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Background: Processed meat intake may increase the risk of chronic obstructive pulmonary disease (COPD).
However, the magnitude of this association may depend on smoking and unhealthy diet. Our aims were to
determine whether processed meat intake increased the risk of COPD among middle-aged women, and to esti-
mate the combined impact of high processed meat intake, smoking and unhealthy diet on the risk of COPD.
Methods: Analyses included 87,032 registered nurses from the Nurses' Health Study II (baseline mean age
36.8 years). Over 2,296,894 person-years (1991�2017), we documented 634 incident cases of COPD. Cumulative
average of processed meat intake (every 4 years) was divided into never/almost never, <1 or � 1 servings/week.
A score was created to study the impact of 3-risk lifestyle factors.
Findings: In multivariable-adjusted Cox proportional hazards models, after careful adjustment for smoking
and unhealthy diet, we observed a positive association between processed meat intake and the risk of COPD:
Hazard Ratio (HR, 95%CI) for �1 servings/week vs. never/almost never = 1.29 (1.00�1.65). In analyses strati-
fied according to smoking or unhealthy diet, processed meat intake was associated with increased risk of
COPD only among ever smokers (HR 1.37 [1.01�1.86]), and among women with unhealthy diet (HR 1.39
[1.04�1.85]). The multivariable-adjusted HR for COPD in participants with all 3 high-risk lifestyle factors
compared with none was 6.32 (3.67�10.87).
Interpretation: Processed meat intake was associated with elevated risk of developing COPD in middle-aged
women, especially in presence of other high-risk lifestyle factors (smoking, unhealthy diet).
Fundings: US CDC and NIH.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major public
health problem that is characterised by progressive airflow limitation
and an inflammatory process in the lungs. In 2016, COPD was the
third most common cause of death worldwide [1]. Although COPD
typically presents among men and in late adulthood, COPD has
become increasingly prevalent among women [2] and can also be
diagnosed at much younger age [3]. The clinical characterisation of
this subgroup (young women) has not been well established. The
predominant risk factor for COPD in developed countries is cigarette
smoking, but more than half smokers do not develop COPD [4], sug-
gesting that other factors are involved. Up to now, there is still an
incomplete understanding of the natural course of the disease and of
global pattern of COPD risk factors. In this context, the Lancet has just
launched a new Commission to develop transformational recommen-
dations for COPD prevention by identifying, besides smoking, major
risk factors for COPD [5]. One of such factor may relate to diet.

More than a decade ago, our group (and others) hypothesised that
processed meat intake might be an independent dietary risk factor for
the development of COPD [6,7]. Six studies have since been conducted,
either among women or men, and they all confirmed that frequent
processed meat intake was associated with decreased lung function
[8,9] and greater COPD symptoms [10], exacerbations [11], or incidence
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Research in context

Evidence before this study

Chronic obstructive pulmonary disease (COPD), once consid-
ered mainly a consequence of tobacco smoking, is still a burden
worldwide despite tobacco control measures. Although the Lan-
cet has just launched a Commission on COPD to identify new
risk factors, the impact of diet remains largely unknown by the
scientific community, health care specialists, and lay people.

More than a decade ago, our group (and others) hypothesised
that processed meat intake might be an independent dietary risk
factor for the development of COPD. To the best of our knowledge,
six studies have since been conducted (all confirming our hypothe-
sis), either with cross-sectional or longitudinal designs and in dif-
ferent countries, but none specifically in participants under
40 years.

The exact role of processed meat in the pathogenesis of
COPD remains unclear but the most likely mechanism is the
nitrites added to meat products. Nitrites may react with amines
and amides to form reactive nitrogen species (RNS), which can
amplify inflammatory processes in the airways and lung paren-
chyma, contributing to progressive deterioration of pulmonary
function and COPD pathogenesis. Indeed, the magnitude of the
association between processed meat consumption on COPD
may depend on other factors, which influence pulmonary oxi-
dant/antioxidant balance and inflammation, such as smoking
or unhealthy diet. To our knowledge, only one study has
assessed the modifying effects of antioxidant and oxidant
intake in the association between processed meat and lung
function, but using a cross-sectional design and without includ-
ing the combined effect of unhealthy diet and smoking.

Added value of this study

In more than 87,000 women, we confirmed that higher proc-
essedmeat intake was associated with a greater risk of newly-diag-
nosed COPD. Our study extends previous findings by examining, for
the first time, processedmeat intake in relation to the risk of devel-
oping COPD in a considerably younger cohort (age 36.8 years).

When assessing the modulating role of smoking and unhealthy
diet on the association between processed meat and COPD, we
observed that the impact of processed meat was significant only
among ever smokers and among womenwith unhealthy diet (e.g.,
a low diet quality). We also observed that adherence to high-risk
lifestyle factors � high processed meat intake, smoking and low
diet quality, strongly increased the risk of COPD. These findings
support the hypothesis that both smoking and diet are important
target for effective primary prevention of COPD.

Implications of all the available evidence

The association between diet and the risk of COPD in a
younger cohort is likely to provide earlier recognition, higher
sensitivity, and will further encourage a shift in the paradigm of
lung heath research toward earlier in adult life.

From a public health perspective, preventing smoking initia-
tion is still more important than stopping intake of processed
meat, but, based on the current evidence, we encourage cutting
down of processed meat intake, and choosing a healthy diet.
Our findings support the importance of multi-interventional
programs for the primary prevention of COPD, including smok-
ing education and nutrition counselling. Moreover, they should
encourage researchers to study dietary interventions as an
underutilised approach to promote lung health.
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[12,13]. To the best of our knowledge, this association has never been
investigated in a younger cohort. Furthermore, since foods are con-
sumed in a form of complex combination (i.e. dishes and meals), die-
tary scores have been proposed to study the combined effect of foods
and/or nutrients. Using the Alternate Healthy Eating Index 2010 (AHEI-
2010) - an overall measure of diet quality reflecting high intakes of
whole grains, polyunsaturated fatty acids, nuts, and long chain omega-
3 fats and low intakes of red/processed meats, refined grains, and sugar
sweetened drinks � we previously reported that a greater adherence
to this score was associated with a lower risk of COPD in both women
andmen [14].

Relatively little attention has been paid to diet in the primary pre-
vention of COPD, and how interrelationships between protective
and/or deleterious dietary factors with smoking might contribute to
COPD risk. Indeed, the magnitude of the association between proc-
essed meat consumption on COPD may depend on other factors,
which influence pulmonary oxidant/antioxidant balance and inflam-
mation [9]. A comprehensive analysis of the impact of high-risk mod-
ifiable lifestyle factors, such as processed meat intake, smoking and
unhealthy diet, on COPD risk is warranted. To our knowledge, these
factors have not been examined using a longitudinal design, nor
using an overall measure of unhealthy diet (for example, as defined
by the AHEI-2010 diet score), alone or in combination.

In the context of preventing chronic diseases, public health initia-
tives to improve lung function through dietary advice are particularly
relevant and timely. Our aims were to determine whether processed
meat intake increased the risk of COPD among middle-aged women,
and to estimate the combined impact of high-risk lifestyle factors
(e.g., high processed meat intake, smoking and unhealthy diet) on
the risk of COPD.
2. Methods

2.1. Study Population

The Nurses' Health Study II (NHSII) began in 1989 when 116,429
female registered nurses from 14 US states, aged 25�44 years, com-
pleted a mailed questionnaire on their medical history and lifestyle
characteristics [15]. Follow-up questionnaires have been sent every
2 years since. Information on diet was collected for the first time in
1991, which was defined as baseline for the current study. This inves-
tigation was approved by the Institutional Review Board at the Brig-
ham and Women's Hospital (Boston, MA), and participants provided
written informed consent.

After the exclusion of participants with missing or unreasonable
information on diet or who reported a physician diagnosis of asthma
or COPD in 1991, the final baseline population included 87,032 women
(see Appendix Methods, Appendix Table 1 and Appendix Fig. 1).
2.2. Processed Meat and Healthy Diet Assessment

Dietary intake information was collected by using a semi quanti-
tative validated food frequency questionnaires (FFQ) designed to
assess average food intake over the previous 12months in 1991,
1995, 1999, 2003, 2007, 2011 and 2015 [16]. To reduce measurement
errors and to represent long term dietary intake, we calculated the
cumulative average of processed meat and of unhealthy diet, used as
a time-dependent variable (Appendix Methods).

Processed meat consumption was defined as the total consump-
tion of processed meats (including sausages, bacon and hot dogs),
which was asked as three separate questions in FFQ sent in 1991 and
in 1995, and in four separate questions in FFQ sent since 1999. Cumu-
lative average of processed meat consumption was divided into three
categories: never/almost never (never or less than once per month),
<1 serving/week, �1 servings/week.
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The AHEI-2010, designed to target food choices and macronutrient
sources associated with reduced chronic disease risk, is based on 11
components, ranging from 0 to 110 with a lower score representing a
less heathy diet [14]. In present analyses, we calculated a modified
AHEI-2010 including all the components except for the red/processed
meat component (highest value = 100), divided into quintiles.
2.3. COPD Assessment

Women who reported COPD in biennial questionnaires were cate-
gorised on the basis of a supplemental COPD questionnaire sent
between 2015 and 2017, as described and validated previously [17].
In the current study, we selected participants who reiterated a physi-
cian diagnosis of chronic bronchitis, emphysema, or COPD on the
supplemental questionnaire (Appendix Methods). In addition,
women with COPD listed as the main cause of death (International
Statistical Classification of Diseases, Ninth Revision codes; codes 491,
492 and 496; n = 16) were further classified as COPD cases.
Table 1
Age-standardised baseline characteristics in women from the Nurses' Health Study II
(n = 87,032), according to intake of processed meat.

Processed meat intake Missing,
%

Never/
almost never

<1 serving/
week

�1 serving/
week

Age, mean (SD), yearsa 36.3 (4.6) 35.9 (4.7) 36.0 (4.7) 0.0
Smoking

Never smokers 66 66 66 0.1
Former smokers 24 21 20
Current smokers 10 12 14

Pack-years in ever
smokers, mean (SD)b

10.8 (8.2) 11.0 (8.3) 11.9 (8.9) 0.0

Body mass index, mean
(SD), kg/m2

23.8 (4.7) 24.6 (5.2) 25.4 (6.0) 2.8

Bodymass index, kg/m2

<25.0 72 66 60 2.8
25�29.9 18 21 22
�30.0 10 13 18

Physical activity, mean
(SD), METs/weekc

23.8 (30.0) 19.7 (25.7) 19.2 (26.2) 0.3

Total energy intake,
mean (SD), kcal/day

1627 (500) 1833 (530) 2030 (590) 2.3

US region
West 21 13 11 0.0
Midwest 29 34 35
South 19 21 23
Northeast 31 32 31

White race 96 97 95 0.0
Modified AHEI-2010
score, mean (SD)

46.7 (9.6) 42.9 (8.9) 41.4 (9.1) 2.3

Unhealthy dietd 70 85 88 2.3

Values are percentages (standardised to age distribution of study population) unless
stated otherwise. Values of polytomous variables may not sum to 100% due to round-
ing. SD: standard deviation.

a Value is not age adjusted.
b Number of packs smoked per day multiplied by number of years smoked, among

ever smokers.
c Sum of average time per week spent in each activity multiplied by metabolic

equivalent (MET) value of each activity.
d Unhealthy diet was defined as a cumulative average of the modified AHEI-2010

(e.g., including all the items except for the red and processed meat item) <80% of the
distribution, e.g., 1st to 4th quintiles.
2.4. Statistical Analysis

We analysed the association between the cumulative average of
processed meat intake (time varying exposure) and the risk of COPD
by using a stratified proportional Cox hazards model adjusted for
time varying variables � e.g., smoking status (never, former, current
smokers), pack years of smoking and pack years of smoking squared
(among ever-smokers; continuous), body mass index (<25.0,
25.0�29.9, �30.0 kg/m2), physical activity (metabolic equivalents per
week; quintiles), total energy intake (kilocalories per day; continu-
ous), and the modified AHEI-2010 (continuous), and fixed variables �
e.g., US region (West, Midwest, South, Northeast) and race (white,
nonwhite) (Appendix Methods). The proportional hazards assump-
tion was met, and model was stratified according to age to provide
finer control for age. All hazard ratios (HRs) are reported with 95%
confidence interval (CI).

As smoking is the major risk factor for COPD, we further investi-
gated the association according to smoking status and formally tested
the interaction between processed meat intake and smoking (never
vs. ever). We also investigated the association according to unhealthy
diet in 2 categories (the healthiest diet [�80% of the distribution, i.e.
5th quintile], vs. the less healthy diet [<80%, e.g., 1st to 4th quin-
tiles]), and formally tested the interaction between processed meat
intake and unhealthy diet (continuous).

To study the impact of 3-risk lifestyle factors (high intake of proc-
essed meat, smoking, and unhealthy diet) on the risk of COPD, we cre-
ated a score by dichotomising processed meat into highest intake (�1
servings/month) vs. lowest (never/almost never), smoking into ever
vs. never smokers, and diet quality in two categories (see above; less
healthy vs. healthy). Summing up these values led to an unhealthy life-
style score ranging from 0 (e.g., no unhealthy lifestyle) to 3. Partici-
pants with no unhealthy lifestyle were taken as reference. Because the
binary variables could not account for the gradient in COPD risk with
more extreme levels of these lifestyle factors, we conducted a sensitiv-
ity analysis in which we calculated an expanded high-risk score
(Appendix Table 2). We assigned scores of 0 (most healthy) to 2 or 4
(unhealthy) to the categories of each lifestyle factor, and summed the
points across all three factors as below (score for each category is listed
in the bracket following): Processed meat intake: never/almost never
(0), <1 serving/week (1), �1 servings/week (2); Smoking: never (0),
former (1), current (2); modified AHEI-2010: quintile 1 (4), quintile 2
(3), quintile 3 (2), quintile 4 (1), quintile 5 (0). The expanded high-risk
score ranges from 0 to 8.

We also performed “lagged analyses” (Appendix Methods).
We calculated a test for trend across the categories of processed

meat intake by treating the categories as an ordinal variable in a
proportional hazards model. All analyses were performed using SAS
version 9.3 (Cary, NC).

2.5. Role of Funding Sources

The study was funded by the Centers for Disease Control and Pre-
vention (R01 OH-10359) and the National Institutes of Health (UM1
CA-176726), neither of which had a role in the conception, design,
analysis, or conduct of the study.

2.6. Data Statement

Further information including procedure to obtain and access data
from the Nurses' Health Studies is described at http://www.channing.
harvard.edu/nhs/?page_id=471).

3. Results

3.1. Characteristics of the Population

Table 1 shows characteristics of women according to the intake of
processed meat. In 1991, 56% of women almost never ate processed
meat, 32% reported <1 serving/week, and 12% �1 servings/week.
Women with the highest intake of processed meat (�1 servings/
week) were more likely to be obese and follow unhealthy diet, and
less likely to be physically active, and live in the Western US, as com-
pared to women with the lowest intake of processed meat (never/
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Table 2
Processed meat intake and the risk of newly-diagnosed chronic obstructive pulmonary disease.a

No Person
years

Age-adjusted model 1, HR
(95% CI)

Multivariable-adjusted model 2,
HR (95% CI)b

Multivariable-adjusted model 3,
HR (95% CI)c

Multivariable-adjusted model 4,
HR (95% CI)d

Processed meat intake
Never/almost never 134 839,753 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
<1 serving/week 338 1,097,825 1.67 (1.37 to 2.05) 1.39 (1.13 to 1.70) 1.23 (1.00 to 1.52) 1.17 (0.94 to 1.44)
�1 serving/week 162 359,316 2.39 (1.89 to 3.01) 1.69 (1.34 to 2.14) 1.45 (1.13 to 1.85) 1.29 (1.00 to 1.65)

P for trende
<0.001 <0.001 0.003 0.05

Abbreviations: HR, hazard ratio.
Bold values indicate a statistically significant difference (p<0.05).

a A total of 634 COPD cases occurred during 26 years of follow-up (1991�2017) in the Nurses' Health Study II (n = 87,032).
b Multivariable-adjusted model 2 includes age, smoking (never, former, current), pack -years of smoking (continuous), and pack-years2 of smoking (continuous).
c Multivariable-adjusted model 3 includes model 2 variables (see above) plus body mass index (<25 kg/m2, 25�29.9 kg/m2, or �30.0 kg/m2), physical activity (metabolic equiva-

lent task�hours/week, in quintiles), total caloric intake (continuous), US region (West, Midwest, South, or Northeast) and race (white, or non-white).
d Multivariable-adjusted model 4 includes model 3 variables (see above) plus the modified AHEI-2010 (continuous variable).
e Test for trend using categories of processed meat intake as an ordinal variable.
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almost never). In 1991, womenwere aged 36.8 years in average, and 66%
were never smokers, 22% former smokers and 12% current smokers.

3.2. Processed Meat Intake and COPD

Among 2,296,894 person-years of follow-up, we documented 634
cases of COPD between 1991 and 2017. The incidence rate for newly-
diagnosed COPD was 28 per 100,000 person-years. Processed meat
intake was positively associated with risk of COPD: age-adjusted HR
(95% CI) for the highest compared with lowest intake of processed
meat was 2.39 (1.89 to 3.01), P for trend< 0.001. After controlling for
smoking variables (Table 2), the magnitude of the association
decreased but the risk of COPD remained higher in women with the
highest intake of processed meat compared to those with the lowest
intake. Further adjustments for several potential confounders (model
3) and for adherence to the modified AHEI-2010 (model 4) led to simi-
lar results: the risk of COPD was 29% higher among women with the
highest intake of processed meat compared to those with the lowest
intake: multivariable HR (95% CI) 1.29 (1.00 to 1.65); P for trend = 0.05.

We performed lagged analyses, first by excluding cases occurring
on the first 8 years (n = 82). We again observed a similar association
between processed meat intake and the risk of COPD: multivariable
HR for the highest compared with lowest intake of processed meat
was 1.32 (1.00 to 1.73); P for trend = 0.04. When we excluded COPD
cases occurring within the first twelve years (n = 162), we again
observed a positive association: multivariable HR for the highest
Table 3
Processed meat intake and the risk of newly-diagnosed chronic obstructive pulmonary dise

Processed meat intake No Person
years

Multivariable-adjusted model 1, HR (95%
CI)b

M
C

Among never smokers
Never/almost never 50 551,895 1.00 (ref) 1
<1 serving/week 83 715,833 1.24 (0.87 to 1.78) 1
�1 serving/week 38 230,539 1.77 (1.15 to 2.72) 1

P for trende 0.01 0
Among ever smokers

Never/almost never 83 278,759 1.00 (ref) 1
<1 serving/week 249 372,208 1.43 (1.11 to 1.84) 1
�1 serving/week 122 124,593 1.68 (1.26 to 2.24) 1

P for trende
<0.001 0

Abbreviations: HR, hazard ratio.
Interaction term between processed meat intake (�1 servings/month vs. never/almost neve
Bold values indicate a statistically significant difference (p<0.05).

a A total of 171 cases in never smokers, and 454 in ever smokers occurred during 26 year
b Multivariable-adjusted model 1 includes age, current smoking (in ever smokers only), p

(in ever smokers only; continuous).
c Multivariable-adjusted model 2 includes model 1 variables (see above) plus body m

equivalent task�hours/week, in quintiles), total caloric intake (continuous), US region (Wes
d Multivariable-adjusted model 3 includes model 2 variables (see above) plus the modifi
e Test for trend using categories of processed meat intake as an ordinal variable.
compared with lowest intake of processed meat was 1.31 (0.97 to
1.76); P for trend = 0.07.

3.3. Processed Meat Intake, Smoking and Unhealthy Diet on the Risk of
COPD

The interaction between processed meat intake and smoking was
statistically significant (P = 0.02). After control for potential con-
founders, processed meat intake was positively and significantly
associated with risk of COPD among ever smokers (Table 3): multi-
variable HR for the highest compared with lowest intake of processed
meat was 1.37 (1.01 to 1.86); P for trend = 0.05. The risk of COPD was
not increased in never smokers: the corresponding figure was 1.08
(0.68 to 1.71), P for trend = 0.78.

The interaction term between processed meat and the modified
AHEI-2010 score had a P-value of 0.06. After control for potential con-
founders, processed meat intake was positively and significantly associ-
ated with risk of COPD among women with unhealthy diet only
(Table 4): multivariable HR for the highest compared with lowest intake
of processed meat was 1.39 (1.04 to 1.85); P for trend = 0.04; corre-
sponding figure was 1.15 (0.61 to 2.18) in womenwith a healthy diet.

The incidence rate for newly-diagnosed COPD was 10 per 100,000
person-years among women who never smoked, had a healthy diet
and avoided processed meat; the corresponding figure in women who
smoked, had an unhealthy diet and ate at least one serving/month of
processed meat was more than 8x higher (81/100,000 person-years).
ase, according to smoking status.a

ultivariable-adjusted model 2, HR (95%
I)c

Multivariable-adjusted model 3, HR (95%
CI)d

.00 (ref) 1.00 (ref)

.05 (0.73 to 1.51) 0.95 (0.65 to 1.37)

.35 (0.87 to 2.11) 1.08 (0.68 to 1.71)

.21 0.78

.00 (ref) 1.00 (ref)

.29 (0.99 to 1.67) 1.24 (0.95 to 1.60)

.47 (1.09 to 1.99) 1.37 (1.01 to 1.86)

.01 0.05

r) and smoking (ever vs. never): P = 0.02.

s of follow-up (1991�2017) in the Nurses' Health Study II.
ack -years of smoking (in ever smokers only; continuous), and pack-years2 of smoking

ass index (<25 kg/m2, 25�29.9 kg/m2, or �30.0 kg/m2), physical activity (metabolic
t, Midwest, South, or Northeast) and race (white, or non-white).
ed AHEI-2010 (continuous variable).



Table 4
Processed meat intake and the risk of newly-diagnosed chronic obstructive pulmonary disease, according to unhealthy dieta.

Processed meat intake No Person
years

Multivariable-adjusted model 1, HR
(95% CI)b

Multivariable-adjusted model 2, HR
(95% CI)c

Multivariable-adjusted model 3, HR
(95% CI)d

Among women with healthy diet
Never/almost never 39 238,883 1.00 (ref) 1.00 (ref) 1.00 (ref)
<1 serving/week 39 168,509 0.99 (0.63 to 1.57) 0.80 (0.50 to 1.28) 0.80 (0.49 to 1.28)
�1 serving/week 15 42,395 1.44 (0.78 to 2.64) 1.16 (0.61 to 2.18) 1.15 (0.61 to 2.18)

P for trende 0.37 0.95 0.96
Among women with unhealthy diet

Never/almost never 88 584,289 1.00 (ref) 1.00 (ref) 1.00 (ref)
<1 serving/week 292 909,158 1.51 (1.18 to 1.92) 1.31 (1.02 to 1.68) 1.29 (1.01 to 1.65)
�1 serving/week 137 298,467 1.77 (1.34 to 2.32) 1.43 (1.07 to 1.91) 1.39 (1.04 to 1.85)

P for trende
<0.001 0.02 0.04

Abbreviations: HR, hazard ratio.
Interaction term between processed meat intake (�1 servings/month vs. never/almost never) and healthy diet (continuous): P = 0.06.
Bold values indicate a statistically significant difference (p<0.05).

a A total of 93 cases in women with healthy diet (�80% of the distribution of the cumulative average of the modified AHEI-2010, i.e. �5th quintile), and 517 in women with
unhealthy diet (<80%, e.g., 1st to 4th quintiles) occurred during 26 years of follow-up (1991�2017) in the Nurses' Health Study II.

b Multivariable-adjusted model 1 includes age, smoking (never, former, current), pack -years of smoking (in ever smokers only; continuous), and pack-years2 of smoking (in
ever smokers only; continuous).

c Multivariable-adjusted model 2 includes model 1 variables (see above) plus body mass index (<25 kg/m2, 25�29.9 kg/m2, or � 30.0 kg/m2), physical activity (metabolic equiv-
alent task�hours/week, in quintiles), total caloric intake (continuous), US region (West, Midwest, South, or Northeast) and race (white, or non-white).

d Multivariable-adjusted model 3 includes model 2 variables (see above) plus the modified AHEI-2010 (continuous variable).
e Test for trend using categories of processed meat intake as an ordinal variable.
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In our study, 7% of women reported no unhealthy lifestyle, 27%
only one unhealthy lifestyle, 48% two unhealthy lifestyles, and 18%
the three unhealthy lifestyles. Among participants who reported only
1 unhealthy lifestyle, 20% reported “high processed meat intake”, 15%
reported “smoking” and 65% “unhealthy diet”. The multivariable-
adjusted HR for COPD in women with 3 (e.g., high processed meat
intake, smoking and unhealthy diet) compared with zero risk factors
was 6.32 (3.67 to 10.87) (Table 5).

Using the expanded high-risk score, 7% of women had a score of 0,
13% a score of 1, 17% a score of 2, 19% a score of 3, 19% a score of 4,
15% a score of 5, 7% a score of 6, 2% a score of 7 and 1% a score of 8.
We also reported a strong and positive association between the
expanded high-risk score and the risk of COPD, with multivariable-
adjusted HRs (95% CI) increasing till 24.01 (15.50 to 46.15) among
women with a score of 8 compared to women with a score of 0, with
a significant dose�response association (P for trend< 0.0001) (Fig. 1).

4. Discussion

In this prospective cohort analysis of more than 87,000 middle-aged
US women, we confirmed that higher processed meat intake was asso-
ciated with a greater risk of newly-diagnosed COPD. The association
was consistent after adjustment for smoking, unhealthy diet and several
potential confounders. When assessing the modulating role of smoking
and unhealthy diet on the association between processed meat and
COPD, we observed that the impact of processed meat was significant
Table 5
Unhealthy lifestyle factors and the risk of newly-diagnosed chronic obstructive pulmonary d

No Person years Ag

Unhealthy lifestyle factorsb

0 14 145,608 1.0
1 71 612,454 1.2
2 195 1,063,056 1.9
3 322 399,072 7.7

P for trend <0

Abbreviations: HR, hazard ratio.
A total of 602 COPD cases occurred during 26 years of follow-up (1991�2017) in the Nurses
Bold values indicate a statistically significant difference (p<0.05).

a Multivariable-adjusted model 2 includes age, body mass index (<25 kg/m2, 25�29.9
quintiles), total caloric intake (continuous), US region (West, Midwest, South, or Northeast)

b High-risk lifestyle factors included intake of processed meat (�1 servings/month vs.
(lower 80% of modified AHEI-2010).
only among ever smokers and among women with an unhealthy diet.
We also observed that adherence to high-risk lifestyle factors � high
processed meat intake, smoking and unhealthy diet, strongly increased
the risk of COPD. These findings support the hypothesis that smoking
and diet are important target for effective primary prevention of COPD.

Processed meat was recently classified as carcinogenic by the Inter-
national Agency for Research on Cancer (WHO-IARC) [18]. High proc-
essed meat intake is a risk factor not only for cancer, but also for several
chronic diseases and all-cause mortality [19,20]. Regarding lung health,
eight studies have reported that frequent processed meat intake was
associated with decreased lung function [6,7] and greater COPD symp-
toms [10], exacerbations [11], or incidence [6,7,12,13]. These eight stud-
ies have been published either with cross-sectional or longitudinal
designs, in different countries, among men or women with a mean age
greater than 65 years, and they are all concordant with our findings. Our
study extends previous findings by examining, for the first time, proc-
essed meat intake in relation to the risk of developing COPD in a consid-
erably younger cohort (age 36.8 years). Although there is no biological
reason to believe that processed meat intake would be risk factor in
women and not in men, there have been studies in the literature on sex
differences in eating habits, and in general, men are more likely to report
eatingmeat (including processedmeat), whereas women aremore likely
to report eating fruits and vegetables [21]. Once thought of primarily as a
disease of older male smokers, COPD has become increasingly prevalent
among women. Although increasing tobacco consumption among
women over the last decades is linked to the rising prevalence of COPD
isease.

e-adjusted model, HR (95% CI) Multivariable-adjusted model 2, HR (95% CI)a

0 (ref) 1.00 (ref)
8 (0.72 to 2.27) 1.21 (0.68 to 2.15)
3 (1.12 to 3.32) 1.63 (0.94 to 2.81)
7 (4.55 to 13.27) 6.32 (3.67 to 10.87)
.001 <0.001

' Health Study II (n = 84,898).

kg/m2, or �30.0 kg/m2), physical activity (metabolic equivalent task�hours/week, in
and race (white, or non-white).
never/almost never), cigarette smoking (ever vs. never smoking), and unhealthy diet



Fig. 1. Expanded high-risk score and the risk of newly-diagnosed chronic obstructive pulmonary disease
A total of 602 COPD cases occurred during 26 years of follow-up (1991�2017) in the Nurses' Health Study II (n = 84,898).
* Multivariable-adjusted model includes age, body mass index (<25 kg/m2, 25�29.9 kg/m2, or �30.0 kg/m2), physical activity (metabolic equivalent task hours/week, in quin-

tiles), total caloric intake (continuous), US region (West, Midwest, South, or Northeast) and race (white, or non-white). P for trend<0.0001.
We assigned scores of 0 (most healthy) to 2 or 4 (unhealthy) to the categories of each lifestyle factor, and summed the points across all three factors as below (score for each cat-

egory is listed in the bracket following): Processed meat intake: never/almost never (0), <1 serving/week (1), �1 servings/week (2); Smoking: never (0), former (1), current (2);
modified AHEI-2010: quintile 1 (4), quintile 2 (3), quintile 3 (2), quintile 4 (1), quintile 5 (0). The expanded high-risk score ranges from 0 to 8 (see Appendix Table 2).
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in women, sex differences in susceptibility to COPD are probably multi-
factorial, and many unanswered questions remain [22]. Our findings in a
younger cohort of women is likely to provide earlier recognition, higher
sensitivity, and will further encourage a shift in the paradigm of lung
heath research toward women and earlier adult life [23].

Our findings in this large longitudinal cohort that the magnitude
of the association between processed meat consumption and COPD is
modified by exposure to other modifiable lifestyle factors that influ-
ence pulmonary oxidant/antioxidant balance and inflammation, such
as smoking and unhealthy diet, as reflected by a low AHEI-2010 diet
score, may have major public health implications. Besides avoidance
of direct and indirect exposure to tobacco smoke, there is no effective
measure of primary prevention for COPD. To our knowledge, only
one cross-sectional study has assessed the modifying effects of anti-
oxidant and oxidant intake in the association between processed
meat and lung function, but without including the combined effect of
unhealthy/healthy diet and smoking [9]. Using data from 2942 men
and women from UK aged 65 years on average, Okubo et al. reported
that higher processed meat consumption was associated with poorer
lung function only in men with lower fruit and vegetable intake, or in
men who are current smokers (no modifying effect among women).
This result is difficult to compare with our findings since we included
only women, and we used longitudinal and repeated data, as well as
on overall estimate of diet. Our analysis to estimate the combined
impact of high-risk lifestyle factors further indicated that combina-
tions of high processed meat intake, smoking and unhealthy diet
were particularly powerful: the larger the number of high-risk fac-
tors, the greater the risk of COPD, regardless of the combined factors.

The exact role of processed meat in the pathogenesis of COPD
remains unclear andmechanistic studies are lacking [24]. Themost likely
mechanism is the nitrites added to meat products [25]. Nitrites are rap-
idly absorbed both in the small intestine and in the stomach, where they
may react with secondary or tertiary amines and amides to reactive
nitrogen species (RNS) such as N-nitroso compounds. With specific
regard to the lung, the reactive oxygen species (ROS) and RNS can
amplify inflammatory processes in the airways and lung parenchyma
causing lipid peroxidation, DNA damage, inhibition of mitochondrial res-
piration, and inactivation of proteins [26]. Positive associations have also
been observed between processed meat intake and several biological
markers involved in the inflammatory pathway, such as high-sensitivity
C-reactive protein (hsCRP) [27] and advanced glycation end-products
(AGE) [28], which in turn have been associated with higher risk of COPD
and COPD exacerbations [29,30]. The long-term persistence of nitrosa-
tive stress and of inflammation may contribute to progressive deteriora-
tion of pulmonary function and COPD pathogenesis [31]. In addition to
the antioxidant/anti-inflammatory hypothesis in the diet-COPD associa-
tion, it is reasonable to posit that an imbalance in the gut microbiome
caused by changes in the diet over the last decades, may lead to the
development of COPD [32]. Tobacco smoke is another source of nitrites
as well as oxidants. Finally, using data from the same cohort, it was
reported that lower dietary quality, as assessed by AHEI-2010, was asso-
ciated with significantly higher plasma concentrations of inflammatory
cytokines [33]. Hence the interaction between processedmeat consump-
tion with smoking and unhealthy diet is biologically plausible.

4.1. Strengths and Limitations of Study

Our study has several potential limitations. First, newly-diagnosed
COPD was defined by a self-reported physician's diagnosis of COPD,
and lung function measures were not available for this large national
cohort. However, our questionnaire based definition of newly-diag-
nosed COPD was validated in a subset of registered nurses [17] and has
been used in several publications [6,7,14,34,35]. Themain source of dis-
ease misclassification is probably misdiagnosis of asthma; however, we
excluded women with asthma at baseline, and during the follow-up
using a validated case definition in the NHSII [36]. Second, we acknowl-
edge the potential role of residual confounding in all observational
studies. Regarding smoking, the association between processed meat
and COPD may be due, in part, to a residual confounding by cigarette
smoking, which is a powerful risk factor. To minimise this possibility,
multivariable models were adjusted with multiple time varying meas-
ures of tobacco exposure (smoking habits, pack years, and pack years2),
which were assessed biennially from 1991. A positive association
between processed meat and risk of COPD remained even after we con-
trolled for all of these factors. To address residual confounding by diet,
our analyses were further adjusted for the modified AHEI-2010 as a
continuous variable, and again, associations remained. Another risk fac-
tor of concern is certainly alcohol, either as a surrogate for an additional
smoking effect or as a potential mechanism for the release of greater
quantity of nitrotrosamines [37]. However, the modified version of the
AHEI-2010 included “alcohol” as an item (moderate intake as ideal). At
last, exposure to air pollution could also have an effect on the diet-
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COPD association, its impact is most likely much less important than
the role of smoking [38,39]. Third, we also acknowledge that misclassi-
fication of diet assessed by the FFQ intake is likely. For the combined
effect of lifestyle factors, due to a limited sample size, we dichotomised
value for smoking, healthy/unhealthy diet and processed meat intake,
which is somewhat simplistic approach. However, our analysis based
on the expanded score allowing to consider different levels of each risk
factor, yielded similar results. Finally, with regard to the sample, we
note that they are all female health professionals and predominantly
white. The relatively homogeneity of the group (e.g., regarding educa-
tion level), actually helps with causal inferences about the relation
between processed meat intake and risk of developing COPD. However,
we also recognise that our results obtained among health professionals
are not necessarily generalisable to thewhole population, as differences
in health awareness, socioeconomic status, and smoking behaviour
might differ significantly between the general population and our study
population. Likewise, our study population was mainly non-Hispanic
white, which might limit generalisability of our results to other racial/
ethnic populations. We encourage replication of our prospective find-
ings in other populations.

5. Conclusion

Processed meat intake increased the risk of developing COPD. Fur-
thermore, adherence to a high-risk lifestyle combining processed
meat intake, smoking and unhealthy diet, appeared to strongly
impact lung health. From a public health perspective, preventing
smoking initiation is still more important than stopping intake of
processed meat, but, based on the current evidence, we encourage
cutting down of processed meat intake, and choosing a healthy diet,
as already recommended by several national dietary guidelines [40].
The Lancet Commission on COPD has called to develop actionable
recommendations to drive transformational change [5]. In this con-
text, our findings support the importance of multi-interventional
programs for the primary prevention of COPD, including smoking
education and nutrition counselling. Moreover, they should encour-
age researchers to study dietary interventions as an underutilised
approach to promote lung health.
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