CVD mortality
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Table 3 Overall and cause-specific mortality according to intake of poultry, eggs and fish in multivariable-adjusted analyses, NLCS

Category of intake (g/day) Ptrend Continuous, per 50 g/d
0 (ref) <10 <20 20+
Poultry
Median intake (g/day) 0 4.3 13.2 22.8
Person-years in subcohort 6940 7333 7433 8614 30,320
Total mortality
No. of deaths 2222 2259 2027 2315 8823
Age—sex-adjusted HR (95% CI) 1 1.02 (0.89-1.16)  0.90 (0.79-1.03)  0.88 (0.77-1.00)  0.013 0.92 (0.78-1.08)
Multivariable-adjusted HR (95% CI) 1 1.01 (0.87-1.16)  0.90 (0.77-1.04)  0.89 (0.77-1.03)  0.044 0.92 (0.76-1.10)
Cancer mortality
No. of deaths 987 1032 888 1010 3917
Age—sex-adjusted HR (95% CI) 1 1.04 (0.90-1.20)  0.88 (0.76-1.01)  0.86 (0.74-0.98)  0.004 0.82 (0.68-0.99)
Multivariable-adjusted HR (95% CI) 1 1.03 (0.88-1.19)  0.86 (0.74-1.01)  0.85(0.73-0.99)  0.006 0.81 (0.66-0.99)
CVD mortality
No. of deaths 746 740 690 809 2985
Age—sex-adjusted HR (95% CI) 1 1.00 (0.85-1.18)  0.92 (0.78-1.09)  0.92 (0.79-1.08)  0.215 1.01 (0.83-1.23)
Multivariable-adjusted HR (95% CI) 1 0.94 (0.78-1.12)  0.87(0.73-1.05)  0.89 (0.75-1.06)  0.183 0.97 (0.77-1.22)
Respiratory mortality
No. of deaths 143 134 138 135 550
Age—sex-adjusted HR (95% CI) 1 0.96 (0.73-1.26)  0.98 (0.74-1.28)  0.82 (0.62-1.07)  0.152 0.96 (0.65-1.42)
Multivariable-adjusted HR (95% CI) 1 1.01 (0.73-1.39)  1.16 (0.83-1.60)  0.95 (0.68-1.32)  0.884 0.94 (0.58-1.52)
Eggs
Median intake (g/day) 0 7.1 14.2 21.4
Person-years in subcohort 2275 7350 10,602 10,093 30,320
Total mortality
No. of deaths 748 1912 2988 3175 8823
Age—sex-adjusted HR (95% CI) 1 0.74 (0.61-0.89)  0.81 (0.68-0.97)  0.87 (0.73-1.05)  0.429 1.07 (0.88-1.31)
Multivariable-adjusted HR (95% CI) 1 0.78 (0.64-0.96)  0.83 (0.68-1.01)  0.87 (0.71-1.06)  0.990 0.94 (0.75-1.17)
Cancer mortality
No. of deaths 344 820 1314 1439 3917
Age-sex-adjusted HR (95% CI) 1 0.70 (0.57-0.85)  0.78 (0.64-0.95)  0.87 (0.72-1.06)  0.265 1.13 (0.91-1.40)
Multivariable-adjusted HR (95% CI) 1 0.72 (0.58-0.89)  0.78 (0.63-0.96)  0.82 (0.67-1.02)  0.945 0.92 (0.73-1.17)
CVD mortality
No. of deaths 232 670 1014 1069 2985
Age-sex-adjusted HR (95% CI) 1 0.82 (0.65-1.03)  0.88 (0.70-1.10)  0.93 (0.75-1.17)  0.464 1.05 (0.82-1.33)
Multivariable-adjusted HR (95% CI) 1 0.89 (0.69-1.16)  0.90 (0.70-1.16)  0.92 (0.71-1.19)  0.876 0.92 (0.70-1.20)
Respiratory mortality
No. of deaths 49 127 182 192 550
Age—sex-adjusted HR (95% CI) 1 0.71 (0.48-1.05)  0.73 (0.50-1.06)  0.77 (0.53-1.11)  0.614 0.81 (0.55-1.20)
Multivariable-adjusted HR (95% CI) 1 0.97 (0.61-1.53) 091 (0.58-1.44) 1.01 (0.64-1.59) 0.892 0.85 (0.55-1.33)
Fish
Median intake (g/day) 0 4.6 14.8 29.8
Person-years in subcohort 8701 6694 9372 5553 30,320
Total mortality
No. of deaths 2231 2125 2564 1903 8823
Age—sex-adjusted HR (95% CI) 1 1.22 (1.07-1.38)  1.06 (0.94-1.19) 1.28 (1.11-1.46) 0.012 1.21 (1.04-1.40)
Multivariable-adjusted HR (95% CI) 1 1.26 (1.09-1.46)  1.11 (0.97-1.27) 1.34(1.15-1.56)  0.003 1.22 (1.04-1.44)
Cancer mortality
No. of deaths 962 968 1145 842 3917
Age—sex-adjusted HR (95% CI) 1 1.29 (1.12-1.49)  1.09 (0.96-1.24)  1.31(1.13-1.52) 0.015 1.18 (1.01-1.40)
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Table 3 (continued)

Category of intake (g/day) Ptrend Continuous, per 50 g/d
0(ef) <10 <20 20+
Multivariable-adjusted HR (95% CI) 1 1.33(1.14-1.55)  1.11(0.96-1.28)  1.29 (1.09-1.51)  0.066 1.13 (0.95-1.35)
CVD mortality
No. of deaths 733 723 668 2985
Age—sex-adjusted HR (95% CI) 1 1.25(1.06-1.46)  1.08 (0.93-1.25)  1.35(1.15-1.60)  0.007 1.28 (1.07-1.54)
Multivariable-adjusted HR (95% CI) 1 1.27 (1.06-1.52)  1.16 (0.98-1.37)  1.45(1.20-1.74)  0.001 1.30 (1.07-1.58)
Respiratory mortality
No. of deaths 149 144 119 550
Age—sex-adjusted HR (95% CI) 1 1.20 (0.92-1.57)  0.85(0.65-1.10)  1.17 (0.88-1.54)  0.823 1.18 (0.85-1.64)
Multivariable-adjusted HR (95% CI) 1 1.41(1.02-1.94)  1.03(0.75-1.42) 1.50(1.08-2.10) 0.113 1.43 (1.00-2.03)

Multivariable analyses were adjusted for: age at baseline (continuous, in years), sex, cigarette smoking status (coded as never, former, current
smoker), number of cigarettes smoked per day, and years of smoking (both continuous, centered), history of physician-diagnosed hypertension
(no, yes) and diabetes (no, yes), body height (continuous, m), BMI (< 18.5, 18.5 to <25, 25 to <30,>30 kg/mz), non-occupational physical
activity (<30, 30-60, 61-90, > 90 min/day), highest level of education (primary school or lower vocational, secondary or medium vocational,
and higher vocational or university), intake of alcohol (0, 0.1 to <5, 5 to <15, 15 to <30, 30+ g/day), vegetables and fruit (both continuous, g/
day), energy (continuous, kcal/day), use of nutritional supplements (no, yes), and, in women, postmenopausal HRT (never, ever)

(HR =1.30 per 50 g/day, 95% CI 1.17-1.45) and cancer
mortality. In the NLCS, the corresponding HR for CVD
mortality was somewhat lower: 1.24 (1.01-1.53), while no
increased cancer mortality was seen. In meta-analyses [1],
cancer mortality shows weaker associations with processed
meat than CVD mortality, but nevertheless still significant.

Very few studies have looked at possible interaction
between red meat and processed meat intake. In Sweden, the
combination of unprocessed and processed red meat intake
in relation to overall mortality was investigated [34], and
they found that unprocessed red meat was not associated
with mortality when processed red meat intake was less than
20 g/day. In the NLCS, there was no significant interaction
between red meat and processed meat.

While adjustment for heme iron intake did not attenuate
the associations with red meat or processed meat impor-
tantly in the NLCS, associations between processed meat
intake and total, CVD and respiratory mortality were con-
siderably attenuated after additional adjustment for nitrite
intake. Since processed meat was the most important source
of nitrite in the NLCS [31], these results suggest that nitrite
intake may partially explain the associations with processed
meat. Processed meat and nitrite were positively associ-
ated with total, CVD and respiratory mortality, but showed
the strongest associations with respiratory mortality in the
NLCS, which is in accordance with findings from AARP
cohort [4]. The association between processed meat and res-
piratory mortality has only been investigated in one other
cohort (EPIC) [2], showing a non-significantly positive
association. Interestingly, cured meat intake was associated
with COPD risk in earlier cohort studies [39, 40], consider-
ing that COPD is the main reason for respiratory death and
might be linked to N-nitrosamine formation [4, 40].

@ Springer

In the NLCS, we found a moderately strong association
between processed meat and respiratory mortality, in par-
ticular for ham and bacon intake. Bacon contains relatively
high levels of added nitrite, which applies to a lesser extent
to ham (pork) [41-44]. Nitrite is traditionally used as food
additive in cured meats because of its antimicrobial prop-
erties and desirable effects on (red) color and flavor, but
there are health concerns related to N-nitrosamine forma-
tion. In addition, it has been found that heating of foods,
above > 130 °C, may also enhance N-nitrosamine formation.
These conditions are favored in cases such as frying bacon,
and grilling or frying cured meats or baking pizza [44]. In
the late 1970s, high concentrations of N-nitrosamines were
detected in fried bacon [45] and also in a Dutch study of
1986 [41], which is close to the 1986 baseline exposure
measurement of the NLCS. It is therefore possible that the
NLCS has detected associations with nitrite because high
levels were used in the past. Permissible amounts of (nitrate
and) nitrite in meat curing have been reduced over time in
many countries: while maximally 500 mg of nitrite (calcu-
lated as NaNO,) per kg meat was allowed in curing of meat
before 1981, this was reduced to 200 mg/kg in 1981 in The
Netherlands [41]. Through EU-legislation, this maximum
permitted level was subsequently further lowered in 1995
and 2006 to 150 mg/kg for most meat products [43].

Of course, added salt might also contribute to increased
mortality associated with processed meat intake. For both
salt and nitrite (and related compounds nitrate and N-nitros-
amines), potential mechanisms linking these to CVD mor-
tality are described, involving hypertension and endothelial
dysfunction, respectively [46, 47]. Further studies on (types
and constituents of) processed meat and particularly respira-
tory disease and mortality is needed.
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Table 4 Overall and cause-specific mortality according to intake of nuts, pulses and low-fat dairy in multivariable-adjusted® analyses, NLCS

Category of intake (g/day) Ptrend Continuous, per 50 g/d
0 (ref) <10 <20 20+
Pulses
Median intake (g/day) 0 4.3 16.0 27.8
Person-years in subcohort 11,633 9042 6500 3145 30,320
Total mortality
No. of deaths 3371 2546 1914 992 8823
Age—sex-adjusted HR (95% CI) 1 0.97 (0.87-1.08) 1.03 (0.91-1.17)  0.98 (0.83-1.14) 0.863  1.00 (0.82-1.22)
Multivariable-adjusted HR (95% CI) 1 1.03 (0.91-1.17)  1.11(0.97-1.27) 1.01 (0.85-1.21) 0.469 1.04 (0.83-1.30)
Cancer mortality
No. of deaths 1439 1168 864 446 3917
Age—sex-adjusted HR (95% CI) 1 1.04 (0.92-1.17)  1.09 (0.95-1.25) 1.04 (0.87-1.23) 0.427 1.09 (0.88-1.36)
Multivariable-adjusted HR (95% CI) 1 1.09 (0.95-1.24) 1.12(0.97-1.29)  1.03 (0.85-1.25) 0.508 1.07 (0.84-1.37)
CVD mortality
No. of deaths 1183 804 661 337 2985
Age—sex-adjusted HR (95% CI) 1 0.87 (0.76-1.00)  1.02 (0.87-1.18)  0.93 (0.77-1.12) 0.984 0.96 (0.75-1.23)
Multivariable-adjusted HR (95% CI) 1 0.91 (0.78-1.07)  1.09 (0.93-1.29)  0.99 (0.80-1.23) 0.449 1.01 (0.76-1.33)
Respiratory mortality
No. of deaths 206 170 120 54 550
Age—sex-adjusted HR (95% CI) 1 1.04 (0.83-1.32) 1.05(0.81-1.36)  0.83 (0.59-1.16) 0.410 0.75(0.50-1.13)
Multivariable-adjusted HR (95% CI) 1 1.26 (0.95-1.66) 1.28 (0.94-1.75)  0.93 (0.62-1.38) 0.927 0.89 (0.57-1.40)
Nuts
Median intake (g/day) 0 33 12.8 28.5
Person-years in subcohort 10,518 14,260 2862 2680 30,320
Total mortality
No. of deaths 3732 3696 684 711 8823
Age—sex-adjusted HR (95% CI) 1 0.77 (0.69-0.85)  0.69 (0.59-0.82) 0.70 (0.59-0.83) <0.001 0.63 (0.51-0.79)
Multivariable-adjusted HR (95% CI) 1 0.84 (0.75-0.95) 0.77 (0.64-0.93)  0.78 (0.64-0.95) 0.010  0.70 (0.56-0.89)
Cancer mortality
No. of deaths 1556 1710 308 343 3917
Age—sex-adjusted HR (95% CI) 1 0.84 (0.75-0.94)  0.74 (0.61-0.89)  0.80 (0.66-0.97) 0.013  0.72 (0.57-0.91)
Multivariable-adjusted HR (95% CI) 1 0.90 (0.80-1.01) 0.75(0.61-0.93)  0.83 (0.68-1.03) 0.044  0.72 (0.56-0.93)
CVD mortality
No. of deaths 1281 1223 236 245 2985
Age—sex-adjusted HR (95% CI) 1 0.75 (0.66-0.85)  0.71 (0.58-0.87)  0.70 (0.57-0.87) 0.002  0.62 (0.47-0.82)
Multivariable-adjusted HR (95% CI) 1 0.85 (0.74-0.98)  0.83 (0.66-1.05) 0.84 (0.66-1.07) 0.202  0.75 (0.57-1.00)
Respiratory mortality
No. of deaths 284 197 42 27 550
Age-sex-adjusted HR (95% CI) 1 0.54 (0.44-0.67)  0.56 (0.39-0.81) 0.33(0.22-0.52) <0.001 0.22 (0.10-0.46)
Multivariable-adjusted HR (95% CI) 1 0.65 (0.51-0.84) 0.73 (0.48-1.13)  0.48 (0.30-0.78) 0.009  0.39 (0.19-0.81)
Low-fat dairy (quartiles) Ql (ref) Q2 Q3 Q4
Median intake (g/day) 0 85.4 203.3 392.9
Person-years in subcohort 7449 7595 7583 7693 30,320
Total mortality
No. of deaths 2524 2161 2072 2066 8823
Age-sex-adjusted HR (95% CI) 1 0.86 (0.76-0.98)  0.81 (0.71-0.92)  0.86 (0.76-0.98)  0.034 0.99 (0.97-1.00)
Multivariable-adjusted HR (95% CI) 1 0.95 (0.83-1.09)  0.86 (0.75-0.99)  0.96 (0.83-1.11)  0.435 0.99 (0.98-1.01)
Cancer mortality
No. of deaths 1116 948 931 922 3917
Age-sex-adjusted HR (95% CI) 1 0.86 (0.75-0.99) 0.82(0.72-0.95) 0.87 (0.75-1.00) 0.071 0.98 (0.97-1.00)
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Table 4 (continued)

Low-fat dairy (quartiles) QI (ref) Q2 Q3 Q4
Multivariable-adjusted HR (95% CI) 1 0.94 (0.81-1.09) 0.88 (0.76-1.02)  1.02 (0.87-1.18)  0.896 1.00 (0.98-1.01)
CVD mortality
No. of deaths 833 744 720 688 2985
Age—sex-adjusted HR (95% CI) 1 0.90 (0.77-1.06)  0.85(0.73-0.99)  0.88 (0.75-1.03) 0.128 0.99 (0.97-1.00)
Multivariable-adjusted HR (95% CI) 1 0.98 (0.82-1.16)  0.88 (0.74-1.05) 0.92 (0.77-1.11)  0.271 0.99 (0.97-1.01)
Respiratory mortality
No. of deaths 181 141 117 111 550
Age-sex-adjusted HR (95% CI) 1 0.78 (0.60-1.02)  0.63 (0.48-0.83) 0.67 (0.51-0.88) 0.003 0.96 (0.93-0.99)
Multivariable-adjusted HR (95% CI) 1 0.97 (0.72-1.30)  0.75(0.55-1.02)  0.83 (0.60-1.15) 0.143 0.98 (0.95-1.02)

Multivariable analyses were adjusted for: age at baseline (continuous, in years), sex, cigarette smoking status (coded as never, former, current
smoker), number of cigarettes smoked per day, and years of smoking (both continuous, centered), history of physician-diagnosed hypertension
(no, yes) and diabetes (no, yes), body height (continuous, m), BMI (< 18.5, 18.5 to <25, 25 to <30,>30 kg/mz), non-occupational physical
activity (<30, 30-60, 61-90, > 90 min/day), highest level of education (primary school or lower vocational, secondary or medium vocational,
and higher vocational or university), intake of alcohol (0, 0.1 to <5, 5 to <15, 15 to <30, 30+ g/day), vegetables and fruit (both continuous, g/
day), energy (continuous, kcal/day), use of nutritional supplements (no, yes), and, in women, postmenopausal HRT (never, ever)

A Total mortality

B Cancer mortality

Substitution HR (95%Cl) Substitution HR  (95%Cl)
Poultry for PM —o— 0.81 (0.63-1.05) Poultry for PM —— 0.81 (0.61-1.07)
Eggs for PM —— 0.83 (0.62-1.11) Eggs for PM —o— 0.91 (0.67-1.25)
Fish for PM -To— 1.13 (0.89-1.44) Fish for PM T 1.20 (0.92-1.55)
Nuts for PM —— 0.65 (0.49-0.85) Nuts for PM —— 0.73 (0.54-0.99)
Pulses for PM —— 0.94 (0.71-1.25) Pulses for PM 1.08 (0.80-1.47)
Low-fat dairy for PM —or 0.90 (0.76-1.08) Low-fat dairy for PM 1.02 (0.84-1.23)
Combination of above —o+ 0.89 (0.75-1.06) Combination of above 1.01 (0.84-1.21)

T T T T T T T T T T

.25 5 751 15 2 .25 5 751 15 2

C CVD mortality D Respiratory mortality
Substitution HR (95%Cl) Substitution HR  (95%Cl)
Poultry for PM —— 0.76 (0.56-1.05) Poultry for PM —_—— 0.57 (0.32-1.02)
Eggs for PM —— 0.73 (0.52-1.03) Eggs for PM —_— 0.53 (0.31-0.90)
Fish for PM —— 1.07 (0.80-1.42) Fish for PM —@—— 0.99 (0.60-1.61)
Nuts for PM — 0.62 (0.44-0.88) Nuts for PM r— 0.26 (0.12-0.57)
Pulses for PM — 0.82 (0.58-1.15) Pulses for PM —_—— 0.58 (0.33-1.02)
Low-fat dairy for PM —0— 0.81 (0.66-1.00) Low-fat dairy for PM —— 0.64 (0.47-0.89)
Combination of above —0— 0.80 (0.65-0.98) Combination of above —— 0.63 (0.46-0.88)

T T T T T T T T T T

.25 5 751 15 2 .25 5 751 15 2

Fig.3 Hazard ratios and 95% Cls (error bars) for a total mortality,
b cancer mortality, ¢ CVD mortality, d respiratory mortality associ-
ated with substituting 50 g/day of processed meat (PM) with 50 g/
day of other protein sources. Multivariable HRs were calculated by
restricted cubic spline regression (using 3 knots at 10th, 50th, and
90th percentiles) adjusting for: age at baseline (continuous, in years),
cigarette smoking status (coded as never, former, current smoker),
number of cigarettes smoked per day, and years of smoking (both
continuous, centered), history of physician-diagnosed hypertension
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(no, yes) and diabetes (no, yes), body height (continuous, m), BMI
(<18.5, 18.5 to <25, 25 to <30,>30 kg/mz), non-occupational
physical activity (<30, 30-60, 61-90,>90 min/day), highest level of
education (primary school or lower vocational, secondary or medium
vocational, and higher vocational or university), intake of alcohol
(0, 0.1 to <5, 5 to <15, 15 to <30, 30+ g/day), vegetables and fruit
(both continuous, g/day), energy (continuous, kcal/day), use of nutri-
tional supplements (no, yes), and, in women, postmenopausal HRT
(never, ever)
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Fig.4 Hazard ratio of respira- Respiratory mortality:
tory mortality (upper panel) and o - -
total mortality (lower panel) e
according to intake of red meat 300
and processed meat. Multivari- \
able HRs were adjusted for age \ e
at baseline (continuous, in 2.50 T
years), cigarette smoking status ‘
(coded as never, former, current |
smoker), number of cigarettes 2.00 1
smoked per day, and years of ‘
smoking (both continuous, HR 450
centered), history of physician- [
diagnosed hypertension (no, \
yes) and diabetes (no, yes), 1.00 ~+
body height (continuous, m), “
BMI (< 18.5, 18.5 to <25, 25 |~
to <30,>30 kg/mz), non- 0.50 4‘
occupational physical activity i Processed
(<30, 30-60, 61-90, > 90 min/ 0.00 + meat (g/day)
day), highest level of education
(primary school or lower voca-
tional, secondary or medium
vocational, and higher voca-
tional or university), intake of
alcohol (0, 0.1 to <5, 5 to <15,
15 to <30, 30+ g/day), vegeta- Total mortality: -
bles and fruit (both continuous, — —
g/day), energy (continuous,
kcal/day), use of nutritional 160
supplements (no, yes), and, in \ _—
women, postmenopausal HRT 1.40 ﬁ -~
(never, ever) P

1.20 7‘ R

1.00 4\ g

HR 0.80 -
0.60 I‘ !
040 o
| / 20+
0.20 /
W‘l /‘/ <0 Processed
0.00 +— / <10 meat (g/day)
Q3 e //0 g/d
Q2 e

While many cohort studies and meta-analyses [13, 14]
have shown consistently inverse associations between nut
intake and mortality, prospective studies on poultry con-
sumption and mortality show inconsistent results [2, 5, 8,
9, 35]. While poultry intake was significantly inversely
related to cancer and overall mortality in the NLCS, it
was not related to overall, cancer or CVD mortality in the
Golestan cohort [5]. As in the NLCS, poultry intake was sig-
nificantly inversely related to overall and cancer mortality,
but not CVD mortality, in a pooled analysis of Asian cohorts

Red meat (quartiles)

[35]. In Shanghai, poultry showed suggestive inverse asso-
ciation with overall and CVD mortality in men, but not in
women [9]. Poultry was not associated with CVD mortality
in Japan [48]. In NHANES, poultry consumption tended to
be inversely associated with total mortality in men, but not
women [8]. In EPIC, poultry was not associated with overall,
CVD or cancer mortality [2].

For eggs and legumes (pulses) and mortality, even fewer
studies are available [5-7, 49]. While a positive association
between egg intake and overall mortality was found in the
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A Ham (g/d)

3.0
2.5

1.5 4

1.2
1.0

Hazard Ratio

0.8

0.5+

Hazard Ratio

0.5+

Fig.5 Spline regression curves for the association between types of
processed meat intake and respiratory mortality: a ham, b bacon, ¢
smoked beef or pork loin roll, d other sliced cold meats. Multivari-
able HRs were adjusted for age at baseline (continuous, in years),
cigarette smoking status (coded as never, former, current smoker),
number of cigarettes smoked per day, and years of smoking (both
continuous, centered), history of physician-diagnosed hypertension
(no, yes) and diabetes (no, yes), body height (continuous, m), BMI

US Physician’s Health Study [6] and Japan [49], an inverse
association was recently reported from the Golestan cohort
[5], where egg consumption was considerably lower than
in the Japanese study [49]. This also applies to the NLCS,
where only subjects consuming <20 g/d of eggs showed
significantly inverse associations with overall mortality com-
pared to nonconsumers, but there was no overall association.
As in the NLCS, legume consumption was not related to
overall mortality in the Golestan cohort, but there it was
inversely related to cancer mortality [5]. In EPIC, legume
intake was weakly, borderline significantly associated with
an increased overall mortality risk [50]. In a meta-analysis,
significant heterogeneity was found according to continent,
with an inverse association with legumes only in Asian/Aus-
tralian studies [15].

Although a recent meta-analysis [12] indicated an inverse
association between fish intake and mortality, there was large
heterogeneity in the results from different cohort studies in
that analysis; inverse associations were generally found in
the US and Asian cohorts (except for positive associations
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(<18.5, 18.5 to <25, 25 to <30,>30 kg/mz), non-occupational
physical activity (<30, 30-60, 61-90,>90 min/day), highest level of
education (primary school or lower vocational, secondary or medium
vocational, and higher vocational or university), intake of alcohol
(0, 0.1 to <5, 5 to <15, 15 to <30, 30+ g/day), vegetables and fruit
(both continuous, g/day), energy (continuous, kcal/day), use of nutri-
tional supplements (no, yes), and, in women, postmenopausal HRT
(never, ever)

with cancer mortality in Asian men [35]), but no or a slightly
positive association in European cohorts [15, 18, 19]. This
latter observation is in line with the positive associations for
overall and cause-specific mortality in the NLCS reported
here. In EPIC, no association was found between fish con-
sumption and overall or cause-specific mortality [10]. In
Sweden, a U-shaped dose-response association between fish
intake and overall mortality was found [17]. Reasons for this
difference are unclear, but might be related to fish prepara-
tion, where Europeans often fry fish with high fat levels, and
to preservation methods, contaminants in fish, and different
lifestyles associated with fish consumption.

In line with earlier cohort studies [33], substitution of
nuts for processed meat showed the largest contribution to
a reduced overall (and cause-specific) mortality risk in the
NLCS. While Pan et al. [33] also found significant effects on
overall mortality of replacing processed meat with legumes,
low-fat dairy, poultry and fish, this was not significant in the
NLCS which may be due to a smaller number of deaths. In
the NLCS, substitution of eggs or low-fat dairy for processed
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meat also contributed significantly to a reduced CVD and
respiratory mortality risk, as did the combination of poultry,
eggs, fish, pulses, nuts and low-fat dairy. This warrants fur-
ther investigation, because other studies have only looked at
substituting total red meat [5].

Strengths of the large-scale NLCS include the prospective
design and high completeness of follow-up, which makes
information and selection bias unlikely. Apart from the
availability of detailed smoking habit data and many other
potential confounders for which adjustment was possible,
the availability of nitrite and heme iron data in the NLCS
enabled further adjustments to investigate whether associa-
tions with red meat and processed meat might be attributed
to these compounds. The study was also able to look at indi-
vidual types of processed meat in relation to mortality. Pos-
sible reverse causation due to changes in diet or lifestyle was
minimized by excluding prevalent CVD or cancer cases [22].
Exclusion of early deaths from follow-up also did not change
the results. Sensitivity analyses among stable meat consum-
ers showed comparable associations, reducing the likelihood
of reverse causation, although the prior meat consumption
question did not distinguish between meat types.

Nevertheless, the NLCS has no updated information on
meat intake during follow-up. Because there was no possi-
bility to update dietary or other lifestyle data during follow-
up, this may have resulted in some attenuated associations.
Other limitations of the NLCS include possible residual
confounding, or confounding by unmeasured factors. The
validation study of the food frequency questionnaire has
shown that it performs relatively well [23], but measurement
error may still have attenuated associations. In the NLCS,
we do not have exact information about nitrite contents in
cured meats 20 years before baseline. In the United States
the content of nitrate and nitrite in cured meats decreased
by 75% between 1925 and 1981 [51]. Therefore, the intake
of nitrite 20 years before baseline is likely to be greater than
our estimation of more recent nitrite intake using data from
1984. However, there are no reasons to assume that the cat-
egorization (ranking) of individuals in quartiles or quintiles
of nitrite intake should be different [52]. Heme—iron content
values, as calculated before [30] (i.e. based on type-specific
percentage of total iron content) appeared to be in reason-
able agreement with absolute heme—iron values in meat and
fish available from the same literature sources. Although
misclassification can never be ruled out, we have observed
positive associations between heme—iron intake and colon
cancer risk [30].

In conclusion, this large prospective study suggests
that, while red meat intake (unprocessed) is not related to
increased mortality, processed meat consumption is related
to an increased risk of overall, CVD and respiratory mortal-
ity, potentially due to nitrite. Substituting processed meat
with other protein sources may lower mortality risk. The

findings provide support for public health recommendations
to minimize processed meat intake.
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