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Abstract
Background—Most cured meats contain nitrites. Nitrites generate oxidative-nitrative stress and
were shown in animal models to cause emphysema. Prospective epidemiologic data on cured meats
and chronic obstructive pulmonary disease (COPD), however, are sparse.

Objective—We examined the relation between cured meat consumption and the prospective risk
of newly diagnosed COPD in women.

Design—This was a prospective cohort study of 71 531 women from the Nurses’ Health Study who
completed a validated dietary questionnaire at baseline in 1984 and had no baseline COPD or a report
of asthma. Participants were aged 38–63 y in 1984 and were followed for 16 y.

Results—A total of 750 new cases of COPD were documented during the follow-up. Cured meat
consumption was positively associated with COPD risk after adjustment for age, smoking, and
multiple other potential confounders. The adjusted relative risks of COPD across categories of cured
meat consumption (never or almost never, 1–3 servings/mo, 1 serving/wk, 2–3 servings/wk, and ≥4
servings/wk) were 1.0, 1.14 (95% CI: 0.78, 1.66), 1.15 (95% CI: 0.79, 1.69), 1.40 (95% CI: 0.96,
2.05), and 1.51 (95% CI: 1.00, 2.27), respectively, (P for trend = 0.005). This positive association
was present among both past (P for trend = 0.02) and current (P for trend = 0.03) smokers. No
association was observed among never smokers, probably because of the small number of COPD
cases in these women.

Conclusion—Frequent cured meat consumption was associated with an increased risk of newly
diagnosed COPD among women who smoke.

INTRODUCTION
Chronic obstructive pulmonary disease (COPD), characterized by the presence of airflow
limitation on spirometry that is not fully reversible, is currently the fourth-leading cause of
death in the United States (1,2). COPD prevalence and the rate of mortality continue to rise,
particularly among women. By the year 2020, COPD is projected to be the third-leading cause
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of death worldwide (3). Despite this disease burden, preventive strategies for COPD are limited
to avoidance of harmful exposures, including cigarette smoke, occupational exposures, and
high amounts of ambient air pollution.

Cured meats such as bacon, hot dogs, and processed meats contain nitrites, which are added
to meat products as a preservative, antimicrobial agent, and color fixative (4). Nitrites are
involved in the formation of reactive nitrogen species such as nitrogen dioxide, nitrosonium,
or dintrogen trioxide (5,6) that may cause nitrative and nitrosative stress in the lung.
Experiments in animal models performed almost 40 y ago showed that ingestion of sodium
nitrite (1000–3000 mg/L) (7) and inhalation of nitrogen dioxide (a nitrite precursor) (8–10)
cause pathologic changes to the lungs consistent with emphysema.

We recently found in a cross-sectional study of 7352 men and women from the population-
based third National Health and Nutrition Examination Survey that frequent consumption of
cured meats was associated with an obstructive pattern of spirometry (11). We have replicated
this finding with the use of a validated definition of self-reported physician diagnosis of COPD
in the Health Professionals Follow-up Study, a prospective cohort study of men (12). To our
knowledge, this is the only published prospective study that has evaluated the relation between
consumption of cured meats and prospective risk of COPD. We therefore further examined the
association between frequency of cured meat consumption and newly diagnosed COPD in a
large prospective cohort study of women, hypothesizing that frequent cured meat consumption
was associated with an increased risk of newly diagnosed COPD.

SUBJECTS AND METHODS
Study population

The Nurses’ Health Study (NHS) is a cohort study of 121 700 US female registered nurses,
aged 30–55 y at enrollment in 1976, who completed a mailed questionnaire about their lifestyle
and medical history at baseline (13). Updated information on lifestyle, health behaviors,
including smoking status, and disease status has been collected biennially by mailed
questionnaires since 1976. Diet was assessed with a 116-item semiquantitative food-frequency
questionnaire in 1984, and similar questionnaires were used to update dietary information every
2–4 y. The institutional review board approved the NHS protocols, and written consent was
obtained from all subjects. We followed participants from 1984 to 2000, excluding women
with an inadequate assessment of diet (≥70 blanks of 116 listed food items) or an implausibly
high (>3500 kcal/d) or low (<500 kcal/d) total energy intake. We further excluded 3745 women
with COPD at baseline in 1984, missing date of COPD diagnosis, or unconfirmed diagnosis,
and 5874 with reported asthma. After these exclusions, 71 531 participants remained in the
analysis.

Dietary assessment
The semiquantitative food-frequency questionnaires asked participants how often, on average,
during the previous year they had consumed listed food items and beverages, with a specified
commonly used unit or portion size (14). Nine frequency responses were listed, ranging from
“never or almost never (less than once per month)” to “6+ per day.” We defined total cured
meat consumption as the sum of the intakes for bacon (portion size: 2 slices), hog dogs (portion
size: 1), and processed meats (sausage, salami, bologna, etc; portion size: 1 piece or slice),
which were listed as 3 separate items. The responses for bacon, hot dogs, and processed meats
on the food-frequency questionnaire were previously validated against four 1-wk diet records
in a random sample of 173 women (15). Pearson’s correlation coefficients for intake measured
by the food-frequency questionnaire and by four 1-wk diet records were 0.70 for bacon, 0.56
for hot dogs, and 0.55 for sausage, salami, bologna, and other processed meats, indicating the
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questionnaire measured cured meat consumption adequately. To reduce within-subject
variation and to best represent long-term dietary intake, we used the cumulative average of
cured meat intakes from the questionnaires up to the start of each 2-y follow-up interval (16).
For example, 1984 intake was used for follow-up between 1984 and 1986; the average of the
1984 and 1986 intakes was used for follow-up between 1986 and 1990; and the average of the
1984, 1986, and 1990 intakes was used for follow-up between 1990 and 1994 (16).

Measurement of nondietary factors
The participants provided information about their date of birth, race-ethnicity, and spouse’s
education on the baseline NHS questionnaire in 1976; exposure to secondhand smoke in 1982
(at home or work); and their smoking (never smoker, former smoker, or current smoker,
including the number of cigarette smoked per day), region, menopause status, and body weight
in 1976 and every 2 y during the follow-up period. Pack-years of smoking in 1976 was
calculated as duration of smoking (in y) reported up to 1976 multiplied by the average packs
of cigarettes smoked per day before 1976. Pack-years in subsequent years were calculated as
pack-years in 1976 plus the interval smoking history, which was collected prospectively by
questionnaire every 2 y. Physician visits and exposure to secondhand tobacco smoke were
assessed on the 1982 questionnaire. Body mass index (BMI; in kg/m2) was calculated (2); the
correlation coefficient between self-reported weight and measured weight was 0.96 (17). A
physical activity score in metabolic equivalents (MET-h/wk) was derived, based on questions
from the 1986, 1988, 1992, 1996, and 1998 questionnaires, including the average weekly time
spent during the past year on walking, hiking, jogging, running, bicycling, lap swimming,
playing tennis or squash, and participating in calisthenics. The correlation between activities
reported in four 1-wk diaries and those reported on the questionnaire was 0.62 (18).

Definition of COPD
We were unable to obtain standardized, reliable spirometry on this random sample because
NHS participants are geographically dispersed and are contacted by mail. All participants were
asked about a new physician diagnosis of emphysema or chronic bronchitis on the biennial
questionnaires. Participants who responded in the affirmative were sent supplemental
questionnaires on COPD in 1998–2000. COPD was defined as a self-report of a physician
diagnosis on both the original and supplemental questionnaires, plus a report of spirometry,
chest radiograph or chest computed tomography at the time of diagnosis, or documentation of
COPD on death records. If a physician diagnosis of chronic bronchitis only was reported,
symptoms consistent with chronic bronchitis defined by the Medical Research Council were
required in addition to the above criteria. This definition of COPD was previously validated
in a 10% random sample of this cohort (19). The diagnosis of COPD was confirmed in 88%.
Results of pulmonary function testing were available for 71%; the mean forced expiratory
volume in 1 s in this group was 50% of predicted.

A supplementary questionnaire was also mailed to all participants who reported a physician
diagnosis of asthma on biennial questionnaires in the NHS. Adult-onset asthma, as a control
outcome in this study, was defined as self-report on original and supplemental questionnaires
(20).

Statistical analysis
We divided the participants into 5 categories (never or almost never, 1–3 serving/mo, 1 serving/
wk, 2–3 servings/wk, and ≥4 servings/wk) according to their frequency of cured meat
consumption. These categories were consistent with prior publications from this cohort for
food intake (21,22) and also allowed each category to have an adequate number of cases for
the main analysis. Means and SDs or medians and interquartile ranges (25th and 75th
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percentiles) and proportions were calculated, as appropriate, for selected variables by
categories of cured meat consumption.

Person-time for each participant was calculated from the date of return of the 1984
questionnaire to the date of COPD diagnosis, death from any cause, or 1 June 2000, whichever
came first. Relative risks (RRs) were estimated for specific categories of cured meat
consumption with the lowest category as the common comparison group by Cox proportional
hazards models. RR for the continuous measure of cured meat intake was also computed. In
the multivariate models, we controlled for age; race-ethnicity; smoking status; pack-years;
exposure to secondhand tobacco smoke; menopausal status; spouse’s education attainment (as
a surrogate measure of socioeconomic status); physician visits; US region; multivitamin use;
BMI; physical activity; and intakes of fish, fruit, vegetables, and total energy. Multiple
categories of BMI (<20, 20–22.4, 22.5–24.9, 25.0 –27.4, 27.5–29.9, 30.0– 34.9, ≥35.0) were
used in the models.

We also conducted stratified analyses to examine whether the association between cured meat
consumption and COPD risk were modified by smoking status. Because tobacco smoke is
another main source of nitrites in the body besides cured meats, we further examined the joint
association of cured meat consumption and smoking status. Interaction terms between cured
meat consumption and smoking status on the multiplicative scale were entered into the models,
and tests for models with and without interaction terms were used to evaluate the significance
of the interaction terms.

Tests for trend were calculated by treating the medians of the categories of cured meat
consumption as a continuous variable. All P values were 2-sided. P<0.05 was considered
statistically significant. Weused SAS software (SAS Institute Inc, Cary, NC) version 9 for
analyses.

RESULTS
The baseline characteristics of participants, stratified by frequency of cured meat consumption,
are shown in Table 1. Participants who consumed cured meats more frequently were more
likely to smoke and be exposed to secondhand smoke, had a higher BMI, were less physically
active, had higher total energy intake, and were less likely to use multivitamin supplements
than were participants who rarely consumed cured meats. Participants who consumed cured
meats more frequently had lower intakes of fruit; however, intakes of fish and vegetables were
similar across categories of cured meat consumption.

During the 16-y (1 110 126 person-years) follow-up, we documented 750 cases of newly
diagnosed COPD. Frequency of cured meat consumption was positively associated with the
risk of COPD in the age-adjusted model (Table 2). The age-adjusted RR for women consuming
cured meat ≥4 servings/wk was 3.00 (95% CI: 2.05, 4.41) compared with participants who
rarely consumed cured meats. After controlling for smoking variables (smoking status, pack-
years, pack-years squared, and exposure to secondhand tobacco smoke), the association was
moderately attenuated but remained statistically significant (RR: 1.67; 95% CI: 1.13, 2.46; P
for trend < 0.001). In addition, adjustment for multiple other potential confounders did not
materially change the relation (Table 2). Each serving-per-week increase in cured meat intake
was associated with a 4% higher risk of newly diagnosed COPD.

To examine whether smoking status modifies the relation between cured meat consumption
and COPD risk, we conducted multivariate analyses within strata defined by smoking status.
The RR comparing the highest with the lowest categories of cured meat consumption was 2.34
(95% CI: 0.98, 5.62; P for trend = 0.02) in past smokers and was 1.30 (95% CI: 0.77, 2.20;
P for trend = 0.03) in current smokers. Cured meat consumption was not associated with COPD
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risk among never smokers, possibly because of the small number of COPD cases, particularly
in the lowest and highest categories of cured meat consumption (Table 3). The P value for the
interaction between cured meat consumption and smoking status was 0.12 (2 df).

We next examined the joint association of cured meat consumption and smoking status with
risk of COPD. We found that women who were current smokers and had cured meat
consumption ≥4 servings/wk had the highest risk (RR: 17.4; 95% CI: 7.97, 38.1), in comparison
with never smokers who rarely ate cured meats (Figure 1).

In the analyses of bacon, hot dogs, and processed meats separately, we combined the 2 highest
categories because of the small number of cases in these categories (Table 4). The positive
association was statistically significant for bacon, hot dogs, and processed meats in age-
adjusted models but was not statistically significant for hot dogs and processed meats in
multivariate models.

In further analyses of cured meat consumption and risk of newly diagnosed, adult-onset asthma,
no significant associations were observed. For 818 cases of newly diagnosed asthma during
follow-up and the age-adjusted RR for newly diagnosed asthma that compared the highest with
the lowest category of cured meat consumption was 0.85 (95% CI: 0.61, 1.19; P for trend =
0.28).

DISCUSSION
In this large prospective cohort study of women, frequency of cured meat consumption was
positively associated with risk of newly diagnosed COPD. The association was stronger in past
smokers than in current smokers. No association was observed in never smokers, probably
because of the small number of COPD cases. The interaction between cured meat consumption
and smoking was not statistically significant.

Although animal and experimental studies summarized below suggest that nitrite exposure
may cause lung damage, epidemiologic studies relating cured meat consumption to lung
function or risk of COPD are sparse. Aside from our cross-sectional study in the third National
Health and Nutrition Examination Survey and prospective study in the Health Professionals
Follow-up Study (11,12), the only related study in the literature, to our knowledge, described
a positive association between preserved foods (preserved meats, eggs, and shellfish) eaten in
Singapore and the development of persistent cough with phlegm (23). No association of
preserved meats was observed in that study with asthma, and neither COPD nor chronic
bronchitis was assessed. These consistent epidemiologic results from a large cross-sectional
study, a longitudinal study on preserved meats and incident productive cough, and 2
prospective cohort studies in women and men suggest that frequent cured meat consumption
might contribute to the development of COPD.

Animal studies suggest a causal effect. In 1968, a rodent model of experimental emphysema
was described in which rats exposed to 10–25 ppm of ambient nitrogen dioxide developed
emphysematous changes in their lungs (8–10). In 1972, Shuval and Gruener (7) showed that
rats fed sodium nitrite in their drinking water developed pulmonary emphysema.

Cured meats may cause lung tissue damage through the effects of nitrite on connective tissue
protein collagen and elastin in the lung. The integrity of elastin and collagen is principally
responsible for the maintenance of alveolar air space size. In vitro experimental studies have
shown that primary nitrite modification of extracellular matrix proteins produces effects that
mimic age-related damage, including elastin fragmentation (24), non-enzymatic collagen
cross-linking (25), and lens crystallin cross-linking (26). Furthermore, reactions of nitrite with
hydrogen peroxide-myeloperoxidase (6), hydrogen peroxide-iron ions (27), and hydrogen
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peroxide-hypochlorous acid (28) all result in protein tyrosine nitration. 3-Nitro-tyrosine is
elevated in the inflammatory cells (29) and bronchial submucosa (30) of patients with COPD,
suggesting that nitrating and nitrosating reactions may be increased in COPD.

Cured meats are the principal source of dietary nitrites. The contribution of other sources of
dietary nitrites, such as contaminated drinking water and certain fish and vegetables, are
thought to contribute less to dietary nitrite exposure. It has been estimated that, in the US diet,
a high cured meat diet (120 g cured meats/d) can more than double a person’s nitrite intake
from 1.2 to 2.6 mg/d (31). If we take the 2.6 mg nitrate/d from cured meats, then the total
exposure for 1-y duration will be 0.949 g, 10-y exposure is 9.49 g, 20-y exposure is 18.98 g,
30-y exposure is 28.47g, and so forth. Such cumulative human exposures from cured meat
consumption are comparable to deleterious exposures suggested by previous animal studies.
Thus, at 20 y, a high cured meat human diet could produce a level of exposure sufficient to
cause emphysema in the rat.

Nitrites are also byproducts of tobacco smoke. Of the ≈4000 different compounds in tobacco
smoke, carbon monoxide, nicotine, and nitrogen oxides are present in relatively high amounts
(32). Nitrogen oxide comprises mainly nitric oxide and nitrogen dioxide, and almost all of the
nitrogen oxide inhaled in cigarette smoke is retained in the body (33). Nitrogen oxide gas is
converted exclusively to nitrite as it enters the pulmonary circulation (34), and inhaled nitric
oxide results in marked increases in serum nitrite (35,36). Nitrite intake may therefore be one
of the mechanisms by which tobacco smoke causes COPD; our data suggest that smokers with
higher cured meat consumption have the highest risk of newly diagnosed COPD.

This study has a number of strengths, including its prospective ascertainment of diet and COPD,
repeated measures of potential confounders, including smoking history, and large size of the
cohort. We considered the possibility of confounding by tobacco smoking, in addition to dietary
factors such as fish (which is high in n−3 fatty acids) and fruit and vegetables (high in
antioxidant vitamins) that were reported to be associated with lung function or COPD in
previous epidemiologic studies. For smoking, we adjusted not only for self-report of smoking
status and pack-years updated biennially from 1976 to 2000 but also for exposure to
environmental tobacco smoke in the home and at work. In this and other observational studies,
we could not rule out the possibility of residual confounding by smoking and other unmeasured
confounders. The correlation, however, of cured meat consumption and pack-years among ever
smokers was weak (r = 0.08), suggesting that residual confounding by smoking was probably
small. Of note, other foods that were equally or more correlated with total pack-years among
smokers (eg, vegetables, r = −0.07; fruit, r = −0.16) were not predictors of COPD risk after
adjusting for pack-years (P for trend = 0.79 for vegetables; P for trend = 0.41 for fruit). Because
few never smokers develop COPD, we did not have sufficient power to examine the association
among never smokers.

Another concern is the possibility for inaccurate assessment of cured meat consumption and
COPD. Cured meat consumption was shown previously to be reported on dietary
questionnaires with reasonable accuracy (15). Grouping cured meats (bacon, hot dogs, sausage,
and other processed meats) with varying nitrite contents may not be ranked based on their
nitrite intake. COPD is defined by postbronchodilator spirometric measures (37), repeated
measures of which were not feasible in this large study. We therefore relied on a definition of
physician diagnosis of COPD that included participants’ self-report of the diagnosis on 2
separate occasions plus report of confirmatory tests. The validation of this definition showed
it to be much more accurate than a one-time self-report of COPD in the general population
(19,38). Nonetheless, some misclassification of COPD probably occurred because of
underdiagnosis and misdiagnosis with asthma. Such diagnostic misclassification may have
biased our results toward the null (because no association was observed between cured meats
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and newly diagnosed asthma in this cohort) but could potentially have introduced a
nonconservative bias also. The COPD incidence rate in the NHS was close to but slightly lower
than the rates forwomenreported in other studies (39–42). Several factors may be responsible
for the relatively lower incidence in the NHS, such as the exclusion of asthma from our
analyses, the study population (all women in this cohort are nurses who in general have better
health, health behaviors, and social economic status than women in the general population),
and the more restricted definition of COPD in the present study.

In conclusion, frequent consumption of cured meats was associated with an increased risk of
newly diagnosed COPD among women smokers. Although repeated measures of
postbronchodilator lung function would be preferred to define incident COPD and a
randomized clinical trial would be necessary to eliminate the possibility of residual
confounding by smoking, our current findings suggest that frequent cured meat consumption
might increase the risk of newly diagnosed COPD in women who smoke.
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FIGURE 1.
Joint association of cured meat consumption and smoking status. Cox proportional hazard
model was adjusted for age, exposure to secondhand tobacco smoke, race-ethnicity,
menopausal status, postmenopausal hormone use, spouse’s educational attainment, physician
visits, US region, multivitamin use, BMI, physical activity, and dietary intake of fish, fruit,
vegetables, and total energy.
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